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PREFACE 
 

During the past few decades, instability and intermittency of renewable energy sources have motivated different 
sectors, ranging from industry to governments to invest on energy storage systems to address these shortcomings. 
Advanced and emerging technologies for energy storage accelerate the transition from fossil fuels to green and 
sustainable energy systems.  

The 2nd World Energy Storage Conference (WESC-22) has been held between December 18-21, 2022, in Istanbul, 
Turkiye. It has been an international conference on energy storage technologies, tracking the global attention to 
achieve net zero emissions by 2050. The aim of this conference is to assemble international scientists, researchers, 
engineers, policymakers and others that focus on energy storage technology. More than 170 conference short papers 
were submitted to the scientific committee of the conference, from which, 159 papers and posters were presented in 
21 parallel sessions and 2 poster sessions. The presentations were both in-person and online format. The conference 
has provided a unique platform for the dissemination of the state-of-the-art researches, technical interactions 
between participants, the presentation of the new development in the area of energy storage technology, and the 
debate and shaping of future directions and priorities for energy storage technology. The primary themes of the 
conference contain physical energy storage technology, chemical energy storage technology, and energy storage 
application & policy. Following the conference, the selected papers will be published in International Journal of 
Hydrogen Energy, Energy Storage and other related journals, which can be found in the conference website.  

We would like to take this opportunity to thank the founding chair of WESC-22, Prof. Ibrahim Dincer for providing his 
endless supports and giving us this opportunity. We also register an appreciation to the Medeniyet University and 
Yildiz Technical University for organizing the conference. The efforts of the organizing committee members are also 
highly appreciated.   

We hope that the WESC-22 conference has facilitated the effective and fruitful discussions, so that they could lead 
to mutually beneficial collaborations among the participants from different international sectors, institutions, and 
disciplines.  

Finally, we hope that all participants have enjoyed the real traditional Turkish hospitality and its warmth in firsthand, 
as well as the unique historical, cultural and natural beauty of Istanbul, the triple bridge connecting the continents! 

 

Look forward to welcoming you in Istanbul again in the future. 

 

 

Conference Co-Chairs 

 

Yasin Karagoz        Nader Javani 
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PLENARY SPEAKER: Ibrahim Dincer 

TITLE:       Innovative Energy Storage Systems for Sustainable 
Communities 

 

ABSTRACT 

There have been critical technical, economic, environmental and sustainability challenges which 
are essentially linked to the dimensions of energy. The ways we generate, convert, transfer and 
use energy directly affect the environment and sustainability. Energy storage has, in this regard, 
appeared to be the one of the most effective solutions and is expected to play a significant role 
in providing better environment and sustainability. This particular presentation will focus on two 
critical subjects: one on energy storage options for renewable energy systems and the other one 
on energy storage technologies for various community-based applications, ranging from 
transportation to power generation sectors. Prof. Dincer’s group has been a leader in the area of 
energy storage technologies for various applications, ranging from renewable energies to 
batteries. The results of various life cycle assessment studies will be presented to compare the 
impact categories and their abatement options comparatively. Finally, the challenges, 
opportunities and future directions in energy storage will be discussed with examples and case 
studies. 

 

BIOGRAPHY 

President, Hydrogen Technologies Association 
Editor-in-Chief, Energy Storage 
Editor-in-Chief, International Journal of Exergy 
Editor-in-Chief, International Journal of Global Warming 
Editor-in-Chief, International Journal of Research, Innovation and  Commercialization 
Special Issues Coordinating Editor, International Journal of Hydrogen Energy 
Chairman, Energy Working Group, Turkish Academy of Sciences 
Ontario Tech University, Oshawa, Ontario, Canada 
Yildiz Technical University, Istanbul, Turkiye
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INVITED SPEAKER: Cengiz S. Ozkan 

TITLE:        Prospects in Battery Energy Storage over the Next Decade 
 

 

ABSTRACT 

The global electrochemical energy storage market ranging from electric vehicles to physical grid 
storage demands the development of key enabling technologies for high-energy long-life 
rechargeable batteries and supercapacitors. I will describe the current state of the art and 
upcoming innovative approaches for the next decade on the design and synthesis of 
nanostructured materials towards enhanced reversible capacity; superior rate performance and 
cycling stability; superior gravimetric capacitance; and enhanced energy and power densities. 
Integration of nanostructured pseudocapacitive metal oxides to nano-architectured carbon 
templates can provide superior electrochemical performance in supercapacitor applications. 
Single and multilayer stacked carbonaceous nano-architectures can be employed in lithium ion 
batteries and could also be useful for future applications in hydrogen storage. Upcycling of 
polyethylene terephthalate waste and glass waste into active energy storage materials would 
constitute scalable approaches for deep decarbonization and the means for achieving a circular 
economy. Waste glass utilizing magnesiothermic-reduction without pre-leaching could offer an 
environmentally-benign and energy-saving route to prepare silica-source materials employed in 
fabricating Li-ion battery anodes, a current popular approach to boost EV battery capacity. Near 
future novel approaches could include the utilization of metal oxide thin film barrier layers to 
mitigate the polysulfide shuttling effects in Li-S batteries, and enhance their performance and 
cyclic stability. Finally, I will describe theoretical approaches using density functional theory 
calculations and molecular dynamics simulations, which could provide a fundamental 
understanding of ionic transport mechanisms and interfacial reactions towards improved design 
and enhanced performance in batteries and supercapacitors. 

 

BIOGRAPHY 

Ozkan received his Ph.D. degree in Materials Science and Engineering at Stanford University in 
1997. He made pioneering advancements in the fields of Li-ion batteries and supercapacitors; 
nanoelectronics; 2D materials including graphene and dichalcogenides; nanowire sensors; and 
nanopatterning for beyond CMOS. He has been a member of several prestigious centers 
including the SRC-STARnet Center for Spintronic Materials, Interfaces and Novel Architectures 
and the DARPA-MARCO Center for Functional Engineered Nano Architectonics. He is a Member 
of the National Academy of Inventors, a Fellow of the Materials Research Society, and received 
a number of awards including the William Johnson International Founders Award, and the 
TUBITAK Presidential Scientific Achievement Award. Ozkan had been elected a Meeting Chair 
for the Fall 2021 MRS Meeting in Boston, MA, and he will be chairing a Symposium titled “Solid 
State Batteries: Devices, Interfaces and Characterization”, at the Spring 2023 MRS Meeting in 
San Francisco, CA.
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INVITED SPEAKER: Halime Paksoy 

TITLE:        Latent heat storage for thermal comfort in buildings 
 

 

ABSTRACT 

Buildings in their entire life-cycle directly or indirectly are responsible for about 37% of global 
energy related CO2 emissions. Increase in demand for thermal comfort especially for space 
cooling further aggravates buildings’ energy consumption. Less than 6% of the energy use in 
buildings is met by renewables in 2020. Using renewables efficiently and improvements in the 
building envelopes are urgent to achieve net-zero targets for buildings. Latent heat storage (LHS) 
systems using Phase Change Materials (PCM) are preferred in many solar energy-building 
applications with their high storage density and smaller temperature swing. Different forms of the 
PCMs can be used in active and passive storages for buildings. In active storage, a PCM heat 
exchanger is used to store solar thermal energy and to be used later when solar energy is not 
available. In passive storage, PCM is encapsulated in concrete, wallboard, shutter, ceiling, and 
floor. In this case, solar energy naturally collected by the building elements is used. In this talk, 
active and passive PCM latent heat storage methods for dwellings including technical aspects of 
integration and market status will be discussed. Examples from applications in different climates 
will be given to show benefits and challenges of these systems. 

 

BIOGRAPHY 

Director, Çukurova University, Center for Environmental Research, Adana, Türkiye 
Delegate for Turkey, International Energy Agency, Energy Storage Technology Collaboration 
Programme 
Associate Editor, Journal of Solar Energy Society
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INVITED SPEAKER: Zafer Ure 

TITLE:        Thermal Energy Storage Application 
 
ABSTRACT 

Thermal Energy Storage (TES) is the temporary storage of high or low temperature energy for 
later use. It bridges the time gap between energy requirement and energy use. For HVAC and 
refrigeration application purposes, water and the water ice constitute the principal storage media. 

Phase Change Materials (PCM) between +4 C and +90C range offer a new horizons and 
practical application options. By storing daytime warm energy for evening periods and night-time 
cool energy for day-time cooling requirements, a PCM system can simply bridge the gap between 
energy availability and energy use and therefore has the potential to achieve considerable 
environmental as well as economic benefits for many heating and cooling applications. In this 
talk, it is aimed to cover the commercially available PCM solutions and associated products 
together with their practical application examples around the World. Practical application guide 
together with the real application examples around the World will be presented in a format that 
will aid practicing engineers or consultants to develop an effective and low energy design based 
on PCM based thermal energy storage cooling / heating and heat recovery systems. 

 

BIOGRAPHY 

Thermal Energy Storage 
Slurry-Ice Based Cooling Systems 
Site Demand Management 
Secondary Refrigeration 
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INVITED SPEAKER: Jo Darkwa 

TITLE:        Decarbonisation of the Buildings Sector – Which Way? 
 
ABSTRACT 

Natural gas is the primary fuel in over 75% of the buildings sector heating demand, and so 
decarbonisation is vital if emissions are to be reduced in line with global, national, local targets. 
In order to decarbonise the supply side of the buildings sector, low and zero carbon heating 
systems need to be developed to replace fossil-fuelled systems. There are many potential 
candidates, such as geothermal and solar-thermal, industrial, and commercial waste heat and 
heat pumps. However, the variable nature of the low-zero carbon sources, both short term (daily) 
and long term (seasonal), and mismatches between needs and availability of energy, make 
decarbonisation difficult to achieve at the individual building and neigbourhood level. District 
heating (DH) systems in urban settings are ideally placed to provide the infrastructure to match 
the demand from individual buildings via transient low and zero carbon sources, but require 
suitable energy storage facilities that can operate over a range of source temperatures. However, 
integration of low-zero carbon thermal sources is challenging technically due to variability and 
intermittency of energy sources, and is subject to barriers, such as local acceptance, 
socioeconomic conditions and local/national policy drivers and constraints. To this end, a case 
study based on the development of high density, variable-temperature thermochemical energy 
storage system for low carbon DH, that will decarbonise the heating systems in UK buildings 
sector in an engaged and sustained manner will be presented. 

 

BIOGRAPHY 

Jo is a Professor of Energy Storage Technologies at the University of Nottingham, UK. He is also 
Editorial Board Member of Energy Storage Journal and an Associate Editor of International 
Journal of Low Carbon Technologies. He was the founding Director of the Centre for Sustainable 
Energy Technologies (CSET) and Director of Key Laboratory for Integrated Thermal Energy 
Storage Technologies (ITEST) at the University of Nottingham, Ningbo China. He has researched 
and published widely in phase change materials (PCM) and thermochemical energy storage 
systems. He has in the past organised several International Conferences/Symposia and given 
keynote addresses in energy related topics. He has been a consultant/advisor to organisations 
such Tarmac plc. (Thermodeck), London Underground, CIBA Ltd, United States Gypsum 
Company and Certain Teed Corporation, USA in energy storage related projects. In 2004 and 
2007, he was honoured by the Terrestrial Energy Systems Technical Committee of the American 
Institute of Aeronautics and Astronautics (AIAA) for his work in energy storage and conversion 
systems.
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INVITED SPEAKER: Yucel Sahin 

TITLE:      A novel method for the production of doped-graphene based 
electrodes used in electrochemical energy storage systems: 
Yucel's method 

 
ABSTRACT 

Electrochemical energy storage systems (EESSs) are needed for the sustainable use of 
renewable energy sources such as solar and wind. EESSs such as batteries, supercapacitors 
and fuel cells offer environmentally friendly and sustainable solutions to meet rapidly increasing 
global energy demands and address environmental concerns. Due to the superior physical, 
electrical and mechanical properties of graphene-based materials, they are used in many fields 
such as energy storage systems, sensors, and optoelectronics. Graphene is generally produced 
using chemical vapor deposition, epitaxial growth on silicon carbide, chemical (oxidation-
reduction) reactions, and electrochemical exfoliation methods. If doping is desired to change the 
properties of graphene, a new method should be used for doping. We have investigated a novel 
method (Yucel’s method) to produce doped-graphene on the surface of a graphite-working 
electrode in one step in electrolyte solution by cyclic voltammetry without any secondary step. In 
this method, graphite is oxidized to graphene oxide at the anode and is simultaneously reduced 
to graphene in one-step. In addition, the doped graphene layers formed on the electrode surface 
were collected as powder in the electrolyte solution by simultaneous exfoliation. The developed 
electrode materials were characterized by using electrochemical, spectroscopic and 
morphological methods. Finally, the use of the obtained doped-graphene electrodes were 
investigated in electrochemical energy storage systems. 

 

BIOGRAPHY 

Yucel Sahin works as a Professor at Yildiz Technical University, Department of Chemistry. He is 
working on Electrochemistry, Nanomaterials, Organic Semiconductors, Electrochemical Sensors 
and Electrochemical Energy Technologies.
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Paper ID: 146 

 

ENHANCEMENT OF THERMOELECTRIC PROPERTIES BY 
Na AND Y SUBSTITUTION INTO CaMnO3  

  

1*Gizem Çetin,1Bekir Özçelik,1Mehmet Gürsul,1Ibrahim Ergin, 2M.A. Madre, 2A. Sotelo 

1Çukurova University, Faculty of Arts and Sciences, Department of Physics, 01330, Adana, Türkiye 
2ICMA (CSIC-Universidad de Zaragoza), C/María de Luna 3, 50018, Zaragoza, Spain 

 
*Corresponding author e-mail: gcetin@cu.edu.tr 

ABSTRACT  

This work addresses the main themes of today, such as reliable, sustainable and clean energy. Within this objective, 
Ca1-x(Na0.5Y0.5)xMnO3 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) thermoelectric materials have been produced by solid state 
reaction technique. X-Ray diffraction analysis has been revealed similar patterns corresponding to the thermoelectric 
phase for all sintered samples. From FESEM, it seems that grain sizes decrease and the porosity increases in general 
by co-doping of Na and Y. Electrical resistivity values of all Na and Y containing samples are smaller than the pure one. 
The Seebeck coefficient values of all samples are negative for all temperature ranges confirming the conduction 
mechanism mainly governed by electrons. The maximum power factor value is obtained in x=0.05 Na and Y containing 
sample as 0.25 mw/K2m at around 800°C.                                   

Keywords: Thermoelectric, CaMnO3, Seebeck coefficient, electrical resistivity, power factor 

 

INTRODUCTION 

For an environmentally sensitive and sustainable energy system applications that make the waste heat use reusable 
and ensure the sustainability of energy with the thermoelectric effect are of great importance. Some of these are 
energy production, industry, energy transportation and savings in residences, healthcare, space exploration and 
defense industry in the military field. Thermoelectric generators have advantages such as being developed for many 
applications and saving energy [1].  

A thermoelectric module consists of p and n type semiconductor materials connect electrically in series and thermally 
in parallel with thermocouples. By ceramic coating both the bottom and the top surface of a thermoelectric module, 
thermally conductive but electrically insulating properties are obtained. Transformation into electrical energy is 
achieved by the flow of heat energy from the hot side to the cold side. Briefly, thermoelectric materials are materials 
that provide the opportunity to produce electrical energy from temperature difference [2-5]. 

Thermoelectric generators use in technology generally consists of metal alloys such as CoSb3 and PbTe and binary 
phases [6]. These materials are not stable at high temperatures and show efficiency at relatively low temperatures. 
In addition, there is a need for thermoelectric materials that can be an alternative to these materials because they 
contain toxic, heavy and expensive elements. CoO and MnO based oxide thermoelectrics are good alternatives as 
they are stable at high temperatures, environmentally friendly and inexpensive [7]. It is necessary to improve the 
thermoelectric properties of the n type material to comply with the p-type, take place in the p-n module and be used 
technologically. In this respect, it is aimed to increase the power factor (PF) values of the n type Ca1-x(Na0.5Y0.5)xMnO3 

oxides by substituting Na and Y for Ca-site.  

 

MATERIALS AND METHODS  

Ca1-x(Na0.5Y0.5)xMnO3  thermoelectric oxides with the molar ratio x = 0.0, 0.05, 0.10, 0.15 and 0.20 have been 
successfully fabricated by solid state reaction technique using  starting powders of CaCO3, Na2CO3,  MnO2, and Y2O3. 
The samples have been calcined at 900ºC for 12 hours and 1000ºC for 12 hours, Then, the obtained homogenous 
powder has been uniaxial pressed into pellets using 410 Mpa and has been sintered at 1300 ºC for 24 hours.  The 
structural, morphological and thermoelectric properties of the obtained samples have been investigated using XRD, 
FESEM, electrical resistivity, Seebeck coefficient and power factor measurements. 
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RESULTS AND DISCUSSION 

From the result of XRD analysis of Ca1-x(Na0.5Y0.5)xMnO3 (x = 0.0, 0.05, 0.10, 0.15 and 0.20), the observed peaks are 
associated with CaMnO3, indicating an orthorhombic structure (a space group of Pnma-62). In addition, there was a 
leftward shift in XRD peaks with Na-Y content confirming incorporation of the doping cations into the main matrix. 

Field Emission Scanning Electron (FESEM) micrographs have been taken in a longitudinal polished section. The 
micrographs reveal that the grain size decreases with increasing Na and Y doping. Besides, the porosity increases 
with increment in the Na-Y content. 

The temperature dependence electrical resistivity graphs of Ca1-x(Na0.5Y0.5)xMnO3 samples have been measured in 
the range of 0 and 800°C degrees. The resistivity of the pure sample is very high and it has been indicated that the 
electrical resistivity has been reduced considerably with increasing of Na and Y contents in the samples. 

The Seebeck coefficient is negative for all samples referring the dominance of the electron-type carriers in the 
transport mechanisms. The highest |S| value belongs to the pristine material as 650 μV/K at room temperature.   

 

 

 

Fig. 1. Calculated PF values for all Ca1-x(Na0.5Y0.5)xMnO3 (x = 0.0, 0.05, 0.10, 0.15 and 0.20) samples 

 

The power factor, PF, values of samples have been calculated by using the formula 𝑃𝐹 = 𝑆2/𝜌 and presented, as a 
function of temperature, in Figure 1. All Na and Y substituted samples have higher PF values than the pure one 
between 30 and 700°C degrees. The largest PF value belongs to the 0.05 Na-Y containing sample as 0.25 mw/K2m 
at 800°C. 

 

CONCLUSIONS 

In this study, the substitution of Na+1 and Y+3 instead of Ca+2 leads to increase the electrical conductivity and the PF 
values of the CaMnO3. At the end of these studies, we have determined the optimum amount of Na-Y which is x= 0.05 
that maximize the PF of the CaMnO3 system.  
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ABSTRACT 

In the industrial permanent magnet synchronous motor (PMSM) production process, the noise and vibration 
generated by the electromagnetic forces of the motor and its drive are increasingly obvious and complex. Among 
them, the problem of electromagnetic forces fluctuations of PMSM in the stator/rotor are the main source of vibration 
and acoustic noise for normal and faulty conditions. The radial component of the electromagnetic force is considered 
as the main cause of this problem. for the purpose of making a detailed study of the sources of these vibrations’ 
sources, the polar electromagnetic force components of the 25kW industrial PMSM is computed using the Finite 
element method. Based on an advanced FE software, a fully numerical simulation is developed to compute the 
electromagnetic forces of the PMSM in time and in space-harmonic planes. This analysis is performed under rated 
load for healthy and faulty condition (Dynamic eccentricity).  

Keywords: PMSM; electromagnetic Forces; Harmonics; Vibration; FEM 

 

INTRODUCTION  

PMSM are used many applications in industry such electric drive, traction and production process. Recently, their 
power has increased as a result of the advance in magnetic materials, smart drive and performances maximization. 
As rated power increases, vibration and acoustic noise problems also become more important. The rotor 
eccentricities are the main faults lead to this issue. The eccentricity is divided into two types. In one, the rotor and 
the stator axes are eccentrically parallel (static eccentricity). The other case is when the rotor  is tilted with respect 
to the rolling direction of the stator (Dynamic eccentricity) [1] [2]. Vibration and noise become obvious when the 
electromagnetic force mode is similar to the stator vibration mode. Therefore, it is important to accurately compute 
the magnitude of each components of electromagnetic force. 

The dynamic eccentricity in PMSM generate a non-uniform distribution of the air-gap magnetic field density. The 
Maxwell's stress describes the effect of non-uniform field in the time-space distribution of the electromagnetic force 
[3, 4] [5, 6] [7]. Therefore, in order to analyze the resulting forces under dynamic eccentricity, it is necessary first to 
compute the gap magnetic field density components under healthy and eccentric conditions. Computing the radial 
and tangential components of the electromagnetic force under eccentricity can also performed mainly by analytical 
method based on Maxwell stress tensor and finite-element modeling method [10, 11]. The finite-element modeling 
method consider only the influence on the amplitude of the radial. In this paper, we investigate the time-space 
characteristics of the PMSM under dynamic eccentricity.  

The proposed model of PMSM is based on FE model of an industrial PMSM 25Kw and 48 slots. The FE is developed 
in this paper to compute the electromagnetic force components in the PMSM motor according to rotor speed at the 
rated current [7]. PMSM electromagnetic force waves with according to rotor speeds and eccentricity degree are 
plotted with a space harmonics presentation of the electromagnetic force.  

 

FE MODEL OF PMSM  

ANSYS Maxwell is an electromagnetic package allows simulation for the conception, development, optimization of 
electric rotating machinery and electromechanical systems. With this FE software, we can accurately flow the non-
linear startup transient of electromechanical machines and their impact on the drive circuit and control system 
conception. By taking advantage of the advanced electromagnetic field solvers and coupling them to drive unites and 
other Multiphysics couplings, we can extract the dynamic performances of electromechanical systems long before 
you build a hardware prototype and predict the behavior of electromagnetic systems under the effect of faults. This 

mailto:a.bouzida@univ-bouira.dz


The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

13 

virtual electromagnetic laboratory gives a significant competitive advantage to reduce costs, time and improve the 
design and optimization. 

The Maxwell2D platform includes the magnetic transient solvers that meets our requirements. 

Finite element theory for electrical machines: 

The following equations (1) can be used to formulate Maxwell's equations in differential form in the finite element 
electromagnetic theory [6, 8]: 
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H    : Magnetic Field (A/m); 

J   : Current density (A/m2 ) 

 D  : Electric displacement (C/m2 ); 

B    : Magnetic induction (T); 
 ρ   : Charge density (C/m3). 

 Equation (2) can be used to express the relationship between electromagnetic variables in materials.  
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  : Conductivity (S/m); 

E  :  Electric field (N/C) 
 :  Dielectric constant (F/m); 

  : Magnetic permeability (H/m). 

The magnetic vector potential A  and scalar potential  are introduced to solve the electromagnetic field, which are 

defined by equations (3) and (4) : 

B A=                                                                                                                                                                         (3)  

E = −                                                                                                                                                                      (4) 

Substitution the previous equations can be obtained as follows: 
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                                                                                                                                                     (5) 

2
2

t

 
 




 − = −


                                                                                                                                                      (6) 

There are two primary types of boundary conditions used in the electromagnetic problems. [6]. 
Dirichlet condition: gives the boundary field function y1(s) which is : 

 
1( )

s
y y s=                                                                                                                                                                   (7) 

Neumann condition:  gives the normal derivative y2(s) of the function at the field boundary.  

2 ( )
s

y
y s

n




=                                                                                                                                                                     (8) 

In order to find the wave form of the radial and tangential electromagnetic forces, the following assumptions were 
proposed:  
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1. Harmonics of electromagnetic force are waves that oscillate simultaneously in space and time. Their moving 
direction of rotation is the same as the motor's positive direction of rotation.  

2. The motor is working under fully load conditions, the deformation of the air gap magnetic field caused by stator 
wear has no effect the radial force. 

3. Since the tangential component of the air-gap field density is substantially lower than the radial component, its 
effect can be ignored.  

 

Calculation of the electromagnetic force: 

The estimation of the radial and tangential components of the electromagnetic force is done using Maxwell's stress 
tensor. It is important that the calculations are performed for a large number of points in space, for a detailed 
estimation of the forces, the recommended increment between the points is at least 0.5 mechanical degrees, or 720 
points for a full circle point. 

The equations used for computing the electromagnetic forces are given as follows: 

• Radial force density [N/m2].       

2 2

0

1

2
r r tf B B


 = −                                                                                                                                                     (9)       

• Tangential force density [N/m2].        

0

1
t r tf B B


 =                                                                                                                                                        (10) 

Based on the force density, the program will automatically calculate the forces at each point as a function of : 

 

r r stk arcF f L L=                                                                                                                                                           (11) 

t t stk arcF f L L=                                                                                                                                                           (12) 

 

Lstk is the magnetic axial length or the shortest length of the magnet. 

Larc is the length of the arc on which the force acts. 

The definition will depend on whether the force is calculated for the built-in force performance tests or for a user-
defined path. The conversion between Cartesian and polar components of the electromagnetic force is given by the 
following expressions: 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

cos   sin

- sin    cos

cos  - sin

sin    cos

x r t

y r t

r x y

t x y

F F F

F F F

F F F

F F F

 

 

 

 








= +

=

= +

= +
                                                                                                                                        (13) 

Where θ is the angle of the point where the force acts, in (R,T) coordinates in the local reference frame. 

The radial electromagnetic force can be also expressed as function  of by the equation (14) [6]: 

2

0

( , )
( , )

2

nb t
f t





=                                                                                                                                                       (14) 

Where:  

μ0: Permeability (H/m). 

α : Space angle. 

( , )nb t  : Airgap field density. 
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Eccentricity effect on electromagnetic forces 

Dynamic eccentricity (Fig. 1.) occurs when the stator center coincides with the rotation axis but deviates from the 
rotor center. Dynamic eccentricity is generally caused by manufacturing defects. Dynamic eccentricity alters the 
wavenumbers and excitation frequency of the electromagnetic force. Dynamic eccentricity has a greater negative 
impact on noise and vibration than the other mechanical problems. Dynamic eccentricity causes a non-uniform airgap 
distribution, which change the permeance. This unfavorable permeance shift causes the motor to generate an 
excessive vibration and noise [2]. 

¯ 
Fig. 1. Dynamic eccentricity 

 
Electromagnetic forces a different compartmental in non-asymmetrical rotor PM motors than in centered rotor PM 
motors. The electromagnetic force   in an 25kW and 48-slot PMSM with and without dynamic rotor eccentricity will 
be shown in this paper. The UMP wave form appears different for unbalanced magnetic pull as it is for symmetric 
PMSM according to DE degree. The UMP is depicted in Figure 8 in PMSM with 25% and 50% dynamic rotor 
eccentricity in the x direction.  

 
HARMONIC COMPONENTS OF THE ELECTROMAGNETIC FORCE 

Noise and vibration in PMSM are primarily the effect of the Maxwell stress tensor, which is caused by the interaction 
of the stator and rotor fields. Stator fields are generated by electrical excitation, whereas rotor fields are generated 
by the PMs in the rotor [9, 10]. The magnitude of stator/rotor flux is affected by permeance/reluctance. 

( , ) ( , ) ( , ) ( , ) ( , ) ( , )r s r s

r r mmf mmfBr t B t B t t F t F t       = + = +                                                                                           (15) 

 
Where : 

rB : Radial Magnetic Field 
/r s

rB  : Radial component of Stator/Rotor Magnetic Field 

 : Material permeance 
/r s

mmfF  : Magnetomotive force of Stator/Rotor  

 

Stator field is influenced by excitation current magnitude, winding distribution, slot and poles number, slot shape. 
Rotor field is influenced by magnet size, magnetization direction, and demagnetization intensity. Electromechanical 
equipment having a higher magnetic flux density, emit more force fluctuations. It is important to identify the 
frequencies range at which the forces will occur for health and faulty conditions.  

Resonance occurs when the frequency of the radial force component matches the inherent frequency of the 
mechanical structure. By using FFT on the force’s waveform, tt is possible to detect the frequencies at which radial 
forces appear. The rotor with its magnet, spins at the specified mechanical speed (RPM). The mechanical rotation's 
frequency may be defined as, 

60
rotf


=                                                                                                                                                                   (16) 

Where : 
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  : Angular speed (RPM) 

rotf : Mechanical Rotational Frequency 

For rotating speed at   round per minute the frequency of the stator current can be defined as, 

2

120
s

p
f

 
=                                                                                                                                                                (17) 

Where : 

sf : Synchronous Frequency 

2p:   Poles numbers 
The Frequency of electromagnetic excitation acting on stator tooth due to the rotation of rotor magnetic poles can be 
described as, 

2f rotf f p=                                                                                                                                                               (18) 

Where : 

ff : Fundamental Component Frequency 

The Fundamental component of the electromagnetic force acting on stator tooth ff is the dominant electromagnetic 

excitation force. It can also be 
defined as 

 

_ 2 sFundamental Force f=                                                                                                                                         (19) 

 

It should be emphasized that, while the fundamental force is the main component, maximum noise does not 
necessarily occur at the fundamental frequency; rather, maximum noise occurs when the other order of force equals 
the natural frequency of the structure. Other extra electromagnetic noises related to permeance interaction between 
stator and rotor slots, eccentricities, and PWM drives noises may be theoretically estimated in addition to the 
fundamental electromagnetic noise frequency values [9]. 

The frequency at which noise due to permeance occurs can be described as,  
 

0 ( ,2 )s rotf LCM Z p f=                                                                                                                                                (20) 

 
Where : 

0f : Frequency of noise produced due to slot/pole interaction 

sZ : No of Stator Slots 

Dynamic eccentricity in PMSM have adverse impact on motor forces and the excessive vibrations. The frequency at 

which vibration result from DE apear is equal to 0f . In case of DE, the forces generate side band frequencies, which 

are located from 0f  by rotf  on both sides. The amplitude of the generated force is proportional to the degree of DE. 

When the PMSM is supplied by inverter, the force waveforms generted by the inverter include many time harmonics, 

the PWM waveform also include carrier harmonics at frequency cf . The force produced by the carrier wave located 

at 2 cf . This force also creates side band frequencies which, are locate at 2 sf and 2 cf . The fundamental wave also 

causes other order forces which will be in multiple of 2 sf ( 4 sf , 6 sf etc). Fig. 2 shows the force harmonic distribution 

[11-13]. 
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Fig 2. Force vs Frequency 

 
 
PMSM PARAMETERS AND MODELING 

A FE 2D simulation model for the entire geometry has been presented in Fig. 3. The characteristics of this PMSM 
model have been given in Table 1. To have a better precision in the calculation of the magnetic induction in the air 
gap and the electromagnetic forces, the mesh density must be chosen judiciously.  

 

 

 
 

Fig. 3. Cross-section view of analysis model. 
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TABLE 1 : PARAMETERS OF PMSM 

Motor specifications Value 

Rated power 25kW 

Rated voltage 400 V 

Rated frequency 800 Hz 

Number of poles 8 

Stator inner diameter 132 mm 

Rotor inner diameter 130 mm 

Stator outer diameter 198 mm 

Number of stator slots 48 

Air gap 1 mm 

Magnetic steel thickness 4 mm 

Core length 150 mm 

Number of winding parallel 
branches 

2 

 

 
Fig. 4. shows the magnetic flux density, radial and tangential distributions in the airgap for the healthy and the 
eccentric motor (50% DE). The magnetic flux density becomes larger in the regions where the gap length is smaller 
due to dynamic eccentricity. 

 

   

 
 

Fig. 4.  Magnetic flux density, Radial and tangential components.  

 
 

Based on the flux density and their components, the forces in the airgap are calculated using the Maxwell stress 
tensor estimation using the FEA solver.  The unbalanced magnetic pull (UMP) is equal to zero in 4 poles pair and 
48-slot symmetric PMSM. However, the eccentric rotor will cause the UMP even in symmetric PMSM. Fig. 5. shows 
the effect of the UMP on the force waves at different speeds (4000rpm and 12000rpm). A force density of a symmetric 
motor has compared to an eccentric motor with 50% DE. It is shown that, for dynamic eccentricity, the UMP in the 
direction of the displacement of rotor center will be different from zero, and the UMP will be characterized by two 
sinusoidal wave forms which have 90° of phase shift. Besides, the frequency of the waves is calculated from the 
rotating speed. 
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Fig. 5. Electromagnetic force under various dynamic eccentricity degrees (4000rpm and 12000rpm). 

 

 

SPACE-FREQUENCY ANALYSIS 

The Space Harmonics shows the space varying forces at a given point in time (or at given rotor position), along with 
its space frequency spectrum in terms of amplitude and phase, for every simulated load point. The space-frequency 
spectrum can also given in terms of magnitude and phase [7, 8]. 

The space frequency order (or wavenumber) corresponds to the spatial frequency of a given force wave in the Fourier 
harmonic expansion and by default, the maximum space harmonic order is calculated, based on the Nyquist-
Shannon Theorem. 

The 0th harmonic order is the average force density over time, measured at this point on the stator. Due to effect of 
the teeth, this time average will be different at different positions on the stator. The 1st, 2nd and higher components 
are time varying frequency components in the result, again measured at a single point. It is these variations in force 
density over time that will cause the stator to vibrate, and therefore cause noise. The harmonic order is in terms of 
electrical order [11]. Therefore, to obtain the frequency orders of mechanical rotation, we need to multiply by the 
number of pole pairs. For our case, there are 8 poles (2p=4), so 2nd electrical order is 8th mechanical order. As 2nd 
electrical order is the largest force harmonic, we can expect noise excited by this.  

To calculate the noise frequency, it is easiest to use the mechanical order (8th mechanical order). Therefore, if the 
motor is rotating at 12000rpm, which is 200 rmp/s, so we would expect noise to be present at 200 x 8 = 1600 Hz. 

Fig. 6. and Fig. 7. are the frequency domain distribution of the 2D radial electromagnetic force density at full load. 
The figures are classed on two categories according to rotor mechanical speed. 

 
 
 
Speed = 4000rpm 

     
Fig. 6. Two-dimensional harmonic distribution of electromagnetic force waves (4000rmp, Healthy case and 50%DE ) 
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Speed = 12000rpm 
 

        
Fig. 7. Two-dimensional harmonic distribution of electromagnetic force waves (12000rmp, Healthy case and 50% DE) 

 
Radial forces are not plane waves whether the part is unloaded or under nominal load. In this direction, the radial 
force wave also changes. It can be seen that the maximum points are distributed periodically in space and time. The 
maximum radial electromagnetic force with load is more important at 4000rmp than at speed 12000rpm. 

The electromagnetic force and the overall the stator under different eccentricity levels are shown in Fig. 8. Since 
harmonics from DE increase almost linearly with the eccentricity length, as shown in Figures, the harmonics frot 
appear around the natural frequency.  

 

CONCLUSIONS 

This work provided a design approach for studying the electromagnetic forces acting in an industrial PMSM stator. 
The PMSM is initially built and validated using FE analysis, followed by spectrum analysis, and the representation 
Force-Frequency is derived from the instantaneous electromagnetic forces.  

The induced force harmonics with smaller space orders are responsible for the tremendous influence of rotor dynamic 
eccentricity on the forces level. 

When dynamic eccentricity arises, dominating force components in vibrations and noise move to their frequency 
range. Furthermore, the lower space harmonics induced by dynamic eccentricity have various amplitudes and spatial 
orders at different speeds. 
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ABSTRACT  

In this study, a system is designed to meet the electrical and thermal requirements of a sustainable community of 250 
houses in Istanbul city. This system has renewables such as wind turbines and photovoltaic (PV) panels to require 
electricity need. For the thermal load need, natural gas and hydrogen mixture is utilized. Hydrogen is generated by an 
electrolyzer fed from renewable sources. This system is analyzed by the HOMER Pro software and compared with 
natural gas-based system economically and environmentally. The net present costs of the natural gas and natural 
gas/hydrogen blend-based systems are $5.7 million and $6.68 million, respectively. The carbon dioxide emissions for 
these systems are observed as 504.4 tons/year and 469.1 tons/year, respectively.  

Keywords: Sustainable community, renewable energy, hydrogen, hydrogen storage, natural gas. 

 

INTRODUCTION 

Hydrogen is ready to play a significant role in the substitution of natural gas in a zero-carbon economy for the cooking 
and heating needs of homes as well as many other uses [1]. Therefore, there are many studies on the hydrogen 
injection into devices operating with natural gas. Pastore et al. [2] aimed to evaluate the impacts of H2-enriched 
natural gas utilization on the technical, environmental, and economic aspects of hybrid energy systems for the 
renovation of buildings. By changing the H2 volumetric fraction in a range between 0% and 20%, fuel supply was 
simulated for three proposed hybrid energy systems. Employing the blend resulted in increased primary energy 
savings and carbon avoidance. Mayrhofer et al. [3] studied the use of hydrogen/natural gas blends as a fuel for heat 
treatment furnaces in industry and their potential to reduce CO2 in this area of application. As the hydrogen addition 
increased from 0% to 40% by volume, an increase for the overall combustion efficiency in the radiant tube furnace 
by around 1.2% and a reduction in CO2 of approximately 16% were observed. Ozturk and Dincer [4] proposed a 
system that hydrogen was generated from the waste heat of the cement plant and blended with natural gas for 
residential use. The overall exergy and energy efficiencies of the system were 55% and 22%, respectively. With the 
addition of hydrogen up to 20% by volume, CO and CO2 emissions decreased while NO and NO2 emissions increased 
from household appliances. Sun et al. [5] carried out an experimental study on the impact of mixed H2 between 0% 
and 20% (by volume) on the performance of residential appliances including gas stoves and gas water heaters. 
Despite a reduction in heat input, thermal efficiency increased as more hydrogen was added. The main aim of this 
study is to propose a sustainable community of 250 residences that meet their own electricity needs from wind 
turbines and PV panels and their thermal needs from natural gas/hydrogen mixture. The system offered is analyzed 
by HOMER Pro software economically and environmentally. Here, hydrogen is produced by an electrolyzer, whose 
electricity need is met by renewable sources such as wind turbines and PV panels. It is further considered that it can 
be stored effectively. 

 

SYSTEM DESCRIPTION 

As seen in Fig. 1, the system offered consisted of PV panels and wind turbines for electricity needs, lead acid batteries 
for energy storage due to the intermittent nature of renewable resources, an electrolyzer and hydrogen tanks for 
hydrogen generation and storage, and a boiler for thermal requirements. Hydrogen is produced by an alkaline 
electrolyzer with an efficiency of 62% and blended with natural gas at a rate of 20% by volume for the thermal needs 
of the community. 
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ANALYSIS 

Hybrid Optimization Model for Multiple Energy Resources (HOMER) Pro [6] software is used for cost analysis of 
hydrogen and natural gas mixture in domestic appliances. HOMER Pro makes optimization to find the system 
configuration with the lowest net present cost. For the analysis, calculations are made considering a community of 250 
households in Istanbul.  

 

 

Fig. 1. Schematic representation of the analyzed system 

 

RESULTS AND DISCUSSION 

The average solar global horizontal irradiance (GHI) and clearness index values in Istanbul is shown in Fig. 2a. As 
seen in the figure, the highest radiation and clearness index values are 6.87 kWh/m2/day and 0.609 in July. The 
variation of daily average temperature and wind speed in Istanbul throughout the year is given in Fig. 2b. While the 
highest temperature was 24.36 °C in August, the highest wind speed was 7.26 m/s in December. The lowest 
temperature is observed in February as 5.62 °C and the lowest wind speed is available in June as 5.06 m/s. 

 

  

(a) (b) 

Fig. 2. Variation of (a) daily radiation and clearness index (b) daily temperature and wind speed in Istanbul throughout the year 
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The variation of the community's thermal energy and hydrogen requirements throughout the year is shown in Fig. 
3a. These values are defined as load in the HOMER Pro software, and it has been tried to find the optimum system 
to meet these loads. Since there will be no need for heating as expected in the summer months, the need for thermal 
energy and the need for hydrogen to be mixed with natural gas decrease. The highest thermal energy and therefore 
hydrogen need is 12,772 kWh/day and 107.1 kg/day in February. The change in electricity consumption and the 
number of consumers throughout the year in Istanbul is given in Fig. 3b. While the monthly average electricity 
consumption per consumer was 5.75 kWh/day in March, the lowest was 3.99 kWh/day in July. 

 

 

  

(a) (b) 

Fig. 3. Change of (a) thermal energy and hydrogen requirements of the community (b) electricity consumption and number of 
consumers throughout the year in Istanbul 

 

The HOMER Pro optimization results are shown in Table 1. Net present cost (NPC), cost of electricity (COE), capital 
cost, O&M cost and CO2 emissions are given for natural gas fuelled and NG-H2 mixture fuelled systems. 

 

Table 1. Comparison of the systems according to cost and CO2 emissions 

System NPC COE Capital Cost O&M Cost CO2 Emissions (kg/yr) 

NG $5,735,490.34 $0.81 $3,225,516.06 $609,108.07 504,388 

NG + H2 $6,675,881.24 $0.98 $4,128,314.25 $705,291.05 469,053 

 

CONCLUSIONS 

Some of the main findings in this study are briefly stated as follows: 

• The net present cost of the natural gas and natural gas/hydrogen blend-based systems are $5.7 million and $6.68 
million, respectively. 

• The CO2 emissions for natural gas and natural gas/hydrogen blend-based systems are observed as 504.4 tons/year 
and 469.1 tons/year, respectively. 

• The cost of electricity values for natural gas and natural gas/hydrogen blend-based systems are $0.81 and $0.98, 
respectively. 
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ABSTRACT  

In this article, a new non-isolated converter is proposed without coupled inductor for fuel cell application. The proposed 
converter can produce higher voltage gain at a less duty ratio. Also, it has less voltage ripple at the semiconductor 
switch, a constant potential difference between an output port and the ground terminal of its input source. Due to these 
features, the proposed converter can be integrated with the fuel cell. A steady-state voltage gain for the proposed 
converter is derived. Mathematical design equations are provided to operate the converter with desired values. The 
operation of the proposed converter in continuous conduction mode is analyzed with MATLAB-SIMULINK. To 
corroborate the operating performance of the proposed converter, it is tested with a 1.6 KW scaled-down version of the 
system and the results are validated.   

Keywords: Fuel cell, non-isolated converter, high gain, voltage stress, continuous conduction mode 

 

INTRODUCTION 

Every invention and scientific advancement were made possible only because of the ability to effectively harness 
energy and in today’s scenario, electrical energy. In the advent of the industrial revolution the dependence on various 
energy sources were anticipated to be phenomenal and as expected mankind has exploited the fossil fuels to a level 
of its depletion leaving the future generations no choice but to search for alternate sources to meet the exponentially 
growing requirements [1-2]. Moreover, excessive, and repetitive abuse of fossil-based fuels has led to noxious effects 
on the atmosphere and in turn every living organism. Therefore, keeping in mind the upcoming catastrophe, alternate 
sources must be used to reduce or even eliminate the dependency of fossil fuels and to prevent further deterioration 
of the environment. Renewable energy sources like solar energy, fuel cells, wind turbine etc., must be the better 
solution for the over exhaustion of fossil fuels and for the environmental changes. Among the available renewable 
sources, fuel cells have many advantages such as extremely high efficiency, high reliability, emission-free and 
noiseless operation [3]. Proton Exchange Membrane Fuel Cell (PEMFC), Solid Oxide Fuel Cell (SOFC), Phosphoric 
Acid Fuel Cell (PAFC), Alkaline Fuel Cell (AFC), and Molten Carbonate Fuel Cell (MCFC) are the different types of 
fuel cells. Among these types, PEMFC is eminent in the automobile industry due to its powerful characteristics such 
as quick startup, low operating temperature etc. [4]. In the literature, researchers had developed the new topology 
either utilizing the voltage boosting techniques, which includes switched capacitor cell, switched inductor cells, active 
switched inductor cells and voltage multiplier cells with conventional converters or the combination of two different 
converter topologies [5-11]. The literature has reported that various voltage boosting techniques such as a multiplier, 
switched inductor/voltage lift, magnetic coupling, and multistage/-level have been developed depending on the 
application requirement in terms of cost, complexity, power density, reliability, and efficiency. In this article, a new 
high gain non-isolated converter is proposed to integrate with fuel cell application.  

 

PROPOSED SYSTEM FUEL CELL MODELING  

Fuel cells have dominated the energy sector to a remarkable extent due to their phenomenal efficiency and prominent 
characteristics such as noiseless operation, fuel flexibility and clean nature. Moreover, the by- product being water, fuel 
cell is considered one among the cleanest sources of energy on this planet. They are very similar to electro-chemical 
cells. While the chemical reaction in batteries and electro-chemical cells takes place in a sealed ambience, the reaction 
is fuel cell is carried out if the hydrogen-based fuel and air are pumped through them. The power electronic interface is 
required to obtain the desired voltage level. In this article, a new non-isolated high gain converter is proposed and 
integrated with the fuel cell system. The mathematical modeling for fuel cells and proposed converter is explained below.  
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Fuel cell modeling   

The various parameters that determine the characteristics of the fuel cells and their corresponding mathematical relation 
are expressed as follows. 

The cell output voltage (𝑉𝐹𝐶) of the PEMFC is given as 

𝑉𝐹𝐶 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑎𝑐𝑡 − 𝑉𝑂ℎ𝑚𝑖𝑐
− 𝑉𝑐𝑜𝑛                                                                                                                                                                   (1) 

If n cells are connected, then output can be represented by  

𝑉𝑠
= 𝑛
× 𝑉𝐹𝐶                                                                                                                                                                                                                 (2) 

The reversible or the open-circuit thermodynamic voltage (𝐸𝑁𝑒𝑟𝑛𝑠𝑡 ) is represented as follows 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229 − 0.85 × 10
−3 × (𝑇 − 298.15) + 4.31 × 10−5 × 𝑇 × [ln(𝑃𝐻2) +

1

2
ln(𝑃𝑂2)]                                                             (3) 

The Activation voltage 𝑉𝑎𝑐𝑡  is an aggregate of both the cathode and anode activation overvoltage and is expressed as  

𝑉𝑎𝑐𝑡 = −[휀1 + 휀2 × 𝑇 + 휀3 × 𝑇 × ln(𝐶𝑂2)
+ 휀4 × 𝑇
× ln(𝑖𝐹𝐶)]                                                                                                                                                                             (4) 

휀1 to 휀4 are the empirical coefficient of each cell. While 휀1, 휀3 𝑎𝑛𝑑 휀4 are constants, 휀2 alone can be quantified using 
the expression 

휀2 = 0.00286 + 0.0002 × ln𝐴
+ (4.3 × 10−5)
× ln 𝐶𝐻                                                                                                                                                                                   (5) 

𝐶𝑂2

=
𝑃𝑜2

5.08 × 106 × 𝑒−
498
𝑇

                                                                                                                                                                                        (6) 

The ohmic voltage drop (𝑉𝑶𝒉𝒎𝒊𝒄) is represented as  

𝑉𝑶𝒉𝒎𝒊𝒄
= 𝑖𝐹𝐶(𝑅𝑀 + 𝑅𝐶)                                                                                                                                                                                                  (7) 

Here, 𝑅𝑀

=
𝜌𝑀 × 𝜆

𝐴
                                                                                                                                                                                                                 (8) 

and 𝜌𝑀

=
181.6 [1 + 0.03 × (

𝑖𝐹𝐶
𝐴
) + 0.062 × (

𝑇
303

)
2

× (
𝑖𝐹𝐶
𝐴
)
2.5

]

[𝜓 − 0.634 − 3 × ((
𝑖𝐹𝐶
𝐴
))] × 𝑒𝑥𝑝 [4.18 × (

𝑇 − 303
𝑇

)]

                                                                                                             (9) 

Finally, the voltage drop due to the concentration of the reactans gases(𝑉𝑐𝑜𝑛) is depicted as 

𝑉𝑐𝑜𝑛

= −𝐵 × ln (1 −
𝐽

𝐽𝑚𝑎𝑥
)                                                                                                                                                                                  (10) 

Here, 𝐵

=
𝑅𝑇

𝑛𝐹
                                                                                                                                                                                                           (11) 

 

Proposed converter  

Fig. 1a shows the proposed high gain converter configuration. The proposed topology consists of three inductors L1, 
L2 and L3 three capacitors C1, C2 and Co two power switches S1 and S2 and two diodes D and D0. The proposed 
converter analysis in continuous conduction mode is carried out in two modes. In mode 1 both switches S1 and S2 
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are turned ON and in mode 2 both switches S1 and S2 are turned OFF simultaneously. Certain considerations are 
adopted to simplify the analysis of the proposed converter such as capacitors are fully charged, and all components 
are considered as ideal condition to obtain the stead state voltage gain. 

  

(a)                                                                (b)                                                         (c) 
Fig. 1. Proposed converter (a) configuration (b) Mode 1 operation (c) Mode 2 operation 

 

Mode 1: As shown in the fig 1b, the diodes D and D0 are reverse biased. L1 is magnetized by the input source Vin. 
L2 is charged by the input source and discharging of capacitor C1 and L3 is charged by the discharging of capacitor 
C2. Capacitor Co releases energy to the load. The following equations are obtained using KVL. 

𝑉𝑖𝑛 − 𝑉𝐿1(𝑐ℎ)
= 0                                                                                                                                                                                                      (12) 

𝑉𝑖𝑛 + 𝑉𝐶1 − 𝑉𝐿2(𝑐ℎ)
= 0                                                                                                                                                                                                       (13) 

𝑉𝐶2 − 𝑉𝐿3(𝑐ℎ)
= 0                                                                                                                                                                                                      (14) 

Mode 2: As shown in the fig 1c, the diodes D and D0 are forward biased. Capacitors C1, C2 and Co are charged, input 
source Vin, inductors L1, L2 and L3 releases energy to the load. The following equations are obtained using KVL. 

−𝑉𝐿1(𝑑𝑖𝑠) − 𝑉𝐶1
= 0                                                                                                                                                                                                 (15) 

𝑉𝑖𝑛 − 𝑉𝐿1(𝑑𝑖𝑠) − 𝑉𝐿2(𝑑𝑖𝑠) − 𝑉𝐶2 − 𝑉0
= 0                                                                                                                                                               (16) 

−𝑉𝐿3(𝑑𝑖𝑠) − 𝑉0
= 0                                                                                                                                                                                                (17) 

Based on volt-sec balance principle 

𝑉𝐶1 =
𝐷𝑉𝑖𝑛
1 − 𝐷

                                                                                                                                                                                                (18) 

𝑉𝐶2

=
𝑉0(1 − 𝐷)

𝐷
                                                                                                                                                                                                      (19) 

The voltage gain of the presented converter topology is given by 

𝑉0
𝑉𝑖𝑛

=
𝐷

(1 − 𝐷)2
                                                                                                                                                                                                         (20) 

 

Design consideration of the proposed converter 

The power across each inductor is equal to the output power. 

𝐼𝐿1 =
𝑉0
2

𝑅𝑉𝑖𝑛
=

𝐷2𝑉𝑖𝑛
(1 − 𝐷)4𝑅

 ;     2∆𝑖𝐿1 =
𝑉𝑖𝑛𝐷

𝑓𝑠𝑤𝐿1
 ;     𝐿1

≥ 
(1 − 𝐷)4𝑅

4𝐷𝑓𝑠𝑤
                                                                                                              (21) 
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𝐼𝐿2 =
𝑉0
2

𝑅𝑉𝐿2
=

𝐷2𝑉𝑖𝑛
(1 − 𝐷)3𝑅

;      2∆𝑖𝐿2 = 
𝐷𝑉𝑖𝑛

𝐿2(1 − 𝐷)𝑓𝑠𝑤
;        𝐿2

≥
(1 − 𝐷)3𝑅

4𝐷𝑓𝑠𝑤
                                                                                             (22) 

𝐼𝐿3 =
𝑉0
2

𝑅𝑉𝐿3
=

𝐷2𝑉𝑖𝑛
(1 − 𝐷)3𝑅

 ;     2∆𝑖𝐿3 = 
𝐷𝑉𝑖𝑛

𝐿2(1 − 𝐷)𝑓𝑠𝑤
  ;    𝐿3

≥ 
(1 − 𝐷)3𝑅

4𝐷𝑓𝑠𝑤  
                                                                                              (23) 

Since the discharge interval of all the capacitors is between 0 to DT, the design of capacitor involves integration 
between the intervals 0 and DT which is carried out as follows. 

𝐶1 =
𝐷3𝑉𝑖𝑛

2(1 − 𝐷)3𝑅∆𝑉𝐶1𝑓
  ; 𝐶2 =

𝐷2𝑉𝑖𝑛
2(1 − 𝐷)3𝑅∆𝑉𝐶2𝑓

   ;      𝐶0

=
𝐷𝑉0

2𝑅∆𝑉0𝑓
                                                                                                   (24) 

Note: Due to page restriction, the different analysis is not included in this short paper. The detail analysis may include 
in the extension version.  

 

RESULTS AND DISCUSSION 

The proposed converter is examined with the fuel cell modeling of 1.6 kW with the input voltage value of 90 V. The 
switching frequency is 50 kHz. Fig. 2a shows the voltage waveforms of diodes D and D0 and output voltage of the 
proposed converter. The proposed converter can be operated for wider range of duty cycle. Here, the output voltage 
of the proposed converter is 405 V with the duty ratio 0.63. Fig. 2b shows the inductors current waveform of the 
proposed converter. The values are 17.5 A, 8 A, 5 A for L1, L2 and L3 respectively. Fig. 2c shows the voltage waveform 
of capacitors for C1, C2 and C0.  

 

   

 (a)                                                       (b)                                                          (c)                                                     
Fig. 2. Simulation results of the proposed converter (a) voltage waveforms for diodes and output voltage (b) current waveforms 

for inductors (c) voltage waveforms for capacitor. 

 

CONCLUSIONS 

A new non-isolated high gain converter has been proposed in this article to obtain a higher voltage gain. The proposed 
topology has been integrated with fuel cell for a rating of 1.6 kW. The operation of the proposed converter has been 
examined in continuous conduction mode using MATLAB-SIMULINK. From the obtained results, it is evident that the 
proposed converter is well suitable for fuel cell application.   
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NOMENCLATURE  

VFC = cell output voltage (V); ENernst = thermodynamic potential of the cell (v); 𝑉𝑂ℎ𝑚𝑖𝑐 = 𝑜ℎ𝑚𝑖𝑐 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝 (𝑉); 
𝑉𝑎𝑐𝑡 = 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝 𝑑𝑢𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (𝑉);  A = cell active area(cm2); PFC =
output power (W) ;  
T = absolute cell temperature (K); PH2 = partial pressure of hydrogen(atm); PO2 = partial pressure of oxygen (atm); 
𝑉𝑐𝑜𝑛 = 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝𝑜𝑓 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑠 𝑔𝑎𝑠𝑒𝑠(𝑉);휀(1…4) = empirical parameter;iFC =
cell operating current ; CO2 = concentration of oxygen in the interface of the cathode (mol cm3);𝜆 =
𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µm);  𝑅𝐶 = equivalent membrane resistance to electron conduction (U′); ρM =
membrane specific resistivity(Ωcm); 𝑅𝑀 = equivalent membrane resistance to proton conduction (U′); F =
Faraday Constant; R = Universal gas constant (C mol−1); j = actual cell current density(A cm2); Jmax =
maximum curren density(A/𝑐𝑚2); CH = concentration of hydrogen in the interface of the anode (mol cm3);𝐵 =
𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑉) 
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ABSTRACT  

With the increasing population and industrialization on a global scale, the need for energy has also increased. For 
this reason, energy and sustainability of energy have become one of the most important issues in the world today. 
Reasons such as rapid depletion of energy resources, unconscious use of non-renewable energy resources and 
environmental pollution caused by these resources have encouraged people to use renewable energy resources. 
One of these resources is geothermal energy resources, which is one of the natural energy resources whose 
importance has been increasing in recent years. Geothermal energy, which takes its source from the internal heat of 
the earth, is among the new and renewable energy sources. Geothermal energy is one of the most important 
environmentally friendly renewable energy sources, which are low cost, easy to detect and produce, return on 
investments in a short time. Geothermal resources, which have been used for treatment from past to present, are 
now used in many sectors such as heating, tourism, electricity generation and industry. Yozgat is a province with a 
high geothermal resource potential due to its geological features and geographical location. The use of geothermal 
waters, which was used only in spas in the past, is now widespread in alternative areas such as greenhouses and 
heating. The sustainable use of geothermal resources in different areas, which is expected to contribute significantly 
to the development of Yozgat province, depends on the creation and implementation of short, medium, and long-
term management plans of geothermal resources. 

Keywords: Geothermal Resources, Energy, Greenhouse, Heating, Yozgat 

 

INTRODUCTION 

With the increase in population, industrialization and electricity use, the need for energy is increasing day by day. 
Today, the increase in the damage caused by fossil fuels to the environment has made the use of renewable energy 
sources attractive. Geothermal energy sources, one of these sources, stand out as an alternative energy source with 
their features such as being environmentally friendly, clean, cheap, renewable, and sustainable. Geothermal energy 
is the heat energy obtained by artificial means from hot water, steam and dry steam and hot dry rocks, which are 
formed by the storage of the heat accumulated in the rocks at various depths of the earth's crust by the fluids and 
stored in the reservoirs. 

Geothermal resources are densely formed around active fracture systems and volcanic and magmatic units. When 
we look at the world in general, geothermal resources are available in an area of approximately 5%. This belt, which 
includes Turkey, is also called the "Ring of Fire". Due to its geological location and tectonic structure, Turkey has a 
very large potential in terms of geothermal energy. With Turkey's geothermal energy research, which was initiated 
by MTA in 1962 as a hot water inventory study, information on more than 600 thermal sources (hot and mineral water 
sources) in total has been reached today. As a result of these studies, the theoretical geothermal heat potential of 
our country is accepted as 31500 MWt (Kervankiran I and Kilim M, 2014). In terms of geothermal potential, Turkey 
is the first country in Europe and the seventh in the world, and 79% of the potential areas are in Western Anatolia, 
8.5% in Central Anatolia, 7.5% in the Marmara Region. In Turkey, 4.5% is in Eastern Anatolia and 0.5% is in other 
regions. 

94% of geothermal resources in Turkey are low and medium temperature, suitable for direct applications (heating, 
thermal tourism, mineral extraction, etc.) and 6% for indirect applications (electric power generation) (energy.gov.tr). 
In Turkey, geothermal energy is mainly used in electricity generation, heating (greenhouse, thermal facility, residential 
heating), industrial applications, thermal tourism and balneological applications.  

In this study, the formation of geothermal energy resources and their general situation in Turkey, classification of 
geothermal resources according to temperature degrees and information about their usage areas are given. The 
geothermal fields in Yozgat Province, which was chosen as the study area, and the ways of benefiting from 
geothermal resources were given and suggestions for the future were made. 
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USAGE AREAS OF GEOTHERMAL RESOURCES 

The most important usage area of high temperature geothermal resources (>150 °C) is electricity generation. Low 
and medium temperature geothermal resources (<150 °C) have very different usage areas. The classical Lindal 
diagram shows the usable areas of the geothermal resource depending on the different temperatures. It can be 
added to this diagram that geothermal resources above 85 °C are used in electricity generation in binary cycle power 
plants in recent years.  

The geothermal systems in Central Anatolia, where Yozgat province is located, which is our study area, are generally 
related to volcanic activities and have lower temperatures compared to Western Anatolia. Looking at Yozgat province 
in general, the highest temperature of geothermal water extracted is 85 oC, and it was extracted as a result of drilling 
work carried out by MTA in Sorgun, Yozgat's district with the most geothermal resources. 

 
YOZGAT PROVINCE GEOTHERMAL ENERGY FIELDS AND USAGE AREAS 

Due to the geographical location of Yozgat province, which is the study area, geothermal resources have been used 
for years. Thermal springs have been formed since the region includes large volcanic formations and small-scale 
faults in places (Bulut, 2003). For this reason, the fact that Yozgat has a rich potential in terms of hot water can be 
explained by the presence of broken fault lines. Due to its geographical location, the distribution area of geothermal 
resources in the province is wide. Geothermal resources were discovered in Boğazlıyan, Akdağmadeni, Sorgun, 
Sarıkaya, Yerköy, Saraykent and Günden in Yozgat province during the studies carried out by the General 
Directorate of Mineral Research and Exploration (MTA) (Table 1). Yozgat has an important position in Turkey with 
its geothermal energy potential. All 4 districts in the province (Sorgun, Sarıkaya, Yerköy, Boğazlıyan) have been 
declared thermal tourism centers by the Ministry of Culture and Tourism. 

In recent years, the usage areas of geothermal resources extracted from deeper reservoirs are increasing day by 
day. Geothermal energy has many uses. Geothermal energy is used in many areas such as electricity production, 
heating of houses, tourism, health, agriculture, and industry. In Yozgat, the importance of geothermal water, which 
was used only for health purposes in thermal springs in the past years, has been understood more and it has started 
to be used in different sectors such as heating of houses and geothermal greenhouses. 
 

Table 1. Geothermal Resources of Yozgat Province (MTA, 2005) 

GEOTHERMAL 
DOMAIN 

NAME 

HOT 
WATER 

SOURCE 
NAME 

SOURCE DRILLING 

AREA OF USE 
INSTALLED 
FACILITY 

Temp. 

(o C) 

Flow 

(lt/s) 

Pot. 

(MWt) 

Temp  

(o C) 

Flow 

(lt/sec) 

Pot. 

(MWt) 

Bogazlıyan-
Cavlak 

Cavlak 
34-
40.5 

321 - 32-46 225 10.36 
In the spa, in the 

heating of the spa 
facility 

Spa 

Boğazlıyan-
Uzunlu 

Uzunlu 30 8 - 31 15 - In the spa Spa 

Akdagmadeni- 
Karadikmen 

Karadikmen 
27.5-

39 
0.5 0.06 - - - In the spa - 

Sorgun Sorgun 45-73 71.5 - 75 4 0.67 
In spa, spa facility, 

greenhouse, heating of 
Sorgun district 

City 
Heating, 
Thermal 
Hotels 

Sarikaya Sarikaya 
46.5-

48 
28 - - - - 

In the spa, in the 
heating of the spa 

facility 
Spa 

Yerkoy Guvem 41-45 2,5 - 47 10 0.55 Spa facility heating Spa 

Saraykent  46 - - 55 4.6 0.39   

Gunden  25 15 -      
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Yozgat and its districts are among the important healing waters of Turkey in terms of the physical and chemical 
composition of the thermal waters originating from the geothermal springs, as well as the wealth of thermal resources. 
These thermal springs, which have different qualities in terms of temperature values and composition, are also suitable 
for the treatment of various diseases (kidney stones, stomach disorders, rheumatic diseases, joint diseases, etc.). It is 
seen that the most common usage area of geothermal resources in Yozgat province is thermal springs. There are 
thermal springs in Sorgun, Sarıkaya, Yerköy, Boğazlıyan, Saraykent and Akdağmadeni districts of Yozgat province. 

In Yozgat province, which is the study area, the center with the highest potential in terms of geothermal resources is 
Sorgun. Sorgun district has been using thermal waters for healing purposes for years and there are many spa facilities 
in this region under the control of local governments. The extracted geothermal waters are used in the fields of health, 
tourism, residential heating, and geothermal greenhouse cultivation (Figure 1). 

 

 
Fig. 1. Usage Areas of Geothermal Resources in Yozgat Province 

 
In the geothermal reservoir studies carried out in Sorgun District, it has been understood that the district has a serious 
geothermal potential, and this renewable, cheap energy potential can be used integratedly in urban heating, thermal 
and health tourism, and greenhouse heating areas.  

In Yozgat province, the demand for geothermal central heating systems in areas where geothermal energy is used is 
increasing since it is very economical compared to the classical heating system, and the convenience, convenience, 
comfort and reliability it provides (Yozgat Special Provincial Administration, 2014). However, residential heating with 
geothermal resources in the study area is carried out only in Sorgun district. Feasibility studies continue for the heating 
of houses in other districts with geothermal resources. In Sarıkaya, another district of Yozgat, residential heating was 
started with the geothermal heating system, but due to the problems in the system, there is no residential heating in the 
district today (Kervankıran and Kılıç, 2014).  

Another usage area of geothermal energy in Yozgat province is greenhouse cultivation. Greenhouse cultivation in 
Yozgat province is a production branch that has just begun to develop. The presence of a large number of geothermal 
resources in the region has been an important criterion for the spread of geothermal heated greenhouses (Cebeli and 
Kendirli, 2011). The tomato greenhouse, which was opened in the district of Sorgun with the participation of domestic 
and foreign investors with the start of the 2009 heating season and was built as 10 decares in the first place, has been 
built for 15 decares and serves with a total capacity of 25 decares as of 2013 (Sorgun Municipality, 2013). Soilless, 
hormone-free, and pesticide-free tomatoes are produced in greenhouses that produce an average of 40 tons per month. 
Therefore, employment areas have been created thanks to this initiative that ensures the development of the region 
(Yozgat Governorship, 2010). The private sector greenhouse investment with geothermal resources in Boğazlıyan 
district, which has an indoor area of approximately 60 decares, is planned to be completed by the end of 2013 and to 
start production (Yozgat Governorship, 2013). For now, according to the latest information received from the authorities, 
the studies have been completed and production has begun in the greenhouses. In Yerköy and Sarıkaya, the other 
districts of Yozgat, greenhouses are heated with geothermal water.  
Geothermal resources, which have a wide and rich potential in Yozgat province, are used in various fields. Studies 
should be detailed in order to increase the potential of geothermal resources used especially in residential heating, 
greenhouse cultivation and tourism sector throughout the province, should be supported with new projects, and it should 
be aimed to contribute to the city economy in this way. 
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CONCLUSION 

Geothermal waters extracted in Yozgat province, which has a rich potential in terms of geothermal resources in terms 
of its geographical location and geological features; It is used for heating houses, geothermal greenhouse cultivation 
and spa tourism. While geothermal resources are mostly used in thermal spring tourism in Yozgat province, due to the 
problems and deficiencies that arise, geothermal energy cannot be used enough for heating the houses. Only in Sorgun 
district, thermal waters are used for this purpose. The recent development of greenhouse cultivation in Yozgat has led 
to the spread of geothermal greenhouse activities in the province. Considering these developments, the increase in the 
number of residences and greenhouses heated with geothermal will contribute to the economic development of the 
province and cause the emergence of different sectors. In this respect, attention should be paid to the use of geothermal 
waters with maximum efficiency. The value of geothermal resources, which are expected to make a significant 
contribution to the development of Yozgat province, should be known and their continuity should be ensured. For this, 
a balanced use of geothermal resources should be ensured, measures should be taken before these resources are 
damaged, and long-term plans should be made that allow future generations to use them. 
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ABSTRACT  

Electrodeposition method has been utilized to obtain anode active materials for next generation lithium ion batteries 
(LIBs). Silicon (Si) and Tin (Sn) anode active materials have been studied through electrodeposition. Non-aqueous and 
aqueous solution mediums are chosen to deposited Si and Sn anode active materials, respectively. We have 
demonstrated that Si and Sn anode electrodes can be prepared without extensive electrode preparation method which 
includes slurry preparation, coating the current collector followed by drying and electrode calendaring. Tin (Sn) is an 
emerging anode candidate for Li-ion batteries. Due to its high availability and low cost, researchers are studying Sn 
anode for next generation anode alternative for LIBs. Aqueous media comprised of tin salt, surface activator, adhesive 
agent, buffering and complexing agent was utilized for obtaining pure tin without using any binder and conductive agent. 
Deposition potentials and its effect on the particle morphology and crystal structure were investigated. To enhance the 
electrochemical performance, we have coated tin anode with the conducting polymer coating, and further analyzed the 
effect of the heat treatment on the polymer coated tin anodes. The electrochemical performance and physico-chemical 
properties of the electrodeposited Sn electrode was characterized by, Scanning electron microscopy, X-ray Diffraction, 
and electrochemical techniques.  

Keywords: electroplating, anode, lithium-ion batteries. 

 

INTRODUCTION 

Tin(Sn) is a promising anode candidate for Li-ion battery with a theoretical capacity of 993 mAhg-1. Low cost, high 
abundance, good electrical conductivity and low toxicity triggered the interest for Sn based anode active materials 
for Lithium ion batteries (LIBs) [1]. Electrochemical deposition is a powerful technique which is used to deposit pure 
metal as well as alloys [2-5]. It has many advantages such as obtaining battery grade purity materials at low 
temperature. Several studies have been performed by researchers on the electrodeposition of tin from acidic and 
alkaline media. These studies discussed in great detail about tin deposition mechanism and its properties without 
performing electrochemical performance analysis. Binary-phase of Li-Sn diagram suggests that when reacted with 
lithium, Sn forms seven different phases such as LiSn, Li2Sn5, Li5Sn2, Li7Sn2, Li7Sn3, Li22Sn5, and Li13Sn5 [6] 
allowing high Li storage capacity which makes Tin a promising next generation anode for Li-ion batteries. 

 

MATERIALS AND METHODS  

Experimental  
 
Chemicals 
Stannous Chloride, dihydrate (SnCl2.2H2O), Potassium Pyrophosphate (K4P2O7), Glycine (C₂H₅NO₂) and 
Polyvinylpyrrolidone (PVP) were bought from Sigma Aldrich and used as received. DI water, Tin metal flakes (Sn) and 
Pt wire were also used as solvent, counter electrode and reference electrode, respectively. Tin metal counter electrode 
were prepared by melting the spherical tin powders and forming the foil by cooling the molten Sn.  For Si deposition, 
Propylene Carbonate (PC, Anhydrous, 99.7%), Tetraethylammonium Chloride (TEAC, >98%), and Trichlorosilane 
(HSiCl3, 99%) were purchased from Sigma Aldrich, TCI and ACROS Organics, respectively and used as received.  
 
Deposition Medium 
The tin deposition bath was prepared by dissolving the precursors in aqueous media (distilled water) sequential order. 
At first, Potassium Pyrophosphate was dissolved in DI water with the help of magnetic stirrer with a rotation speed of 
200rpm. This is followed by the addition of Glycine which is followed by dissolving Stannous Chloride dihydrate. For Si 
deposition, at first 0.44 M TEAC was added to the mother liquor, i.e., PC, which was stirred on a magnetic plate at the 
rate of 250-300rpm. Then 1.18 M Trichlorosilane was added and dissolved thoroughly with the help of a magnetic stirrer. 
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Morphological and Structural Characterization 
X-ray diffraction (XRD, Rigaku Miniflex) was used to unravel the crystal structure of tin with Cu Kα radiation (40 kV, 15 
mA). Electrodes were cut from the Copper foil and directly stuck on the aluminum sample holders for the XRD 
measurements. Scanning electron microscopy (SEM) were performed using a JEOL JSM 6510LV instrument to analyze 
surface morphology. For the cross-section SEM images, the electrodes were broken from the center of the Cu foil. All 
the characterization samples were prepared under the same condition on commercial Cu foil. 
 
Coin Cell Preparation and Electrochemical Characterization 
CR2032 type half-cell was prepared in an Ar-filled glove box (Vigor) using 1M LiPF6 (lithium hexafluorophosphate) in 
ethylene carbonate (EC): dimethyl carbonate (DMC): diethyl carbonate (DEC) (1:1:1) as the electrolyte and Li metal foil 
as cathode. 14mm diameter circular electrodes were cut from the one sided tin deposited Cu foil and used as working 
electrode in half cells. Coin cells were tested at room temperature using Neware CT-4008T battery cycler. All the cells 
were kept under rest for 4 hours before executing the cycle life test to clinch complete penetration of electrolyte. Every 
cell was lithiated (charged) to 0.01 V and delithiated (discharged) to 1.50 V with constant current constant voltage (CC) 
mode. 
 

RESULTS AND DISCUSSION 

In order to understand the deposition mechanism, cyclic voltammetry (CV) has been utilized as the most effective 
method. This study was also started with the CV experiment of each solution preparation step. The CV scanning was 
carried out at the rate of 500µV/s between OCP to -1.0 V using AUTOLAB PGSTAT 302 N (Metrohm, Netherlands). 
Note that in all the cases, the Working Electrode (WE) was Platinum foil, Counter Electrode (CE) was Pure Tin plate 
and Quasi Reference Electrode (QRE) was Platinum wire. First CV test was executed after dissolving Potassium 
Pyrophosphate in DI water and the result is shown with blue colored line in Figure 1A. No current flow was observed 
on Pt foil WE indicating no reaction or reduction started which is expected as Potassium pyrophosphate is used as 
surface treatment agent. After dissolving Glycine in the same solution, CV scanning was preformed again on the 
refreshed electrodes and the result is depicted with green line in Figure 1A. Glycine is used as buffering agent. This 
time very small amount of current flow was observed on WE started around at 0.85V. This tiny current flow might 
indicate that minor electrochemical reaction occurred. The unwanted reduction can be ignored or avoided if the final 
solute addition can shift the desired tin reduction potential towards the positive direction. Following this experiment, 
the Stannous Chloride, dihydrate was added on the replenished electrodes and CV test was executed. This CV result 
is shown with red colored line in Figure 1A. At this time, the electrochemical reduction reaction started at -0.7V with 
significant amount of current flow on Pt foil surface. This reduction is directly related to the Sn reduction and followed 
by deposition on WE. The reduction current reached to its peak at -0.8V which was further reduced during continuous 
forward scan to -1.0V. Further forward scan was avoided as the water electrolysis and hydrogen (H2) gas evolution 
was observed in a separate experiment. Finally, the same CV experiment was carried out on Cu foil keeping all the 
conditions and parameter the same and the result is shown with yellow color in Figure 1A. In this CV curve, significant 
reduction current started to flow at -0.7V as before (red curve) which reached to maximum at -0.8V suggesting peak 
reduction occurred at that potential. Significant amount of current flown all the way to -1.0V identical to the reaction 
where Pt was used as working electrode. 

 

 
Fig. 1. A-) Cyclic voltammetry of Sn deposition solution where the CV was collected at different steps of solution preparation. B-) 

CV of Si deposition utilizing non-aqueous PC based solution. CV was conducted at room temperature at scan rate of 25mV/s. 

  
Similar experiments were conducted for Si deposition and the CV results are displayed in Figure 1B. The major 
differences are i-) the CV was conducted in glove box to prevent Si oxidation, ii-) the counter and reference electrodes 
were chosen as Pt disc and Pt wire, respectively, iii-) the working electrode was chosen as glassy carbon. It is clear 
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that once the Si source, i.e. trichlorinesilane, the reduction peak was appeared at around -1.5V. This potential shows 
where the Si plating is occurring.    
 
Cycling data for both Si and Sn anodes are shown in Figure 2A and 2B. Sn based coin cell showed a capacity of 
around 600mAh/g initially. The capacity retained it first initial capacity up to 10 cycles however a sudden capacity 
fade appeared at 10th cycle and continued until it dropped to a capacity of 100mAh/g. This capacity decade was 
expected as the expansion and contraction of tin during lithiation and delithiation causes cracks leading to 
disintegration of active particles from the current collector. On the other hand, cycle life of Si anode in coin cell is 
shown in Figure 2B. The first lithiation specific capacity for the electrodeposited Si electrode was around 3200mAh/g 
which is close to the theoretical value. Nevertheless the first delithiation capacity of the Si electrode was only around 
1500mAh/g yielding close to 50% of the first columbic efficiency. Though the exact reason for this low C.E. is not 
presented in this paper, we believe there are few speculations that can cause this. Firstly the plated Si might not be 
pure Si. There could be other species formed on the surface of Si such as SiO, SiH etc. This can cause low C.E. in 
the first cycle. One thing we also noticed is the superior cycle life performance. Here the cell showed extraordinary 
capacity retention during the first 50 cycle showing no fade. In fact, marginal capacity increase can be seen due to 
new surface area activation caused by the cracks of the Si electrode.   
 
 

 

 

 

Fig. 2. A-) Cycle life analysis of the electroplated Sn anode. B-) Cycle life analysis of the electroplated Si anode. Both cells were 
cycled at C/10 rate between 0.01V and 1.5V. 

 

CONCLUSIONS 

We have synthesized anode active materials for lithium ion batteries via electroplating technique both in aqueous and 
non-aqueous mediums. We have shared some of their initial results but we hope to present the further details of the 
study in the Conference.  
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ABSTRACT 

Many adsorbent-adsorbate pairs can be considered as working materials in solar adsorption refrigeration systems, 
and a careful selection of this pairs is essential, because, the thermal performance coefficient of these systems 
depends on it, however, its selection depends on certain desirable physical and chemical characteristics.  

This paper presents a detailed thermodynamic and parametric analysis of simple intermittent cycle of a solar 
adsorption refrigerator. The basic fundamentals of adsorption process and the criteria for choice of the adsorbent-
adsorbate pairs are discussed. The Dubinin-Astakhov (D-A) equation is used to describe the isotherm of adsorption 
for a different activated carbon /methanol pairs. Factors mostly influencing the performance of the system  and the 
cold quantity produced at evaporator level are discussed. The best pair used in this kind of machines is also 
investigated. 

Keywords: Adsorption, adsorbent/adsorbate, solar refrigeration and simulation 

 

INTRODUCTION 

The use of solar energy for environmental control is receiving much attention as result of the projected world energy 
shortage. Refrigeration is particularly attractive as a solar energy application because of the near coincidence of peak 
cooling loads with the available solar power. Solar refrigeration, especially solar refrigeration with adsorption has the 
potential to improve the quality of life of people who live in areas with electricity shortage. It is usually used for storage 
of agricultural products, food and medicines (e.g. vaccines) in remote areas [1-4]. 

It is largely identifies that one of the most significant  problems in the design of a refrigerating machine with adsorption 
is  the choice of  pair adsorbent / adsorbate.   

Many pairs can be regarded as pairs adsorptifs in this kind of systems.  However the selection of them is essential 
because the effectiveness of the machine translated by the adimensional number, the  thermal coefficient of 
performance depends on certain desirable  physical and chemical characteristics.   

In this paper, we present the effect of the choice of pairs adsorbent / adsorbate on performance’s of solar adsorption 
machine, using a  an equilibrium thermodynamic model of de Dubinin Astakhov. We test our program to various 
pairs.  

 

CHOICE OF ADSORBENT-ADSORBATE PAIR  

Many adsorbent-adsorbate pairs can be considered as working materials in solar adsorption refrigeration systems, 
and a careful selection of this pairs is essential, because, the thermal performance coefficient of these systems 
depends on it, however, its selection depends on certain desirable physical and chemical characteristics:  

CHOICE OF ADSORBENT  

The suitable adsorbents are porous materials that should adsorb a range of refrigerants and the choice of these 
adsorbents depends mainly on the following factors: 

• Must have high adsorption capacity at ambient temperatures and low pressures but less adsorptive capacity 
at high temperature and high pressures in order to attain high cooling effect; 

• A large specific surface area in order to providing large adsorption capacity; 

• Low cost and widely available;  

• Good thermal conductivity , in order to shorter the cycle time; 

• Low specific heat capacity; 
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• Chemically compatible with the chosen adsorbate; 

• No deterioration with time or use; 

• Non toxic and non corrosive. 

 

CHOICE OF THE ADSORBATE  

The refrigerant or the adsorbate is one of the most important elements of any refrigeration system, because the 
adsorbent-adsorbate pair conditions and compatibility with the environment principally depend on it. 

The selected adsorbate must have the following desirable thermodynamic and heat transfer properties: 

• High latent heat of evaporation;  

• Good thermal stability with adsorbent at the cycle operating temperature range; 

• High thermal conductivity;  

• Low viscosity; 

• Low specific heat;  

• Molecular dimensions should be small enough to allow easy adsorption; 

• The choice of the evaporation temperature according to the application; 

• Chemically stable in the working temperature range; 

• Non -toxic, non inflammable and non-corrosive; 

 

Based on the above criteria, some of the appropriate adsorbent-adsorbate pairs are used in the solar adsorption 
systems of refrigeration such as: zeolite/ water, silicagel/ water, activated carbon/methanol and activated 
carbon/ammoniac. However, the choice of the good pair depends on the application object, the zeolite / water and 
silicagel / water  pairs are usually used in the refrigeration , air conditioning [19] ,another benefit using them, that are 

can be reach high regenerating temperature gT  . More, the adsorbate water in the most thermally stable with the 

adsorbents, but it cannot be used for freezing purposes because its evaporation temperature 0°C, whereas, the 
activated carbon/methanol and the activated carbon/ammoniac pairs are used for ice production systems,  

Another different pairs have been evaluated by various authors, and the pair activated carbon/ methanol was selected 
the best pair, but the choice between the methanol and ammoniac as adsorbates is not easy, several authors shown 

that the adsorptive properties of activated carbon with methanol gives the high thCOP  than ammonia with some 

activated carbon adsorbents. However, the ammonia operates at supra-atmospheric pressure, whereas, systems 
with methanol or water at under –atmospheric pressure, more, the ammonia is toxic and corrosive, while water and 
methanol are not. Until now, there is not a refrigerant that satisfies all above conditions at the same time, it doesn’t 
practically exist, nevertheless, we can consider that the methanol is the refrigerant that satisfies the maximum of 
these conditions, and this justifies our choice of the activated carbon/ methanol as an adsorbent-adsorbate  pair in 
this study. 

 

THERMODYNAMIC MODEL  

Thermal performance coefficient is defined by the ratio of cooling power produced at evaporator level  Q f to the heat 

QC necessary for heating the adsorber to the maximum temperature gT taking into account the heat necessary for 

gas desorption. 

                                                                         

c

f

th
Q

Q
COP =                                                                    (1) 

 

The adsorber receives the energy from the hot source, where a part will be used to heat the metal parts of the 
adsorber, a part is used to heat the adsorbent and the adsorbate and another being used for the desorption. The 
Properties of pairs used in this paper is presented in table 1. 
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Table 1. Properties of pairs adsorbent/adsorbate used in the model. 

 

 

RESULTS AND DISCUSSION 

This paragraph gives account of the sensitivity of performance of the cycle COP to the operating temperatures, 
regeneration temperature, evaporation temperature and condensation temperature, respectively in figures 1,2 and 
3. 

60 80 100 120 140 160 180 200 220 240 260

0,20

0,22

0,24

0,26

0,28

0,30

0,32

0,34

0,36

0,38

0,40

0,42

0,44

0,46

0,48

0,50

C
O

P

Tg (°C)

 Charbon actif AC-35/méthanol

 Charbon actif AC-40/méthanol

 Silica gel S-50/eau

 Zéolithe 13-X/eau

 Charbon actif PX-21/ammoniac

 

Fig. 1 Performance coefficient according to regeneration temperature for various pairs. 
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Fig2. Performance coefficient according to evaporation 
temperature for various pairs. 

 

Fig3. Performance coefficient according to condensation  
temperature for various pairs. 

 

 

The performance increases with regeneration temperature  until a maximum reached for an optimal temperature 

noted maxgT  . For the temperatures superior to this value the performance decreases. This behaviour can be justified 

by the fact that after  certain regenerating temperature maxgT , the energy of heating only serves to increase the 

activated carbon temperature, the adsorber metal parts temperature and the methanol temperature, nevertheless 
the desorbed mass of methanol  becomes more and more weak Where, the heat provided to the adsorber  increases 

pair adsorbente /adsorbate                              )/( KgMJqst   )/( KKgJCp    )/(0 Kglw       D                          n  

Activated carbon  /methanol [5]                             1.4                  920                       0.425                  5.02 10-7                2.15    

Activated carbon  -40/methanol [6]                        1.4                  920                       0.611                     4.78 10-5               1.53 

Gel de silice S-50 /water [7]                                    2.8                  924                       1.436                     1.0339                   0.24 

Zeolithe 13-X/water [8]                                            3.2                  836                       0.269                      4.15 10-7                 2 

Activated carbon  PX -21/ammoniac [9]                 1.5                920                       1.64                        5.42 10-4                1.235 
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more than the quantity of cold produced at evaporator level fQ .  The values of maximum regeneration temperature 

of each pair is present in table 2. 

 

Table 2. Maximum regeneration temperature of pairs 

 

 

 

 

 

 

 

 

The Fig. 2 shows the influence of evaporation temperature on the  performance of the system. Indeed, The COP 
increases with the evaporation temperature. This increment in evaporation temperature implies that the saturation 
pressure   increases together with the adsorbed mass of methanol. Therefore, it increases the cycled mass of the 
methanol. It is easy to verify the qualitative effect of the increase of  evaporation temperature  according to Clapeyron 
diagram. This notice for all pairs.  

The Fig.3  shows the influence of condensation temperature on the  performance of the system. 

The COP of the system decreases with the increase of condensation temperature, because of an increase in 
condensation temperature makes the saturation pressure   increases. Thus, the adsorbed mass of the methanol 
increases. Consequently, there is a decreasing in the cycled mass of the methanol, in the cooling power and also in 
the COP. According to the Clapeyron diagram of the cycle; it is easy to notice that the minimum desorbed mass of 
methanol  increases for the low values of condensation temperature  and for a fixed value of regeneration 
temperature. 

This notice for all pairs.  

 

CONCLUSION 

A thermodynamic model has been developed for the analysis of solid adsorption refrigerator using the activated 
carbon AC-35/ methanol as an adsorptive pair, based on the representation of Dubinin-Astakhov.  Based on the 
previous results and the analysis discussed above, some conclusions are summarized in the following: 

• This model is a good tool for optimizing the adsorption system;  

• The performance and cooling power of adsorption systems depend strongly on the operating temperatures; 

• There is an optimum regenerating temperature for the pairs at various condensation, adsorption and 
evaporation temperatures. 

With a study such as this, it is possible to estimate the performance of an adsorption refrigerating cycle, which 
can be easily transported to any type of adsorbate and several types of adsorbent, especially activated carbons. This 
method can also be applied to all the different cycles (internal heat recovery system, cascading cycle …etc). 
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ABSTRACT  

Photovoltaic energy is one of the challenges of the energy policy of our century. This energy results from the direct 
transformation of sunlight into electrical energy by means of a solar cell. While it is true that the energy from the sun 
seems limitless, it is not possible to draw it at any time of the day or throughout the year, which limits the redemption 
of photovoltaics. To the problem of intermittency is added that of the weather, which is often capricious, which makes 
this source of energy uncertain. Hence the importance of solar energy storage to meet energy needs. This article 
presents the design of a solar regulator used in photovoltaic systems to protect the battery. Against overcharge and 
deep discharge phenomena. In addition to the protection function, this regulator ensures tracking of the maximum 
power point (MPPT) and allows the photovoltaic generator to deliver its power whatever the variation of climatic 
conditions (sunshine and temperature). The P&O MPPT algorithm for the search of the maximum power was 
presented, as well as the modeling of the converter. Simulation results under Matlab/Similink were presented to 
illustrate the operation of the controller. 

Keywords: Photovoltaic system, Lithium-Ion Battery, Boost chopper, Bidirectional DC-DC converter, Pwm controller  

 

INTRODUCTION 

Because of the increased demand for power generation from renewable energy sources, integrating energy storage 
devices into the system has become a significant challenge. Renewable energy sources like solar, wind, and other 
such sources are best suited for energy storage utilizing batteries. The needed bidirectional power flow for battery 
charging and discharging is provided by a bidirectional DC-DC converter. The converter's duty cycle regulates 
charging and discharging based on the battery's state of charge and the current's direction. This study designs and 
simulates a non-isolated bi-directional DC-DC converter for battery energy storage [1,2]. 

The modeling and analysis of a bidirectional DC-DC buck-boost converter for battery energy storage systems and 
PV panels are presented in this work. The PV panels operate in accordance with the available irradiance. When the 
PV array's irradiance is sufficient to generate the required voltage, the PV array will charge the battery through a 
bidirectional DC-DC converter while also supplying the load. When the PV array's irradiance is insufficient to create 
adequate voltage, the battery will supply the load using the same bidirectional DC-DC converter, and the battery will 
discharge through the load. A bidirectional DC-DC power flow converter has been developed since a conventional 
buck or boost converter does not allow bidirectional power flow. 

 

DESCRIPTION OF THE BSS SYSTEM 

The battery storage system BSS consists of a PV panel as a first source connected to a load through a DC-DC step-
up converter that uses a maximum power point tracking (MPPT) algorithm to generate maximum power. A secondary 
source is a battery. Both sources are parallel to each other and are connected to the same DC link. A control system 
has been developed to manage the battery's charging and discharging according to the power generated by the 
photovoltaic panel. Fig. 1.  shows the overall conversion chain's structure. 

https://dblp.org/pid/320/2169.html
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Fig. 1.  Schematic of a stand-alone PV system with BSS battery storage system. 

 

PV PANEL DESCRIPTION AND MODELLING 

A single solar cell can be modeled by using a current source, a diode, and two resistors [3]. This model is known as 
the single diode model. A PV array is a group of several PV cells which are electrically connected in series and 
parallel circuits to generate the required current and voltage (Figure 2). 

 

 

 

 

 

 

• Fig. 2.  Photovoltaic system 

 

The current voltage characteristics is given by: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑠 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)
𝑛𝐾𝑇𝑐 − 1) −

𝑉 + 𝐼𝑅𝑠
𝑅𝑠ℎ

 
(1) 

The PV array type simulated in Matlab/Simulink software is: 1Soltech 1STH-215-P with 2 series modules and 2 
parallel strings. Each module is composed by 96 series cells. The various parameters of PV module are listed in 
Table-1. 

Table 1. Parameters of The Solar Module 

Open circuit voltage 
(Voc) 

Short-circuit current 
(Isc) 

Voltage at MPP 
(Vmp) 

Current at MPP 
(Imp) 

Maximum Power 
(Pmax) 

Ns 

36.3 V 7.84 A 29 V 7.35 213.15 w 96 

 

Fig. 3.  shows P-V and I-V characteristics for irradiation and temperature variation and under standard conditions 
STC. It is clear that for G = 1KW/m2, T = 25 °C, this panel can provide a power Pmax of 852 (W), which corresponds 
to a terminal voltage Vpmax of 58 (V). In case of atmospheric condition variation, current and power increase with 
increasing solar irradiation. Voltage and power decrease in the event of a temperature rise. 

  

Fig. 3.  P-V and I-V characteristics for irradiation and temperature variation 
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OPERATING MODES OF PHOTOVOLTAIC SYSTEM WITH BSS 

The Photovoltaic system with Battery storage BSS implemented in Matlab/Simulink is shown in Fig.4. It has four 
different operating modes based on the amount of power supplied by the PV panels which depends on the irradiance 
and temperature [4,5]. 

Mode 1: The first operating mode is triggered if the power produced by the PV system is less than the power required 

by the load, and if the battery system is also profoundly discharged, the entire system shuts down. 

Mode 2: When the battery is fully charged and able to supply power, the second operating mode is triggered. As 

long as the battery is not completely discharged at this point in operation, the battery supplies backup power in 
addition to the PV electricity. With the MPPT algorithm activated, the PV panels provide the load with the maximum 
power available. While the battery supplies supplemental power by using the bidirectional converter in boost mode. 

Mode 3: This mode starts when PPV > Pload and the battery is not completely charged. In this mode of operation, the 
PV panels not only provide electricity to the load, but they also charge the battery with any extra power they produce. 
In this mode, the bidirectional buck/boost converter operates in the buck mode to charge the battery. 

Mode 4: In this mode of operation, the battery is completely charged and PPV > Pload. In this mode, constant voltage 
charging is used to keep the batteries completely charged and prevent any form of self-discharge from occurring.  

 

RESULTS AND DISCUSSION 

Matlab Simulink was used for modeling and dynamic simulation of the photovoltaic system with a Lithium Ion battery 
storage system (LI-BSS) which is presented in Fig. 4. Battery charge and discharge is performed using pwm current 
and voltage controllers in order to monitor the output under various operating conditions (Figure 5). The simulation 
of charge and discharge modes using a DC voltage source is illustrated in Fig. 6. 

 

Fig. 4.  Simulink model of Photovoltaic system with the Lithium Ion BSS using Bidirectional DC-DC converter 

 

 

Fig. 5.  PWM Controllers Design for Bidirectional DC-DC Converter 

 

 

a) charge mode 

 

b) dicharge mode 

 

Fig. 6.  Operating modes 
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      Fig. 7.  BSS characteristics for Temperature variation             Fig. 8.  BSS characteristics for Irradiation variation 

 

Fig. 7.  and Fig. 8.  Show evolution of the BSS and PV panel characteristics for Temperature and irradiation variation 
respectively. It is clear that for the first case, there is one working mode it is the charge mode.for the second case iIt 
can be seen that when irradiation of the PV array is able to generate enough voltage, the PV array will charge the 
battery through the bidirectional DC-DC converter and also supply power to the load during this time. When the 
irradiation cannot generate sufficient voltage, the battery will power the load through the same bidirectional DC-DC 
converter, it will discharge through it.While the battery is charging, the battery voltage VB will increase. Because of 
this, charge current IB should decrease. When battery is in discharge mode the SOC is decreasing and the battery 
current is positive. Load voltage is around 48V. 

 

CONCLUSIONS 

The development of a solar system that is energetically connected to storage batteries, providing continuous energy 
availability, is the subject of the work reported in this article. The step-up Boost converter is driven by an adaptive 
p&o MPPT algorithm, which allows the system to work at its maximum power. Successful tracking of the maximum 
power point has been achieved. Battery charge and discharge is performed using pwm current and voltage controllers 
using DC/DC bidirectional management converter BMC. 
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ABSTRACT  

The TiS2 Nanostructures have been synthesised by chemical vapor deposition (CVD) method. CVD furnace have been 
used to synthesis TiS2 nanomaterial with few layers structure to produce cathode for lithium & sodium-ion battery. 
Synthesised Cauliflower like TiS2 with nano sized structure have been obtained. The interlayer structure of prepared 
TiS2 provide facile passway for ion transport which enable this material as promising electrode material for lithium and 
sodium battery. Synthesised TiS2 nanostructures is a good potential for Li/Na ion battery electrode.  

Keywords: TiS2, Li-ion battery, Na-ion battery, Nanomaterials 

 

INTRODUCTION 

Demand for energy has drastically increased in past decades. As fossil fuels, which are the basic energy source of 
modern society, are being exhausted rapidly, the development of low cost, efficient and large-scale energy storage 
and energy conversion technologies is inevitable. Rechargeable lithium-ion batteries (LIBs) and sodium-ion batteries 
(SIBs) are the most significant technologies to alleviate these demands. LIBs have been dominated the portable 
electronic devices and electric and hybrid car due to their high capacity, good cyclability and good performance. SIBs 
have recently attracted lots of attention to use in large scale application in electric cars and smart grids due to their 
low cost and low environmental impacts.[1]–[8]  

nanomaterials have been considerably utilized in rechargeable batteries, among them the ever-increasing family of 
2D material with single-layer or few-layer structure have unique physical and chemical properties to host the lithium 
and sodium ions. Historically, transition metal dichalcogenides (TMDs) which posses layered structure was the first 
type of material that investigated for intercalation of alkali ions. TiS2 is one of the most investigated TMDs that widely 
used in energy storage devices due to its facile synthesis methods, high specific capacity and low cost.[9]–[15]   

here we report design and fabrication a of chemical vapor deposition (CVD) furnace to synthesis TiS2 nanoflakes 
and preparation of TiS2 electrode to be test in sodium & lithium-ion battery. Field emission scanning electron 
microscopy (FESEM) was done by Hitachi S4160 FESEM. EDAX (Ametek) device has been used for energy 
dispersive x-ray spectroscopy (EDS). 

 

EXPERIMENTAL DETAILS 

To synthesis TiS2 the CVD designed with two heating zone, the first zone is for vaporizing the sulfur and the second 
zone which is the spot for Ti powder is the place that chemical reaction occurs and TiS2 growth. The flowerlike 
nanoflakes of TiS2 was synthesised in 630 ˚C in CVD furnace.  

 

RESULTS AND DISCUSSION 

Figure 1a represent field emission scanning electron microscopy (FESEM) images of synthesised TiS2. The layer 
structure and morphology of synthesised TiS2 is obvious. The energy dispersive x-ray spectroscopy (EDS) of 
prepared TiS2 prove the formation of TiS2 (figure 2a). 

To prepare electrode, prepared TiS2 was mixed with Carbon Black, and Polyvinylidene Fluoride (PVDF) in an 8 :1 :1 
weight ratio. Then the mixture was coated on aluminium current collector by doctor blade technique. The prepared 
electrode can be used as both lithium and sodium ion battery electrode(Figure 1b). 
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Fig. 1. (a) FESEM images of TiS2 (b) fabricated electrode  (c) assembled coin cell 

 

The designed CVD furnace successfully synthesised high quality few-layered TiS2 which was used to prepare battery 
electrode. The result of electrochemical measurement shows stable performance of fabricated electrode for both lithium 
and sodium ion battery.as predicted, the layered structure of synthesised TiS2 provide the sufficient electrode material.   

 

Fig. 2. energy dispersive x-ray spectroscopy (EDS) of prepared 
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CONCLUSIONS 

This manuscript reports growth of TiS2 nanostructures through CVD technique. This approach is a time and cost 
efficient and simple method, suitable to be considered for scalable processes. The results show successful synthesis 
of high density flower like TiS2 structures. Using slurry preparation, a battery electrode has been fabricated that can 
be used for Li/Na ion battery application.  
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ABSTRACT  

The structural and electronic properties of BaSrLiH3 using ab initio calculations within generalized gradient 
approximation. In particular, the lattice constant, bulk modulus and electronic band structures are calculated. These 
results are highly transferable and optimally smooth pseudopotentials. A plane-wave basis set was used to solve the 
Kohn–Sham equations in the pseudopotential implementation of DFT. The Brillouin zone integrations were replaced 
by discrete summations over a special set of k-points, using the standard k-point technique of Monkhorst and Pack , 
where the k-point mesh used is (8 × 8 × 8). The plane-wave energy cutoff to expand the wave functions is set to 80 
Hartree (1 Hartree = 27.211 396 eV). For the treatment of BaSrLiH3, we used the virtual crystal approximation (VCA). 

Keywords: structural properties, electronic properties, hydrogen storage materials. 

 

INTRODUCTION 

Perovskites ABX3 represent a very prolific family of inorganic compounds. They are composed of two metal cations 
A and B and anions X from the chalcogen or halogen groups. Ideal perovskites adopt the cubic space group, Pm3¯m, 
where X anions centre the cell edges at 3d (1/2, 0, 0) and A- and B-type cations are located at the cell centre and 
corners, respectively (figure 1). Usually, SrTiO3 is considered as the ideal perovskite structure. Diverse magnetic 
and electric properties make perovskites interesting and important for technological applications [1]. The perovskite 
hydrides are of interest for hydrogen storage at high temperature. There are five reported perovskite hydrides with 
the ideal Pm3¯m structure: CsCaH3, RbCaH3, KMgH3 , BaLiH3 and SrLiH3 [2–5]. 

 

 

Fig. 1. The ideal cubic perovskite structure 
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RESULTS AND DISCUSSIONS  

Structural properties  

The perovskites BaSrLiH3 have ideal cubic structure (SG: Pm3¯m), where the atomic positions in the elementary cell 
are Ba/Sr: (1/2, 1/2, 1/2), Li: (0, 0, 0) and H: (1/2, 0, 0). The calculated lattice parameters, bulk modulus and pressure 
derivative of BaSrLiH3 within GGA, using the PP-PW method, are summarized in table 1  

 

Table 1. Calculated lattice parameter a, bulk modulus B0 and its pressure derivative B0 for BaSrLiH3 alloys at equilibrium 
volume. 

 a (Å)  B0 (GPa)  B’ 

BaSrLiH3 3.9276  39.718 3.789 

 

Electronic properties  

In this section, we discuss our results on the electronic properties of perovskites BaSrLiH3 in the basis of the energy 
band study. The calculated band structure along the higher-symmetry directions M, R,  and X in the Brillouin zone 
using the GGA approach is given in figure 2. It seen that there is an indirect band gap at the Fermi level because the 
bottom of the conduction band and the top of the valence band are found to be at M and X, respectively. 

 

Fig. 2. Band structures of  BaSrLiH3 

CONCLUSIONS 

The structural and electronic properties of BaSrLiH3 have been studied by first-principles calculations within DFT. 
The optimized structure has been obtained from the GGA total-energy minimization, where we used the Hartwigzen–
Goedecker–Hutter scheme to generate the norm-conserving nonlocal pseudopotentials, in order to study the effect 
of the exchange-correlation energy in the bulk structure. The structural parameters such as the lattice constant, bulk 
modulus and corresponding pressure derivatives have been computed. Indeed, we have calculated the band energy. 

 It seen that there is an indirect band gap at the Fermi level because the bottom of the conduction band and the top 
of the valence band are found to be at M and X. 
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ABSTRACT 

Heat transfer in two different types of heat exchanger (HX) is investigated through experiments and computer 
simulations aiming at thermal-energy storage (TES) in latent form. Water is employed as the heat-transfer fluid (HTF), 
while sodium acetate trihydrate (SAT) is used as the phase-change material (PCM). The heat exchangers are made in 
the laboratory scale and fed by circulating water with controlled inflow temperature in typical ranges encountered in 
solar thermal facilities. Temperature variations at selected monitoring points in the PCM are automatically recorded and 
later compared with computational results. A numerical method of computational fluid dynamics (CFD) is used to 
calculate the water flow as well as the heat transfer both in the water and in the PCM. For calculation purpose, the PCM 
is considered as solid material without phase change. A temperature-dependent specific heat-capacity function 
accounts for the effects of latent-heat of the PCM. The analysis includes both heat charging and discharging, spanning 
the PCM-melting and the solidification process. 

Keywords: thermal-energy storage, phase-change materials, heat exchangers, solar energy 

 

INTRODUCTION 

Use of renewable energy sources and energy efficiency have received considerable attention in the recent years. 
Facilities with fluctuating energy sources, such as solar or wind power plants, need appropriate energy storage 
solutions in order to yield sufficient efficiency, reliability and profitability. Energy storage is particularly important when 
solar energy is used, due to its significant variability, extending from shorter sunny periods interrupted by cloudiness, 
or partial sunshine, over day-night cycles to longer periods of seasonal, summer-winter solar irradiation differences.  

For TES in narrow temperature ranges latent heat has been attractive [1]. Some previous studies of heat exchangers, 
such as [2], have shown that the efficiency of solar heating systems can be improved by using PCM. One of widely 

used PCMs for solar thermal facilities is SAT (CH3COONa·3H2O), since it is non-toxic, easily available, has an 
appropriate melting temperature, and has relatively high latent heat [3, 4]. Heat exchangers with SAT have been 
experimentally and/or numerically investigated, such as a shell-and-tube heat exchanger in [5, 6]. A prototype of SAT-
based heat storage unit has been experimentally investigated for an application to short- and long-term storage of solar 
heat in single-family houses [7]. 

The subject of research, a part of which is presented in this paper, is design and optimization of operational conditions 
of a TES unit for application in a temperature range, such as arising in solar heating. Specifically, this paper deals 
with temperature variations of the PCM during heat charging and discharging in the HXs with two conceptually 
different inner arrangements of the HTF and the PCM: in a double-pipe HX the PCM is located around the HTF pipe, 
while in a shell-and-tube HX the HTF flows around the PCM. The goal is to get acquainted with behaviour of the 
adopted PCM in the anticipated realistic operating conditions. Additionally, comparison of the experimental and the 
calculated results reflects ability of the computational approach to predict performance of a number of the TES-unit 
variants in design optimization.  

 

EXPERIMENTAL SETUP 

The first experiment is done with a vertically oriented double-pipe HX, Fig. 1 (left). Its inner pipe is made out of copper 
(inner diameter 16 mm), and is used for flow of the HTF (water, which is for the purpose of the experiment heated in a 
thermal bath; in real operation the HTF pipe can be coupled to solar thermal panels). The outer pipe is made out of 
PVC (inner diameter 59 mm, height 160 mm), and is mounted coaxially around the copper pipe. It is filled by the PCM, 
where SAT is used as the heat storage medium. In the heat charging process, the HTF is warmed up to 75 ⁰C. The 
temperature is kept at that level by a thermostat. The HTF is driven at flow rate of 60 l/h by a circulation pump. The 
external surface of the HX is thermally insulated. In the discharging process, the water flow is stopped, and the thermal 
insulation is removed in order to allow cooling by the ambient air, whose temperature is 19 ⁰C. During the experiment, 
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temperature is measured by a thermocouple, placed at a PCM-interior point, equally distant from the pipes in radial 
direction, and at half height of the HX in vertical direction. The measured values are automatically stored.   

The second experiment is done using a shell-and-tube HX consisting of a steel cylinder (140 mm in diameter and 600 
mm high) with 12 “blind”, SAT-filled copper tubes (20 mm diameter, 490 mm height), which are evenly distributed over 
the cylinder cross-section and fixed at its upper surface, Fig. 1 (right). The hot-water inlet pipe of the HX (point 1) is 
attached near the top of the tubes, while the outlet pipe (point 2) is on the opposite side and near the bottom. The HX 
is vertically oriented. It is supplied by the HTF at flow rate of 465 l/h from a 250 l hot-water storage tank, which is heated 
by solar thermal panels. In this configuration, the hot-water storage tank is used as the main, sensible-heat storage, 
while the PCM-filled HX is used as an additional, latent-heat storage unit. Parallely to the PCM-filled HX, the storage 
tank is also connected to a heat consumer. The HTF temperature in the inlet pipe depends on the heat gained in the 
solar thermal panels, as well as the heat consumed in the heat consumer. Consequently, it is variable in time. In the 
case of insufficient solar irradiation, the water in the tank can be additionally heated by an auxiliary electric heater and 
kept at nearly constant temperature by a thermostat. The outer walls of the HX are thermally insulated both during 
charging and discharging. Temperature is measured by thermocouples placed in the PCM, at half height of the PCM-
filled tubes, and automatically recorded.  

         

Fig. 1. Schematic representation of the heat-storage units investigated: a double-pipe HX connected to a thermal bath (left) and  
a shell-and-tube HX connected to the hot-water storage tank of a solar thermal system (right) 

 

COMPUTATIONAL METHOD 

The models used in the computer simulations are focused on the interiors of the heat exchangers.  

In the first case, Boundary condition on the external side of the PCM-container depends on the operational regime: 
during the charging, it is adiabatic wall (since thermally insulated), while during the discharging it is wall exposed to the 
ambient temperature with a wall thermal resistance (since thermal insulation is removed in this case in order to allow 
the cooling). The lower side of the HTF pipe is defined as mass-flow inlet with prescribed temperature in the charging 
regime, or as adiabatic wall (flow is stopped) in the discharging regime. The upper side of the HTF pipe is defined as 
zero-gradient outlet boundary condition. 

In the second case, the shell-and-tube HX, the external surface is described as adiabatic wall in both regimes (here, 
the thermal insulation was not removed in the experiment). At the inlet side, mass-flow and time-dependent temperature 
are prescribed in both regimes, with zero-gradient condition at the outlet. 

The hot water is regarded as incompressible Newtonian fluid in turbulent flow regime. Although the density is assumed 
to be constant for the sake of simplicity, in the second case buoyancy effects might arise due to vertical orientation of 
the HX, so they are taken into account by using Boussinesq’s approximation. The PCM is considered to behave as 
solid material during the complete process of charging and discharging even when it extends across the 
melting/solidification temperature. This means that there is no phase change and there is no flow of the liquid phase in 
the computation, implying that the heat transfer in the PCM is achieved only by heat conduction. The latent heat is 
however essential for heat transfer, and herewith for temporal and spatial changes of temperature during and around 
the phase change. Here, it is modeled as increase of the PCM specific heat capacity in the temperature interval of 
phase-change. This increase follows a parabolic function, fit through the adopted values of the specific heat capacity at 
the solidus point and the specific heat capacity at the liquidus point, requiring at the same time that the integral of the 
parabolic function over the phase-change temperature interval is equal to the imposed value of the latent heat. 

The following physical properties of SAT are adopted in accordance with the data found in the literature [8]: 
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• the density is 1450 kg/m3 for the temperature up to 58.5 ⁰C (which corresponds to expected solid state), and 
1280 kg/m3 for the temperature above 58.5 ⁰C (which corresponds to expected liquid state), 

• the constant heat capacity is 2800 J/(kgK) for the temperature up to 58 ⁰C and 3100 J/(kgK) for the temperature 
from 59 ⁰C on, while its integral over the temperature range of the phase change in between fits to the latent 
heat of 264 kJ/kg, 

• the thermal conductivity is 0.6 W/(mK) for the temperature up to 58.5 ⁰C and 0.4 W/(mK) above it. 
The conservation equations of continuum mechanics with corresponding constitutive relations are discretized using the 
finite-volume method [9, 10]. Simulations, including pre-processing, calculation, and visualization, are done using the 
program Simcenter STAR-CCM+ [10].  

 

RESULTS AND DISCUSSION 

In Fig. 2 the grey line shows the temperature variation depicting the heat charging and the discharging. In the case 
of the double-pipe HX, shown in Fig. 2 (left), it is the HTF temperature at the inlet during the charging regime and the 
ambient temperature during the discharging regime (the cooling is due to removal of the thermal insulation and 
exposure of the external wall to the ambient conditions). In the case of the shell-and-tube HX, shown in Fig. 2 (right), 
only the HTF inlet temperature is used to indicate the charging and the discharging. The black and red lines represent 
the temperature histories at the monitoring points from experiments and simulations, respectively.  

 

 

Fig. 2. Histories of temperature at the monitoring points for the double-pipe (left) and shell-and-tube heat exchanger (right) 

 

Despite the relatively low thermal conductivity of the PCM, the rate of temperature increase in the charging of the shell-
and-tube HX turns out to be acceptable (a temperature increase of about 30 K is achieved within first 15 min). It is 
obviously faster than in the case of the double-pipe HX (about 45 min was needed to achieve a similar temperature 
increase of about 35 K). Despite the larger total mass of the PCM and lower average HTF inlet temperature used in the 
former case, the contact area between the HTF and the PCM is larger than in the latter one, contributing thus to a better 
heat-transfer performance. 

Complete melting of the PCM in the case of the double-pipe HX is not achieved after 4 hours heating and the region 
adjacent to the outer wall is still solid (not shown here; an appropriate measuring of a very similar case is presented in 
[11]). However, melting of the PCM at individual points takes shorter time than in the case of shell-and-tube HX. This is 
addressed primarily to the lower average HTF inlet temperature in the latter case (slightly above 60 ⁰C). Further, it is 
supposed that the way, how the phase change develops in the two design solutions, is different: in the first case it 
propagates from the interior outwards and the melting front goes through the monitoring point quickly in radial direction, 
while in the second case almost the entire mass of the PCM is heated and exposed to the phase change at nearly the 
same time, due to a strong HTF mixing and more-or-less uniform temperature distribution in the HX. 

In the cooling stage, the measured temperature histories (Fig. 2) show a certain, relatively small degree of super-cooling 
in both cases, after which solidification is spontaneously triggered. The solidification takes approximately the same time 
in both cases, which means that in the second case it is remarkably shorter than the corresponding melting stage.  

Simulations show longer melting time in both cases than those observed in the experiments. In the second case it is so 
long, that it cannot be recognized if the melting at the monitoring point is completed before the cooling starts and the 
material solidifies. In addition to that, computations show a slower cooling rate between the maximum temperature 
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achieved and the solidification start. This might be a consequence of neglecting the convective heat transfer which in 
reality could arise in the liquid phase. Though, the overall agreement of the simulation and experiments, except longer 
melting times, can be considered as acceptable. 

 

CONCLUSIONS 

Both experiments and computer simulations show that the phase change, and herewith the considerable part of heat 
charging and discharging, occurs close to the aimed temperature (either at constant value or in a narrow range around 
it), as expected. The shell-and-tube HX shows considerably faster increase of the PCM temperature during the heating 
process, and the PCM is completely molten in a significantly shorter time. The phase-change during the charging takes 
considerably longer times than during the discharging in all cases investigated. The experiments reveal super-cooling 
behavior of SAT in all cases, which could not be predicted by the simple simulation model used in this work. The 
experiments did not yield findings of systematic triggering of solidification after super-cooling. Although a simple model 
was used in computer simulations in order to describe phase-change behavior, agreement of the computational results 
with the experimental ones is regarded as acceptable at large. In the authors’ opinion the model employed here can be 
effectively used for quick analyses of various design solutions in optimization of heat-storage devices, despite some 
obvious discrepancies. Deviations of the computational results from the experimental ones are primarily seen in longer 
simulated PCM-melting times, while the predicted solidification times (according to the results of the double-pipe case) 
seem to be acceptable. In addition to that, the computed results do not indicate super-cooling development.  
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ABSTRACT    

The purpose of this article is to develop a new common DC bus voltage control of a hybrid energy conversion system 
(SCEM) with the use of a three-phase three-level inverter. This SCEM is composed of a photovoltaic generator (PV) 
and a solar battery bank (BB). 

Out of all models available, the analogous circuit model is the most widely used for dynamic simulation. The battery 
has a high-energy capacity and can supply power at almost constant voltage if the cycles are properly regulated for 
charge/discharge. A lead-acid battery is utilized in this work, since it is more convenient for green systems due to its 
low cost and availability. 

In our system, excess power is initially supplied to the battery bank before it exceeds its upper limit of storage 
capacity. The coordination between the PV and battery, where the battery's lower and upper SOC limits are held at 
20% and 60% 

Keywords: Photovoltaic, Battery, Control, State of charge 

 

INTRODUCTION 

Hybrid energy System refers to multi-source electrical power generation systems. These are complex systems 
combining different renewable sources or combined with conventional sources (diesel generator, etc.), different 
storage elements and different loads. They compensate for the intermittent nature of renewable sources and offer a 
higher overall energy yield [1]. Their essential interest is the possibility of energy autonomy that they allow since they 
do not depend on a single source. They can very much solve the problem of energy availability. Hybrid energy 
systems can be grid connected or stand-alone. Today, it has become imperative for researchers to find, apart from 
fossil and fissile energies, other sources clean and renewable. These include energy from sources such as the sun, 
wind, geothermal energy and biomass. These clean and sustainable energy sources are environmentally friendly 
unlike conventional energy sources. However, these renewable energy sources vary depending on the time of day, 
season and year. The random nature of these sources has led researchers to turn to hybridization [2]. 

However, these solutions require laborious preliminary sizing based on an in-depth knowledge of the renewable 
energy source of the upstream installation site, rigorous management of the electrical energy produced [3]. This 
rigorous energy management is based on the intelligence of the regulation and control devices. 

The proposed PV/battery hybrid system was modeled, managed, simulated and validated under Matlab/Simulink 
tool. Furthermore, the results obtained are listed to verify the effectiveness under variable meteorological conditions 

 

CONFIGURATION AND MODELING 

Our system is composed of a photovoltaic generator to convert the energy of the sun, and a bank of battery storage. 
It is applied for providing a variable load. Fig. 1 shows the bloc diagram of the system, it is composed of a [4]: 

- Photovoltaic generator PV. 

- Bank of battery BB. 

- Variable load. 

- LC filter. 

- Three phase three-level inverter. 

- Boost converter. 

- Buck-Boost converter. 
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Fig. 1. Our system block diagram 

 

In this work, single-diode model of photovoltaic cell is chosen. The equivalent circuit is shown in Fig. 2. 
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Fig. 2. Single-diode model of photovoltaic cell 

 

Generally, the Three-Level Inverter NPC is attached between the DC link voltage and the load of the system. It used 
to regulate the voltage and frequency of the charge. 

 

 

Fig. 3. Three phase three-level inverter 

 

A lead-acid battery is shown in Fig. 4. It is composed of a controlled-voltage source along with a series resistance R. 

Here control input E depends not only on the current but also on the battery state of charge (SOC). The battery 
terminal voltage 
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Fig. 4. Battery model 

 

Here control input E depends not only on the current but also on the battery state of charge (SOC). The battery 
terminal voltage 
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To get the expected power, controlling the ongoing produced by the battery is fundamental. One should remember 
the limitations connected with the current charge and release and the general condition of charge (SOC) limits. The 
accompanying rules should be investigated by the SOC : 

 

SOCSOCSOC maxmin                                                                             (5) 

 

Where, the 𝑆𝑂𝐶𝑚𝑖𝑛 and 𝑆𝑂𝐶𝑚𝑎𝑥 are the minimum and maximum acceptable storage capacities. The battery plays a 
significant part as middle between the PV and the load. For the most part, it has two working states: charging and 
discharging. To control the DC voltage, the Buck-Boost Converter has two switches specifically Q1 and Q2, where 
the functioning as: 

- Charging mode: the converter capabilities as a Buck circuit by the switch Q1 when the voltage on the DC link is 
more important than the reference voltage; 

- Discharging mode: the converter capabilities as a Boost circuit by terminating the switch Q2 when the voltage on 
the DC link is inferior to the reference voltage. 
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Fig. 5. Control of (a) Buck-Boost Converter (b) DC link voltage  

 

At all any constraints or load variations, it is as yet held at a constant voltage [15]. The proposed PV/Battery block is 
combined with the three level inverter to supply the three loads by a DC link voltage as displayed in Fig. 1. The Buck-
Boost Converter is utilized to conserve the value of the DC link voltage as preferred and to guarantee a charging or 
discharging of the battery Fig. 5a. With the controller, the batteries should be associated in series to have a voltage 
lower than the reference DC connect voltage (𝑉𝑑𝑐). In our proposed diagram the battery voltage is fixed at 300V; this 

permits to choice 𝑉𝑑𝑐 > 300V (our case 𝑉𝑑𝑐 = 700V). In this study, the battery discharge profundity is viewed as 
60%. Moreover, it is normal that electrical power ought to be provided to the 8 kW load. 

Usually, the battery serves either as a load or as a power source, depending whether there is over or a deficiency of 
power. It can charge or discharge under characterized limits as indicated by meteorological conditions. In this 
examination, excess power is initially supplied to the battery bank before it exceeds its upper limit of storage capacity. 
The bloc in Fig. 5b shows the above control coordination between the PV and battery, where the battery's lower and 
upper SOC limits are held at 20% and 60%. 

 

RESULTS AND DISCUSSION 

The robustness test was performed : 

- Nominal temperature value T=25°C;  

- Fast change in solar irradiance 500 W ⁄ m2 to 1000 W ⁄ m2;  

- Fast change in load power 6000W to 8000W. 

 

From Fig. 6a that the BBC controller's output is very satisfactory because the battery bank power changes 
(charges/discharges) to maintain the balance of the system power under various irradiance and load conditions. In 
reality, if the AC load power is greater than the produced PV power, the BBC controller is programmed to discharge 
the power of battery into the AC load. In addition, the controller is also capable of charging the battery power when 
the load power is lower than the produced PV power 

 

Fig. 6. Curve of (a) Powers distribution (b) State of SOC of the battery 
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The SOC, as shown in Fig. 6b, is at 60% at the beginning, and then it decreased in 0.2 S before increasing until 1.25 
S (charging period). Next, it is discharged up to 5 S (the case of increasing power load and decreasing PV power). 
Finally, it is charged again when the power load decreases and the PV power increases. 

 

CONCLUSIONS 

From the above results, it is easy to observe the effectiveness of the proposed control of the energy variation as 
shown in the flow chart of Fig. 6. The proposed control also makes it possible to supply the desired power to the load 
at any time. 
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ABSTRACT  

Renewable energy sources (RESs) such as wind and solar are frequently hit by fluctuations due to, for example, 
insufficient wind or sunshine. Energy storage technologies (ESTs) mitigate the problem by storing excess energy 
generated and then making it accessible on demand. While there are various EST studies, the literature remains 
isolated and dated. The comparison of the characteristics of ESTs and their potential applications is also short. This 
paper fills this gap. Using selected criteria, it identifies key ESTs and provides an updated review of the literature on 
ESTs and their application potential to the renewable energy sector. The critical review shows a high potential 
application for Li-ion batteries and most fit to mitigate the fluctuation of RESs in utility grid integration sector. However, 
for Li-ion batteries to be fully adopted in the RESs utility grid integration, their cost needs to be reduced. 

Keywords: intermittent energy sources; energy storage application; characteristics of ESTs; comparison of ESTs; 
selection criteria of ESTs.   

 

INTRODUCTION 

Nowadays, renewable energy generation capacity is growing at a rapid rate globally. Data from the International 
Renewable Energy Agency (IRENA) showed that, at the end of 2019, global RESs generation capacity amounted to 
2537 GW. Hydropower accounted for the largest share of the global total, with a capacity of 1190 GW (excluding 
pure pumped storage); this is followed by wind energy (623 GW), solar energy (586 GW), bioenergy (124 GW), 
geothermal energy (14 GW), and marine energy (500 MW) [1]. Among renewable energy sources’ (RESs’) generation 
capacity, wind and solar energy continued to dominate renewable capacity addition in 2019 [1] . However, energy 
supply from such sources is often hit by fluctuations due to, for example, insufficient wind or sunshine. It is, therefore, 
necessary to maintain the power fluctuation of a power system integrated with a large amount of RESs such as wind 
and solar. Energy storage is a crucial means that mitigates such increased fluctuations or power quality problems by 
providing voltage support, smoothing their output fluctuations, balancing the power flow in the network, and matching 
supply and demand. Moreover, with the increase of the production of power or energy from RESs, it becomes much 
important to look at methods or techniques of selecting the appropriate type of ESTs for RESs grid integration 
application. Hence, the relationship between ESTs and its application is interdependent; a knowledge of the technical 
characteristics of each ESTs as well as their application potential in RESs are very important toward technology 
adoption. Our key research questions are, therefore, what are the major ESTs and how can their technical, economic, 
and environmental fit be evaluated? This paper addresses central questions and provides to date review for 
researchers, industry, and policymakers on technical, economic, and environmental characteristics of ESTs for RESs 
utility grid integration application. 

This review paperwork is different from other literature work reviewed before in the following way. A literature review 
is conducted to understand better the advantage and disadvantages of ESTs, and their potential applications in RESs 
grid integration applications sector. Even though there are various ESTs already reviewed in the literature, there is 
limited information and updated data on characteristics of ESTs and their application potential for RESs grid 
integration. There is also a lack of evaluating ESTs with the help of graphic comparison from a complete selection 
criteria perspective such as technical, environmental, and economic. Therefore, this review paper aims to address 
this gap by evaluating the application potential of ESTs for RESs utility grid integration based on up-to-date selected 
criteria such as energy and power density, lifetime, cost, efficiency, technology maturity, response time, self-
discharge time, power rating, discharge time, and environmental impacts.  

 

MATERIALS AND METHODS 

Among different ESTs, pumped hydro storage (PHS), compressed air energy storage (CAES), flywheel energy 
storage (FES), supercapacitor energy storage (SCES), superconductive magnetic energy storage (SMEs), lead-acid 
(Pb-A), nickel-cadmium (Ni-Cd), sodium-sulfur (Na-S), sodium nickel chloride (NaNiCl2),  lithium-ion (Li-ion), and 
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flow battery energy storage (FBES) were selected based on the availability of technical characteristics data in the 
literature. those  technical characteristics data is  energy and power density, lifetime, cost, efficiency, technology 
maturity, response time, self-discharge time, power rating, discharge time and environmental impacts shown in 
Tables 1 and 2. 

The procedures followed to select the most suited ESTs for RESs utility grid integration is as follows: 

• Up-to-date technical details and characteristics data for all selected ESTs have been collected from several 
peer-reviewed journal papers.  

• To evaluate the application potential of ESTs for RESs utility grid integration clearly, all selected characteristics 
of ESTs are graphically compared and analyzed. 

• Using graphic comparison results, the application potential of ESTs categorizations has been decided by 
considering the common characteristics of ESTs and their application area requirements.  

                                          

Table 1. Technical characteristics of all select ESTs. 

ESTs Power Range (MW) Energy Density (Wh/l) Power Density (W/l) Round Trip Efficiency (%) 

PHS 
10–5000 

[2,5,6,8] 

0.5–1.5 

[5–17,8]  
0.5–1.5 [4,9] 

75–85 [2], 

65–87 [5,8] 

70–85 [7] 

FES 

0.1–20 [2], 

< 0.25 [4], 

0–0.25 [5,8] 

0.01–0.25 [7] 

20–80 [4,8] 1000–2000 [4,8]  

93–95 [2] 

90–95 [7] 

90–93 [9] 

CAES 
5–1000 [2],  

5–300 [5,6,8] 
3–6 [5,6,8]  0.5–2 [5,6]  

70–89 [2] 

50–89 [5,6] 

70–79 [9] 

Pb-A 
0–40 [2], 

0–20 [5,6] 
50–80 [5,6]  10–400 [5,6] 

70–90 [2] 

75–80 [5] 

Ni-Cd 0–40 [2,6] 60–150 [2,6] 150–300 [2]  
60–65 [2]  

85–90 [5] 

Na-S 
0.05–34 [2] 

0.05–8 [6] 
150–250 [5,8] 150–230 [5,8] 

85–90 [2] 

80–90 [5,8] 

NaNiCl2 0–3 [26] 150–180 [26] 220–300 [26] 85–90 [26] 

Li-ion 
0–100 [2],  

0–1 [5,6] 
200–500 [6,8]  500–2000 [8] 

85–90 [2,8] 

~90–97 [4] 

VRFB 0.3–3 [5] 
16–33 [5]  

20–70 [10] 
0.5–2 [10] 

85–90 [5] 

75–82 [9] 

SCES 0–0.3 [5,6] 2.5–15 [8] 500–5000 [8] 
90–95 [2,8] 

95–98 [9] 

SMES 0.1–10 [5,6] 0.2–2.5 [8] 1000–4000 [8] 
95–98 [2,8] 

95 [9] 

Source: Authors’ (collated from difference source). 

 

 

 

 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

62 

Table 2. Additional technical characteristics of all selected ESTs. 

ESTs 
Discharge Time 

(ms-hr) 
Response Time (ms-

h) 
Lifetime (yr) 

Daily Self-
Discharge (%) 

Technology Maturity 

PHS 
1–24 hr+  

[2,5–7,8] 

sec-min [2], min [4,7], 
1–2 min [12] 

40–60 
[2,4]–[6,8] 

Very small 

[4,5] 

0.00 [3] 

Very mature/Fully 
commercialized [2,3,4,7] 

FES 
ms–15 min 

[2,7,8] 
< 4 ms-sec [2], sec [7] 

15 + [2], 

15 [5,6,8] 

100 [6] 

24–100 [3] 

Mature/Commercializing 
[3,4,5,7,8] 

CAES 1–24 hr+ [2,5,8] 
1–15 min [2], 1–2 min 

[5] 
20–40 [2] 

Small [4–6] 

0.00 [3] 
Proven/Commercializing [3,5] 

Pb-A sec-hr [2,5,6] 5–10 ms [2], sec [5] 
3–15 [2],  

5–15 [5,6]  

0.1–0.3 [5,6] 

0.033–1.10 [3] 

Very mature/Fully 
Commercialized 

[3,4,7] 

Ni-Cd sec-hrs [5] 20 ms-sec [2], sec [5] 10–20 [2,5] 
0.2–0.6 [5,6] 

0.07–0.71 [3] 

Very mature/Fully 
commercialized 

[2,3,5] 

Na-S sec-hr [2,5,8] 1 ms [2], sec [5] 
10–15 
[2,5,8] 

20 [3,5,8] Proven/Commercializing [2,3,5] 

NaNiCl2 sec–h [8] < sec [10] 10–14 [8] 11.89–26.25 [3] Proven/Commercializing [3,8] 

Li-ion min–hr [2,5,8] 20 ms-s [2] 5–15 [2,5] 
0.1–0.3 [5,6] 

0.03–0.33 [3] 

Proven/Commercializing 

[2,5] 

VRFB 
sec-10 

hrs [5] 
Sec [5] 5–10 [5] Small [5] Proven/Commercializing [3,5] 

SCES ms–hr [2] 8 ms [2],  20 + [2,5] 
20–40 [2,5] 

0.46–40 [3] 
Proven/Commercializing [2,3] 

SMES ms–8 sec [2] < 100 ms [2] 20 + [2,5] 
10–15 [2,5] 

1–15 [3] 
Proven/Commercializing [2,3] 

Source. Authors’ (collated from difference source). 

 

RESULTS AND DISCUSSION 

To evaluate the potential applications of ESTs for RESs grid integration application clearly, all selected criteria of 
ESTs are graphically compared and analyzed in detail. The purpose of analyzing and comparing all selected ESTs 
is to offer an updated comparison for all selected ESTs. Among technical characteristics of ESTs the following 
selected result has been presented : 

 

Energy and Power Density of ESTs Comparison Result 

As shown in Figure 1, compared to all selected ESTs, electrochemical energy storage systems (Pb-A, Ni-Cd, Na-S, 
NaNiCl2 & Li-ion) have higher energy density than others. On the other hand, the power density of FES, SMES, and 
SCES is higher than other types of ESTs. Among electrochemical energy storage, Li-ion, Na-S, and NaNiCl2 have 
higher energy density than other selected rechargeable batteries. 
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Fig. 1. Comparison of energy and power density for all selected ESTs, according to the average data collected in Table 1. 

 

 Power Rating and Discharge Time of ESTs Comparison Result 

The power ratings and discharge time (E/P) of various ESTs are compared in Figure 2 using the bubble chart. As 
shown in Figure 2, among all selected ESTs, PHS, and CAES have a higher power range and longer discharge time 
than others. On the contrary, SMES, FES, and SCES have a low power range and a very short discharge time. 

 

Fig. 2. Comparison of power rating and discharge time for all selected ESTs, according to the average data collected in 
Tables 1 and 2. 

 

CONCLUSIONS 

According to the study result,  electrochemical energy storage systems (batteries) are the dominant ESTs to be used 
when high energy and power densities, high power range, longer discharge time, fast response time, high cycle 
efficiency are paramount. Such types of ESTs have application potential in the renewable energy sector as well as in 
the power system in general such as, for energy management and bridging power application. Among electrochemical 
energy storage system, Li-ion batteries are considered as a more competitive option for grid-scale energy storage 
applications such as RESs utility grid integration due to their high energy density (350 Wh/l) and power density (1250 
W/l), being lighter in weight and smaller in size, high cycle efficiency (90.5%), low daily self-discharge rate (0.19), the 
rapid response time (sec), and low environmental impacts. However, for Li-ion batteries to be fully adopted in the 
renewable energy sector, the cost of the storage device needs to be reduced 
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ABSTRACT  

The issue of energy and finding ways to reduce its consumption is an issue that has attracted the attention of 
researchers for many years. The production of electrical energy in power plants with relatively low efficiency, along with 
the waste caused by its transfer to the points of consumption and other reasons, caused the efforts to be directed 
towards the production of electricity at the points of consumption and by using the waste thermal energy from the 
production cycle.  Power, other cooling and heating needs can be provided. This method is a very effective step in 
reducing fuel consumption. In this article, new simultaneous production systems in micro dimensions that can be carried 
by people have been proposed, and while designing and selecting their components, their thermodynamic and exergy 
analysis has been done by EES software in different climatic conditions. 

The conditions in which the best performance of these systems occurs have been determined and the portable 
simultaneous production cycles proposed in this research have been evaluated based on the results obtained in terms 
of economic, thermodynamic, environmental and other criteria and using the method Multi-Criteria Decision Making 
(MCDM) is the most appropriate system in each case. The system based on the fuel cell has a more suitable 
performance than the system based on the micro gas turbine, considering the issue of weight, safety, etc. In the non-
wearable portable mode, the fuel cell-based system has a more suitable performance in the winter mode, but in the 
summer mode, the system based on the micro-gas turbine has a more suitable performance. 

Keywords: thermal energy , Fuel cell , solid oxide , compressed air , energy approaches 

 

INTRODUCTION 

According to the growing trend of energy consumption in the world, the use of new energy production methods and 
systems with high efficiency and lower pollution has been prioritized. Mez, with the expansion of different energy 
production systems, various methods such as the use of solar energy, wind energy, fuel cells, microturbines and 
diesel generators.  

Having a reliable, low-cost energy production system and always using fuel cells has been introduced as an important 
candidate. Fuel cells are similar to electrical energy that can be used as a new technology in energy production.  
Population growth in the world and the increase in electricity consumption have led to increased urbanization and 
industrialization around the world.  

Worldwide, 70% of energy is in cities, and nearly 86% of global energy consumption depends on fossil fuels, which 
are increasingly running out now and will cause problems in the future. Greenhouse gases from conventional energy 
sources are becoming a serious global threat because they contribute to climate change and global warming.  

By using the present design, I can increase the efficiency of the system to a great extent, and by using systems such 
as absorption chillers and hybrid SOFC system, the products that were previously detected in the atmosphere can 
be reused and recycled. These wasted energies played a role in preventing excessive consumption of fossil fuels 
and as a result climate change. 

 

METHODOLOGY  

The EES software is one of the most important mechanical engineering software in the master's program, and many 
students use the EES software to present scientific and research articles, master's theses, and industrial projects. 

This software is designed to solve the system of algebraic equations and has the ability to solve differential equations, 
equations with mixed variables, optimization, linear and non-linear interpolation, and draw the results graph. 
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Fuel cell modeling 

Due to the fact that a part of the energy produced in gas turbine and fuel cell hybrid systems is related to the battery 
Figure 1, in order to achieve more accurate calculations of this part, it has been done completely and in three separate 
parts. 

 

 

Fig. 1: Supplying the required power of an administrative building using the proposed system 

 

Assumptions 

- Leakage of gas inside the system to the outside has been ignored 

- The fluid flow in all components of the cycle is considered stable 

- Kinetic and potential energy changes have been neglected 

- The behavior of all gases in the cycle is assumed as an ideal gas 

- The distribution of temperature, pressure and chemical components inside the battery is omitted 

- The temperature of the anode and cathode gases is assumed to be the same and equal to the working temperature 
of the battery 

- The voltage under the fuel cell piles is assumed to be constant 

- It is assumed that the fuel inside the fuel cell is converted into hydrogen by internal improvement. 

 

Solving method and governing relations on the problem 

In this section, first, by using the existing relationships, the performance of all the components used in the hybrid 
system is introduced, and then, separately and under stable conditions, the above system is analyzed and 
investigated. For this purpose, a computer program was written in EES software, and then the thermodynamic and 
electrochemical performance of the system was investigated by changing several effective parameters such as 
temperature and working pressure of the battery, as well as the ratio of air to fuel entering the system. 

A positive feature for solid oxide fuel cells is the ability to simultaneously use hydrogen and carbon monoxide as fuel. 
Due to the high operating temperature in this type of battery, it is possible to produce the fuel required by the battery 
from hydrocarbons such as natural gas inside the battery. In this article, a pyrolysis with direct internal improver is 
used, in which the heat released during the electrochemical reaction of the electrodes is used to perform the 
endothermic improvement reaction. 

 

CH4  + H2O→CO +3H2                                      (1) 

CO + H2O→CO2 + H2                                                                                               (2) 
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 Fig. 2. Supplying the required power of an administration building using the proposed system 

 

RESULTS AND DISCUSSION 

The temperature and working pressure of the battery along with the ratio of the air flow rate to the fuel entering the 
system are considered as three parameters affecting the performance of the hybrid system.  

The aim of this research is to investigate the effect of these parameters on efficiency, power and also the amount of 
entropy produced in this system. 

As stated in the previous sections, in this research, complete electrochemical and thermal calculations of the fuel cell 
have been carried out in order to accurately analyze the problem. 

For this purpose, firstly, the performance of a single cell used in the proposed fuel cell, under different working 
temperatures and pressures, has been investigated and then the desired hybrid system has been analyzed and 
investigated. 

In the first part, the amount of voltage drop is small so that the voltage value in the open circuit state is almost equal 
to its theoretical value.  

In the second part, we see a linear voltage drop at a low speed. As the current density increases, the voltage drops 
sharply in the third part.  

Due to the fact that with the increase in temperature, the activation, ohmic and concentration voltage drops decrease, 
it is expected that the increase in temperature causes the cell voltage drop to decrease. 

 

Output graphs 

 

1) In a pie chart, each data scatter is located in a quadrant 

2) It is clear in the rectangular diagram that they are normalized 

3) There is no uniform trend in the linear graph 

4) To solve it, we use thermal fields 

5)We clear as much redundant data as possible             
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NOMENCLATURE  

A Area, m2 
c Specific enthalpy, kJ/kgK 
Ėx Exergy rate, kW 
h Specific enthalpy, kJ/kg 
ṁ Mass flow rate, kg/s 

Greek Letters 

 Density, kg/m3 

Subscripts 

a Air 
f Fluid 
g Gas 

Superscripts 

* Dimensionless variable 
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ABSTRACT 

A simulation model for the two-phase flow of gas and condensate that allows the determination of major physical 
flow parameters is presented. Flow behavior of multiphase fluid imposes a serious challenge in the optimal design 
of pipelines for the transportation of gas and condensate. Multiphase modelling is commonly carried out using 
commercial simulation package such as PIPESIM. In this work, a PIPESIM model was developed in order to 
determine a suitable correlation that can satisfactorily predict the pressure and temperature drop in a flow line. The 
simulation results were compared with real data. In our simulation, the effects of various process parameters such 
as ambient conditions, inlet pressure, and flow rate on the pressure drop and flow regime as well as hydrate formation 
in an Omani oilfield pipeline have been studied.   

Keywords: Gas condensates, Simulation, Two-phase flow. 

   

INTRODUCTION 
The complexity of multiphase fluid flow behavior is one of the major challenges for the optimal design of pipeline 
networks for transporting substances such as oil and gas. This is particularly due to the number of parameters that 
influence the behavior of multiphase fluid flow compared to single-phase flow. In the past, the hydraulics of pipeline 
network designs were largely dependent on the use of empirical correlations. However, in the last few years, 
researchers have witnessed an increase in the applications of simulation modelling for the prediction of both physical 
and thermodynamic properties of gas/liquid flow models. According to Ghiaasiaan [1], mechanistic simulation of the 
two-phase flow of gas and condensate is important, as it employs the fundamental principles of multiphase flow 
physics to provide better predictions and insights into the functionality of fluid pipes in diverse scenarios. Multiphase 
(gas and condensate) modelling can effectively be carried out using a commercial simulator known as PIPESIM. This 
simulator is widely used in the modelling of pipeline networks, flow lines, pumps, and separators, as well as fluid 
properties for gas and condensate multiphase flows [1]. PIPESIM simulation accounts for the fluid flow properties 
that may vary depending on the composition of the gas-condensate. There are many variables that need to be 
considered when running two phase flow simulation such pressure drop, temperature change, phases, etc. However, 
it is found that pressure drop is one of the most important design variables, as it not only determines the required 
pumping power but also its effect on the rate of recirculation in natural circulation systems. The total pressure drop 
is often the sum of frictional, dynamic elevation and acceleration pressure losses.  

Since pressure drop is an important variable, many researchers came up with correlations that is able to predict 
pressure drop in a two-phase flow. All of the correlations use conservation of energy, conservation of mass and 
conservation of momentum concepts to determine pressure drop for gas and condensate [2]. Throughout the years, 
many scientists have developed two-phase flow correlations. These correlations are the main keys in fluid flow 
simulation and modelling, particularly with regard to horizontal flow. Generally, the correlations can be used to predict 
hydrostatic, frictional and kinetic pressure losses in mechanistic models. Within the last few decades, a number of 
two-phase flow correlations have been developed. These include but not limited to Duns & Ros (1963) Correlation, 
Orkiszewski (1967) Correlation (OR), and the Beggs & Brill (1973) Correlation [2]. Pressure drop differs from one 
flow to another due its flow regime and initial conditions. The pressure drop is greatest for annular flow and lowest 
for a dispersed and stratified bubble flow pattern [3]. The gradient of inlet pressure increases with the increase of the 
superficial liquid velocity in the two-phase flow of gas and condensate. Aside from the importance of pressure drop 
correlations in ensuring the optimum design of pipelines and network, knowledge of the effect of changes of certain 
factors is also of great importance for smooth operation. For instance, changing the composition or density in flow 
regime and flow pattern for multiphase flows often results in a significant impact on the flow-regime transitions. 
Change in the temperature also affects the flow regime and pattern in multiphase flows. Generally, the gas holdup 
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decreases with an increase in temperature. The higher the gas flow rate, the less liquid holdup [4]. Furthermore, 
changing the gas flow rate makes the flow patterns display a strong reliance on gas and condensate velocities [3]. 
The flow regime is a function of pressure and diameter. Increasing pipe diameter will decrease friction and thereby  
allowing the viscous fluid to flow without raising the inlet pressure. Change in diameter of the pipe also affects fluid 
flow characteristics due to consequent changes in the pressure and velocity in the flow. For instance, a reduction in 
the pipe diameter results in an increase in fluid flow velocity and increase in pressure drop. The resultant flow is 
turbulent in nature [5]. 

With regard to gas and condensate slug, both the frequency and slug unit length are proportional to the size and 
velocity of the liquid. For the case of horizontal flow, an increase in superficial gas velocity results in an increase in 
the mean length of the liquid slugs, which then reaches a value between 30-40D. The liquid holdup is the ratio of the 
volume of the liquid to the volume of the fluid in the flow. The amount of liquid holdup differs for horizontal, slanting, 
uphill, and downhill flows. At high pressure, the liquid holdup and gas flow are usually high. Generally, increasing the 
liquid flow and pressure often results in an increased liquid holdup. This is particularly because an increase in the 
velocity of the liquid flow is likely to increase the pressure drop. Hydrates, which are solid crystalline molecular 
complexes that are usually formed when natural gas components fill up the empty lattice in water structure, cause 
the water to solidify at temperatures which are relatively higher than its freezing point. These components may pose 
operational challenges. Therefore, when modelling a multiphase system under steady-state or transient conditions, 
the two-phase flow should take into account the effects and consequence of the aforementioned factors and 
parameters. This is because knowledge of the possible occurrence of these negative consequences will aid proper 
planning, which reduce downtime and thereby results in higher profit. The objective of this work is to identify the best 
correlations that predict the pressure and temperature drop in a pipeline for Omani hydrocarbons fluids at different 
gas flow rates and compare the obtained results with real data using PIPESIM model.  

 

SIMULATIONS  
 
The gas-flow line network and the pipeline are simulated as a compositional fluid network model in PIPESIM Version 
2011.1.2. PIPESIM refers to a widespread purpose multiphase flow and oil production systems. PIPESIM allows 
efficient gas, oil, and condensate multiphase flow modelling, multiple multiphase stimulator for flow lines, wells and 
pipe systems such as pumps, separators, chokes, compressors, etc. The simulated pipeline is the main pipeline that 
connects the gas wells to the gas conditioning station. The file consists of seven gas wells, with a total production 
rate of 100 MMSCFD. The wells are connected together with 12 ” pipeline. The 12” pipeline has a launcher at the 
beginning and a receiver at the end to clean the pipeline from the slug from time to time. The gas produced through 
the well comes from two different reservoirs (Reservoir A and Reservoir B). The reservoirs have slightly different 
composition. The pipeline is buried under the ground for the whole distance. A pressure transmitter, temperature 
transmitter and flow meter are located at the beginning and end of the pipeline. The readings from theses instruments 
are used to validate the outcomes of the simulation model. Having collected field data, process and mechanical 
parameters, four main cases were considered in this investigation (Cases 1 to 4). Case-1 is the current production 
scenario, while Cases 2-4 are the anticipated scenarios. Using Case 1, the predictability of the nine selected pressure 
drop correlations were compared and the most accurate identified. The other three cases were selected to observe 
the effect of time on the flow regime map in order to avoid the formation of slug flow pattern. The case that results in 
maximum back pressure at the wellhead is considered as the governing case. This is done by varying the ambient 
temperature, gas composition and tie-in pressure, and keeping all the other parameters, such as pipeline size and 
length, constant.  

 

EVALUATION OF CORRELATIONS PREDICTING PRESSURE AND TEMPERATURE DROP  
 

All of the correlations use conservation of energy, conservation of mass and conservation of momentum concepts to 
determine pressure drop for gas and condensate. The comparison was made in order to determine which of the 
scenarios caused the worst operating conditions. It is clear that Case 1B (summer) results in the highest back 
pressure of 799.25 psig, to meet the station gas line maximum tie-in pressure of 580 psig, highest mean velocity and 
highest erosion velocity ratio. This is due to the high levels of condensate formed under these conditions. Also, it is 
clear that Case 4A (winter) results in the minimum back pressure, of 293 psig, to meet the station gas line minimum 
tie-in pressure of 261 psig. The maximum calculated pressure drop was found to be 0.516 psi/100 ft, which is within 
(as per API STD) the standard design guidelines for gas-line sizing limits. The maximum amount of liquid (condensate 
+ water) that is formed during winter (Case-1A) is approximately 1,380.3 barrels/day. Nine correlations were used to 
predict the pressure drop for the gas and condensate pipeline. The performance of these correlations was evaluated 
by comparing the predicted pressure drop with the actual values. The average absolute percentage errors (AAPE) 
for different correlations are shown in Figure. 
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Fig. 3. AAPE for the pressure drop. 

 

 

The model was run for 80.1 MMSCFD to evaluate the capability of the correlation to predict the temperature profile 
through the pipeline. Results show that all nine correlations predict the temperature drop at the same rate. 

 

HYDRATE FORMATION 

In addition to the effect of the inlet pressure and ambient temperature on the flow regime, we have studied the hydrate 
formation phenomenon. This is done through generating phase envelop profiles which were obtained from HYSYS 
software. It was found that during summer, there is no hydrate formation, while in winter hydrate formation is 
observed. This is due to the existence of methane, carbon dioxide, nitrogen and water in the hydrocarbon fluid. 
Figures 2-3 represent the phase envelop profile for two case studies.  

 

Fig. 2. Phase envelop profile for Case 1. 

 

Fig. 3. Phase envelop profile for Case 2. 
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CONCLUSIONS 
 

A detailed simulation has been carried out towards obtaining optimum conditions for the fluid transportation through 
the pipelines in gas field in Oman. Major physical flow parameters have been determined using PIPESIM model. 
Simulated results and actual field data have been compared for validation. The following main conclusions are drawn 
from this study. 

1) A PIPESIM software was developed to investigate the most reliable correlations for the pressure drop in 
pipelines. 

2) The effects of some process parameters like inlet pressure, ambient conditions and composition on flow 
regime were studied. 

3) Olga3, Olga2 and Mukherjee & Brill (1999) are the most accurate correlations at 80 & 70 MMSCFD gas flow 
rate with APPE of 2-8%. 

4) The highest AAPE were for Beggs & Brill revised (1991) & Beggs & Brill revised-Taitel Dukler with 30-34% 
for the same gas flow rate. 

5) Olga2 and Beggs & Brill- Revised (1991) generate the best predictions at 32.43 MMSCFD gas flow rate with 
APPE of 9-14%. The highest AAPE were for   Beggs & Brill orginal- Taitel Dukler and No Slip Assumption 
(1988) with 84-90% for the same gas flow rate.  

6) Olga2 & Xiao (2007) have the minimum average AAPE for all gas flow rate with 9%-15%. 
7) All Correlations predict the temperature drop in same accuracy.  
8) No hydrate formation was found during the summer, but all cases showed the hydrate formation during the 

winter.  
It is recommended that for further investigation towards more accurate results, the piping system can be evaluated 
in small segments. 
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ABSTRACT 
 
The current study investigates the convenient hydrogen storage technology for different available renewable energy 
resources. The considered storage potential is based on the studies and analysis done with Computer Modelling 
Group’s software (CMG). The compressed gas, cryo-compress, liquefied hydrogen, and solid-state material-based 
storage are considered. Modeling, analysis and simulation studies on an underground cavern under Salt Lake in 
Turkey for hydrogen storage are conducted as a case study. The main idea is to prepare a detailed hydrogen-storage 
methodology selection for Turkey based on the location, feasibility, and production method. This, in turn, would help 
policymakers to establish effective policies and increase renewable energy penetration into the energy market 
 
Keywords: Green hydrogen, Renewable energy, hydrogen storage 
 
 
INTRODUCTION 
 
Global warming and excessive emissions of greenhouse gases are considered one of the biggest threats to nature. 
Renewable energy technologies, carbon capture, and decarbonization are becoming the number one priority for 
many countries. With the fossil fuels age coming to an end, hydrogen is getting its own deserved recognition. 
Hydrogen is not an energy source, but rather an energy carrier. Combining power from renewable energy sources, 
green hydrogen solves many problems related to energy, production, heating, and quality of life. However, without 
proper storage and transportation technologies, excess hydrogen will be lost if not used immediately. The main 
purpose of this research is the analyze and compare hydrogen storage methods to find the most suitable ones for 
Turkey. Using green hydrogen production potential from renewable energy resources, which storage technology is 
more suitable for short, to mid-long-term storage, and transportation is investigated. CMG software is used in the 
calculations in the case study for modeling and analysis of an underground cave used for hydrogen storage.  
 
System Description and Analysis 
 
Hydrogen storage methods mostly consist of compressed gas, liquefied, cryo-compressed, or solid-state material-
based storage. Each technology has its advantageous side. Hydrogen has a low density; it is only 0.0899 g/L at 
standard temperature and pressure. In order to store it in gas form, which is the most common storage method for 
simple technique and fast fill-release option, hydrogen is compressed up to 800-1000 bar (Zheng et al (2012)). Table 
1 shows three different high-pressure commercial tanks chosen for comparison and calculations.  
 

Table 1. Specification of high-pressure hydrogen gas tanks 

Specifications Mahytec 
Type-IV 
(Mahytec) 

Hyundai NEXO Type-IV 
(Hyundai) 

Toyota 
Mirai 
Type-IV 
(Toyota) 

Inner Volume (L) 300 115 37 

Maximum working pressure (bar) 500 700 700 

Maximum refilling pressure (bar) 500 700 700 

Mass of hydrogen stored (kg) 9.5 4.6 5 

 
Turkey has access to different renewable energy sources such as solar, wind, geothermal, hydroelectric, biomass, 
and wave energy. Utilizing these energies with the proper storage method is important for a healthy, working properly 
hydrogen hub (Dincer et al (2021)). Installing a new hydrogen pipeline along the already working natural gas pipeline 
is considered for long-term investment in Turkey, as a case study. Figure 1 shows Turkey’s natural gas pipeline map. 
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Creating a hydrogen bridge between Asia and Europe also helps the country from an economic and geopolitical 
perspective.  
 

 
Fig. 1. Turkey’s oil and natural gas pipeline map (Ministry of Energy and Natural Resources, 2022) 

 
Results and Discussion 
 
Turkey has a remarkable green hydrogen production potential from renewable energy resources such as solar and 
wind energy (Karayel et al (2022)). This produced hydrogen from each city's renewable energy resources may not 
be used immediately and must be stored for later use. Instead of installing 81 different storage stations for 81 
provinces, key cities in each geological region were chosen as hydrogen hubs. The transportation format of the 
produced hydrogen depends on the location specifications. For cities that have access to harbors In provinces where 
the geothermal energy source is used for heating and electricity production, underground caverns are considered for 
storage. For the transportation aspect, instead of mixing hydrogen with natural gas, it is assumed that a new pipeline 
is installed next to it and, used for carrying from one side of the country to the other. Figure 2 shows the modeling of 
the underground cave of the case study. Data used in the calculations are taken from the Turkish Government ’s 
official commentary.  

 
Fig. 2. Modeling of the underground reservoir 

 
CONCLUSIONS 
 
In this study, for every city in Turkey, hydrogen storage methods are investigated based on different aspects. Data 
are taken from official sources. High-pressure tanks, cryo-compress, liquefied, and solid-state material-based 
hydrogen storage systems are considered in the assumptions. Adana, Çanakkale, Diyarbakır, Erzurum, Kocaeli, 
Konya, Manisa, and Samsun are chosen as hub cities for collecting and storing produced and transported hydrogen 
from close cities. As a case study, an empty underground cave near Salt Lake in Konya is chosen for calculations. 
Turkey has a noticeable green hydrogen production potential from various renewable energy resources. However, 
without a proper storage and transportation network, the full potential may not be reached. In addition, selecting 
commercially available storage methods, electrolysers and fuel cells are necessary. 
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ABSTRACT  

This paper proposes an evaluation of a single three-phase PWM inverters feed-ing of a squirrel cage of the induction 
motors drive system based on selective harmonic elimina-tion (SHE) control technique. The optimal switching angle of 
the transcendental equations de-scribing the fundamental and harmonic components is obtained, by solving a set of 
nonlinear equations using the iterative numerical method of Newton-Raphson (N-R). In the case of the Newton-Raphson 
method, the selection of the different switching angle’s initial values plays an important role in the rapidity and 
convergence of the solution. The salient contribution of this work is revealing the SHE efficiency in eliminating the lowest 
order harmonics and giving an improved higher quality from the output voltage waveform of inverter. Simulation results 
and FFT analysis are also obtained using Matlab Simulink, the comparison study between the SHE and Sinusoidal 
pulse width modulation (SPWM) techniques show that the first method can achieve a lower total harmonic distortion of 
Ia (THD) (7.61%) than that of SPWM as expected (8.37%).  

Keywords: Selective harmonic elimination, Sinusoidal pulse width modulation, Newton-Raphson , Induction Motors, 
Matlab Simulink. 

 

INTRODUCTION 

The three-phase Induction Motors (3IMs) are the most used electrical machines by sinusoidal voltage supplies [1], 
due to their high performance, low cost, robust con-struction and simple structure which requires less maintenance, 
and ability to work in cruel conditions, in addition to their global market; about 17.5 - 109 US$ in 2020 [2,3].  

However, it is necessary to use control techniques to operate PWM Inverter and control their harmonic content [4]. 
Voltage-source inverters are divided into three main topol-ogy, which have been proposed by researchers: Sinusoidal 
pulse width modulation , selective harmonic elimination pulse width modulation , the inverter can control the 
frequency and the magnitude of the AC output voltages to increase the efficiency of the quality performances [5].  

The sinusoidal PWM technique provides the simplest way of PWM pulse generation for power applications [6,7].The 
SHE-PWM modulation control technique appeared in 1960, in which different switching angles are adjected in the 
fundamental output wave-form to reduce the THD for a wide range of modulation index values [8,9,10].  

To address the SHE problem, our work aims to solve a set of the nonlinear equations as well as the transcendental 
equation to obtain several switching angles with respect to different modulation index values [11]. For this purpose, 
different methods are used : Newton–Raphson algorithm, Walsh function [12], function minimization [13],and Genetic 
algorithm [14]. This paper is organized as follows: Section 2 consists of the theoretical analysis and modulation 
techniques employed in inverters. In Section 3, simulation results and anal-ysis are presented and they are compared 
with other algorithms to show the effective-ness of the SHE technique. Section 4 includes conclusion. introduced. 
Simulation and experimental results are presented in section 4. At last, the paper is finished with a conclusion and 
some future works, in Section 5. 

 

THREE PHASE INVERTERS  

IGBTS/MOSFETs plays an important role to generate the nearly waveform at the out-put of a three phase inverter 
[15].The harmonics from the output of three inverter have been reduced by off-line calculating of the optimal switching 
angles [16].  

Figure 1 shows a representation three phase inverter circuit.  
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Fig. 1 Power circuit of a three-phase inverter. 

 

Modulating Techniques In Inverter  

 

Selective Harmonic Elimination PWM Problem Formula-tions(SHEPWM)  

In this subsection, control of the three level inverter is performed by the SHE technique. This strategy is used to eliminate 
the selected low-order harmonics from the output voltage of an inverter [17,18,19]. respectively, Its concept consists of 
eliminating the 5th, 7th, 11th, 13th harmonics from three level three phase inverter [20]. Since, three phase triple order 
harmonics cancel out itself, we don’t need to eliminate the 3rd, 9th and 12th harmonics. using unipolar switching 
technique will be written from fig. 2. The Fourier series expansion of the output voltage is obtained: 

 

𝑓(𝜔𝑡) = 𝑎0 +∑ [𝑎𝑛𝑠𝑖𝑛(𝑛𝜔𝑡) + 𝑏𝑛𝑐𝑜𝑠(𝑛𝜔𝑡)]
∞
𝑛=1      (𝟏)  

 

𝑎𝑛 , 𝑏𝑛can be described  from the following Eqs. 

 

                                  𝑎𝑛 =
1

𝜋
∫ 𝑓(𝜔𝑡) sin(𝜔𝑡) 𝑑(𝜔𝑡)
2𝜋

0
     (2)    

 

                                 𝑏𝑛 =
1

𝜋
∫ 𝑓(𝜔𝑡)𝑐𝑜𝑠(𝜔𝑡)
2𝜋

0
 𝑑(𝜔𝑡)     (3) 

𝑎𝑛 and 𝑎0 are equal to zero . 

 

 

Fig. 2 Inverter output voltage 
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The waveform in Figure 2 describes that all angles should be less than 90 degree and the obtained switching angles 
respect the following constraint, 

0 < 𝛼1 < 𝛼2… < 𝛼𝑝 <
𝜋

2
       (4) 

the non-linear transcendental equations can be expressed as: 

 

{
 
 
 
 
 

 
 
 
 
 a1 =

4

π
[−cosα1 + cosα2 − cosα3 + cosα4 − cosα5] =

VAN1
VAN

a5 =
4

5π
[−cos5α1 + cos5α2 − cos5α3 + cos5α4 − cos5α5] = 0

a7 =
4

7π
[−cos7α1 + cos7α2 − cos7α3 + cos7α4 − cos7α5] = 0

a11 =
4

11π
[−cos11α1 + cos11α2 − cos11α3 + cos11α4 − cos11α5] = 0

a13 =
4

13π
[−cos13α1 + cos13α2 − cos13α3 + cos13α4 − cos13α5] = 0

(𝟓) 

 

where n is the harmonic order ,n = 1, 3, 5, …, N and N is the number of switching angles in a quarter cycle. 

Newton-Raphson (NR) algorithm is the most employed iterative computational approach to solve the SHE problem, it 
is the more fast and simple iterative method even with a larger number of variables. Different methods can be used to 
find out switching angles like Walsh function, function minimization, and Genetic algorithm etc but Newton-Raphson 
(NR) is the more applied technique for obtaining suitable switching angle for SHEPWM [21]. 

To eliminate the specific (N-1) odd harmonics, we can obtain the values of N switching angles. The system comprises 
of five non-linear equations with five unknowns i.e. 𝛼1, 𝛼2,𝛼3, 𝛼4, 𝛼5 corresponds to elimination of 5th,7th ,11th and 13th 

harmonics and can be solved using numerical methods or using optimisation approaches [22,23]. 

Switching angles 

Harmonics in three inverters plays a significant role in reliability and efficiency of system. Optimal calculation of switching 
angles reduces the harmonics from the output of inverter. The switching angles vary as a function of the modulation 
index m, The implementation of SHEPWM requires pre-calculated switching angles for the operation. Fortunately, many 
methods have been proposed by researchers to overcome the complexity of the equation [24]. 

 

SIMULATION AND DISCUSSION OF RESULTS 

Simulation of three phase inverter is done using both Selective harmonic elimination (SHE) and Sinusoidal pulse width 
modulation technique (SPWM) in MATLAB 

Different PWM Schemes for 3-Phase AC Induction Motor 

 

                   

        Fig. 3 The SIMULINK model for SPWM inverters with induction motors 
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  Equilibrium Optimizer (EO)  

 

 
 

                                           (8) 

Fig. 4.a: Representation modulating and carrier signals b:Control signals: S1, S2, and S3 at m =    0.9.c;Output voltage waveforms 
of SMWP modules 

 

 

 

 

Fig. 5.     a:  Output current waveforms of SMWP modules  b: Output voltage waveforms of SMWP modules 

 

 

  
 

Fig. 6.     a :  Reference torque and measured torque,b : measured speed c ; the stator current before and after a rated load torque 
step is applied at t = 0.5 s 

 

In this section, the simulation of the selective/reduction  Harmonic Elimination technique (SHE) for 3-Phase Voltage 
Source Inverter (VSI) is presented. 

 

Fig. 7. Simulink block diagram of SHE PWM  technique at five Angles 
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Fig. 8.     a,representation of SHE Pulse Width Modulation ;b;Output voltage waveforms of SHE modules 

  

 

Fig 9 a:Output current waveforms of SMWP modules  b:Output voltage waveforms of SMWP modules 

 

  

Fig. 10.     a :Reference torque and measured torque,b : measured speed c ; the stator current before and after a rated load 
torque step is applied at t = 0.5 s 

 

After the simulation, the Switching angles (in degrees) were calculated by the Newton-Raphson method of nonlinear 
equation can be obtained as: 

 

Table 1. Switching angles at m = 0.9 

Nomenclature α1 α2 α3 α4 α5 

Values 𝟏𝟏. 𝟒𝟖° 𝟐𝟑. 𝟑𝟎° 𝟑𝟎. 𝟔𝟏° 𝟒𝟔. 𝟏𝟑 𝟓𝟏. 𝟑𝟕° 

 

 

 

Fig. 11.     Calculated switching angles (α1, α2, α3, α4, α5) at a different range of m 
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Table 2.Compasion based on number of harmonics eliminated 

 

 

 

 

 

 

 

CONCLUSIONS 

In this paper, Selective harmonic elimination and reduction PWM method have been applied for three-phases induction 
motor drives. The used SHEPWM technique was based Newton-Raphson algorithm to reduce the number of harmonics 
and compared with conventional scheme(SPWM).The simulation results demonstrated that the proposed modulation 
method can provide a high-power applications and higher efficiency. 

Other optimization and metaheuristic techniques will be considered in the next or future paper. 
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ABSTRACT  

The governing equations for 1D time-dependent thermal analysis of the phase change process with associated 
boundary and initial conditions in the cylindrical capsule are computationally solved utilizing a temperature 
transforming technique with the finite control volume method.The effect of surface temperature has been examined 
and compared. It is found that the phase change time is significantly affected by the surface temperature. 

Keywords: Phase change, Solidification, TES 

 

INTRODUCTION 

The use of phase change materials (PCM) in various thermal energy storage (TES) applications has significant 
potential to diminish energy consumption and reduce the mismatch between supply and demand [1]. In a TES system, 
heat is stored through a PCM that can then be delivered at a subsequent time to the working fluid. Solid-liquid phase 
transition problems have been analyzed broadly because of their extensive usage [2]. Several comprehensive reviews 
focus on different configurations of TES systems, PCM and its application in various  TES systems, the heat transfer 
modeling in melting/solidification and the numerical methods used for solving TES systems have been conducted by 
different researchers [3-6]. The analytical method used to investigate the solidification in cylindrical geometry is 
presented in some works [7,8]. 

On the other hand, Tao [9] carried out a numerical method for solidifying a saturated liquid in cylinders and spheres 
with constant thermal properties. Bilir and Ilken [10]  numerically explored  the solidification of a PCM  inside a 
cylindrical and spherical geometries using enthalpy method. The  primary objective of this current paper is to examine 
the inward solidification problem for a PCM in a cylindrical capsule and investigate the influence of surface temperature 
on the solidification mechanism. 

 

MATERIALS AND METHODS  

The TES system examined in this paper comprises a horizontal cylinder capsule filled with PCM, as depicted in Fig. 
1. The diameter of the cylindrical capsule is 64 mm. The outer surface of the cylinder capsule is initially held at a 
constant temperature less than the PCM's melting temperature. The thermophysical properties of the PCM are 
obtained from the Rubitherm data sheet (RT-50) [11]. 

 
 

Fig. 1. Mathematical model for the cylindrical capsule. 
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The governing energy equation in cylindrical coordinates is defined as follows: 
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The initial status is 

0 iFo  = → =                                                                                                     

(5) 
The boundary conditions are described as follows  

0 0R
R


= → =


                                                                                                                                                              (6)         

1 sR  = =                                                            

(7)              

The control volume approach specified  in Versteeg and Malalasekera[12] is carried out to resolve Eq. (1). Moreover, 
the phase change problem is simulated  using the temperature transforming approach described in [13]   
 

RESULTS AND DISCUSSION 

A computer code for modeling phase change in the cylindrical capsule is developed using C++ programming. As a 
case study, the code developed is run considering the analytical data of Ozisik [14], as shown in Fig 2. The results 
of the numerical model are compared with those of the analytical solution for validating the model. The results of this 
comparison are given in Fig 2. As can be seen from this in figure 2, the deviation between the numerical and analytical 
studies is less than 3%. 
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Fig. 2. Comparison of the present numerical model with the results obtained from Ozisik [14]. 

 
Fig. 3 depicts the effect of surface temperature on the time-wise variations of the center temperature inside the PCM 
domain. In the current analyses, the diameter of the cylindrical capsule is defined as 64 mm. In addition, four different 
surface temperatures (Ts =10°C,Ts =20°C, Ts =30°C and Ts =40°C) are considered. As seen in that figure, 
decreasing the surface temperature decreases the time for total solidification, as is expected. 

 

Fig. 3. Time-wise alteration of temperature for different Ts  
 

Fig. 4 illustrates the time-dependent variation of the interface position for various surface temperatures 40°C, 30°C, 
20°C, and 10°C. It can be observed that at Ts=10°C the time elapsed for total solidification of the liquid is found to 
be 1.38 h (83 min) while its 4.025 h at Ts=40°C. It can also be observed that the higher surface temperature of the 
cylindrical capsule has a substantially larger solidification time compared to those of the lower surface temperature 
of cylindrical capsules. In addition, the solidification time decreases significantly with the reduction in the surface 
temperature. Also, by changing the surface temperature from 40°C to 30°C, 20°C, and 10°C, the freezing time has 
decreased by 41%, 57%, and 65%, respectively. 
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Fig. 4. Effect of surface temperature on interface position. 

 

CONCLUSIONS 

A control volume approach is utilized to solve the 1D phase change process in a cylindrical shape with constant 
temperature boundary conditions. The model is verified with the analytical data provided by the literature. Decreasing 
the surface temperature enhances the heat transfer inside the cylinder and reduces the time needed for total 
solidification time.  
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ABSTRACT  

Modeling the battery dynamics using conventional mathematical models is rather difficult and accurate predictions 
cannot be made. Also traditional battery testing can take years to reach the end of life of the battery. This makes 
early prediction of battery lifetime, i.e. 100 cycles or less, using traditional methods cumbersome and non-reliable. 
Machine learning models, however, can model the complex the non-linear dynamics of the battery by considering it 
a black-box system. In this study, the lifetime of lithium ion cells was predicted using ensemble and non-ensemble 
machine learning algorithms.  

Keywords: machine learning, bagging, boosting, lithium ion battery, remaining useful life, prediction 

 

INTRODUCTION 

The world urgently needs to meet its emission reduction targets as the climate change is having catastrophic effects 
on the environment including extreme heat waves, floods, droughts and melting of polar ice-caps. Electrification of 
the transportation sector which accounts for 15.9% of the total CO2 emission could help reduce the greenhouse gas 
emissions [1]. Lithium ion batteries are the heart of the electric vehicles. Due to electrochemical reactions during 
charging/discharging cycles and external environmental conditions, the batteries degrade with use which may result 
in major accidents causing injuries. Also, the costs involved in replacing the batteries may be uneconomical [2]. 
Therefore, it is necessary to know the useful life of the battery accurately.  

The battery lifetime also known as remaining useful life (RUL) can be predicted by either model-based methods or 
machine learning methods [2]. Machine learning methods do not require any explicit mathematical models for 
describing complex non-linear dynamics of battery ageing. Instead the battery is considered as a black box system 
that outputs the battery lifetime using features extracted from the battery parameters [2]. Severson et al. [3] used the 
elastic net model with features extracted from the capacity curves and discharge voltage for predicting the battery 
lifetime. They achieved a test error of 9.1% while predicting battery life using first hundred cycles. Xu et al. [4] used 
a stacked denoising autoencoder for predicting the useful life based on features extracted from voltage curves and 
discharge temperature. A neural network was employed to predict the battery lifetime using observations of internal 
resistance, discharge capacity and current and battery terminal voltage [5]. 

From the literature it is seen that very few machine learning models have been used for accurate prediction of the 
battery life. Therefore, in this study different bagging and boosting algorithms were compared for accurate prediction 
of battery lifetime. The algorithms used in this study are random forest, GBM, LGBM (Light Gradient Boosting 
Machine) XGBoost, and CatBoost. 

 

MATERIALS AND METHODS 

In the present study the MIT dataset which is one of the largest publicly available datasets for long-term degradation 
study was used. The study was carried out on 124 commercially available lithium iron phosphate A123 cells. The cells 
had a nominal capacity of 1.1Ah and a nominal voltage of 3.3V.  For the experimentation these batteries were fast 
charged using various protocols ranging from 3.6C to 6C. The experimentation was carried out in a thermal chamber 
at a constant temperature of 30℃. 

The ageing dynamics of a battery can be understood by a number of parameters such as capacity, voltage, temperature, 
internal resistance, and state of charge etc. From these parameters 12 features were extracted for predicting the lifetime 
of the battery.  
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MACHINE LEARNING ALGORITHMS 

Random forest (RF) 

The algorithm due to its simplicity and effectiveness is one of the most famous ensembles and is considered among 
the top 10 classifiers [6,7]. It is the flagship method of decision tree bagging. 

Gradient boosting machine (GBM) 

GBM along with random forest has become the most reputed algorithm in the past few years [8]. It is a stage-wise 
additive model wherein the iterations can be seen as the minimization of the steepest descent for a loss function. 

 

Extreme Gradient Boosting Machine (XGBoost) 

It is one of the most famous and highly scalable tree boosting algorithm. This is achieved by adding features to the 
traditional boosting algorithm which includes: reformulating the objective-function by including a regularization term; 
using weighted quantile sketch, the split finding is approximated; split function with sparcity awareness; cache aware 
column blocks for parallel tree learning; and out of core computation [9]. 

 

Light Gradient boosting machine (LGBM) 

As the name suggests it is a gradient boosting decision tree ensemble having several adaptations for reducing the 
dimension of the data and include improvements in the system that speeds up the process of learning [10]. 

Gradient boosting with categorical features (CatBoost) 

CatBoost is the most recent GBM based algorithm with qualities such as categorical support for features and a novel 
boosting scheme that avoids shifting of prediction [11,12].  
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ABSTRACT  

A detailed ASPEN PLUS model was developed to simulate the steam gasification of biochar produced by torrefying 
spruce in a bubbling fluidized bed for syngas production. The model was validated in good agreement by experimental 
data retrieved from literature. Effects of critical parameters such as gasification temperature and steam to biomass ratio 
(SBR) were investigated on the composition of product gas composition and the gasifier efficiency. The results indicate 
that SBR is the most influential factor in the process; the changes in steam to biomass ratio generate more shifts in 
conversion and gas yield. However, utilizing steam as a gasifying agent is recognized as an essential parameter to 
obtain hydrogen rich gas. 

Keywords: Biomass, Energy, Steam gasification, ASPEN PLUS 

 

INTRODUCTION 

Biomass is a highly promising energy source due to the fact that it is abundant, renewable and eco-friendly. Among 
biomass utilization technologies, gasification process is considered as one of the most efficient processes. Due to the 
flexibility of the feeding rate in fluidized bed reactors, several researchers have been attracted to focus their studies on 
biomass gasification in fluidized bed gasifiers [1-4]. Additionally, steam as a gasifying agent distinguishes with its 
contribution to generate product gas with higher calorific value when compared to other alternatives.  

For modelling of biomass steam gasification, ASPEN PLUS is highly preferred in literature. Many studies were 
conducted to validate experimental outcomes by developing thermodynamic equilibrium models in ASPEN PLUS [5-8]. 
In this study, a self-developed ASPEN PLUS model was validated with the experimental data retrieved from literature 
and the model was applied for a biochar feedstock in order to investigate the effects of gasification temperature and 
steam-to-biomass ratio (SBR) on syngas composition, energy efficiency and exergy efficiency of gasifier.  

 

MATERIALS AND METHODS  

Feedstock Characteristics 

Torrefied spruce was chosen as a fuel for the proposed steam gasification system. The properties of the feedstock 
was listed in Table 1. 

Table 1. Proximate analysis, ultimate analysis and calorific value of the torrefied spruce [9]. 

Proximate Analysis (mass fraction %, dry basis)  

Fixed Carbon 23.0 

Volatile Matter 76.6 

Ash 0.4 

Ultimate Analysis (mass fraction %, dry basis)  

C 54.8 

H 6.3 

O* 37.5 

N 1.0 

Moisture Content (&) 6.5 

LHV (MJ/kg) 18.9 

   * by difference 
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Model Description  

The Fig. 1 demonstrates the ASPEN PLUS model developed for biomass steam gasification in a bubbling fluidized bed 
gasifier.  

 

Fig. 1. ASPEN PLUS model 

 

Table 2 explains the blocks used in the model shown in Fig. 1. 

 

Table 2. Description of blocks used in ASPEN PLUS simulation. 

Block  Block Type Description 

DECOMP RYield Converts non-conventional biochar into its conventional components. 

RSTOIC RStoic Simulates the production of H2S and NH3 

SEP1 Sep Removes the inorganic contaminants produced in RSTOIC reactor from main stream. 

PYROLYS 

GASIFIER 

RGibbs 

RGibbs 

Simulates pyrolysis (400ºC) and gasification  (800ºC)  reactions between reactants and find 
potential products by utilizing the Gibbs energy minimization approach. 

SEP2 Sep Seperates the pyrolysis products into two streams: CHAR+VOL and SEP-GAS. 

STEAMSPL FSplit Splits the gasification agent in different ratios for PYROLYS reactor, and GASIFIER reactor. 

SYNREMOV Sep Removes undesired components (water and ash) from syngas. 

FINALMIX Mixer Merges INORGA and DRYSYN streams into PRODUCT output stream. 

 

Energy and Exergy Analysis of Gasifier 

The energy efficiency of the gasifier is described as the ratio of useful energy output divided by the total energy input 
as follows 

𝜂𝑒𝑛𝑒𝑟𝑔𝑦 =
�̇�𝑂𝑈𝑇

�̇�𝐼𝑁
                                                                                                                     (1) 

where Ė stands for energy rate.  

Similarly exergy efficiency is defined as the ratio of useful exergy output divided by the total exergy input: 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
�̇�𝑥𝑂𝑈𝑇

�̇�𝑥𝐼𝑁
                                                                                                                    (2) 

where Eẋ stands for exergy flow. The exergy can be calculated for each stream as the sum of its chemical exergy Ėx𝑐ℎ 

and physical exergy Ėx𝑝ℎ. 

�̇�𝑥 = �̇�𝑥𝑝ℎ + �̇�𝑥𝑐ℎ           (3) 
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RESULTS AND DISCUSSION 

Two sets of experimental data were used in order to validate the model and to test the robustness of the model. The 
comparison of the results are shown in Table 3. The experimental data reported by Fremaux et al. [3] and Karataş 
et al. [1] were compared with the results from the proposed model in this study. As observed in Table 3, the model 
predicts the compositions reasonably closer to the experimentally found composition levels.   

Then a parametric study was performed. The effects of gasification temperature and SBR on syngas concentration 
and gasifier efficiencies were investigated. The results discussed in the following section.  

 

Model Validation 

Table 3. Model validation of steam gasification results of experimental studies retrieved from literature [1,3]. 

 Case 1 Case 2 

Experimental [3] Model Experimental [1] Model 

Biomass feedstock Wood residue Hazelnut shell 

Biomass feed rate (kg/hr) 2.5 0.904 

Gasification temperature (°C) 700 775 

Gasifying agent Steam Steam 

Steam to biomass ratio (SBR) 1.0 0.33 

Syngas composition (%v/v. dry) 

H2 51.20 54.36 47.80 42.64 

CO 18.83 21.90 38.52 34.19 

CO2 16.61 17.27 7.63 6.43 

CH4 12.29 6.47 3.51 2.87 

    

  

(a)   (b) 

Fig. 2. Effect of gasification temperature (a) and steam-to-biomass ratio, SBR (b) on syngas composition. 
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(a) (b) 

Fig. 3. Effect of gasification temperature (a) and steam-to-biomass ratio, SBR (b) on energy and exergy efficiency of the gasifier. 

 

 

The Effect of Gasification Temperature 

The temperature of the gasifier varies in the range of 700 to 1000ºC.  The steam to biomass ratio is kept at 1.0. The 
Fig. 2a shows the effect of gasification temperature on the molar concentration of syngas components; H2, CO, CO2 
and CH4. A seen from the figure, H2 fraction reaches to the peak point at around 750ºC and then drops with elevating 
temperature. For CO and CO2, the molar concentrations are in reverse trends. By using the Eqs. (1-3), energy and 
exergy efficiencies of the gasifier were calculated (Figure 3a). The results demonstrates that the gasifier efficiencies 
drops with increasing temperature due to the change in syngas content. 

 

The Effect of Steam to Biomass Ratio 

The changes in the molar concentration of syngas produced by steam gasification of biochar are shown in The Fig. 2b. 
H2 and CO2 contents increase with higher SBR, while the volumetric percentage of CO in the product gas decreases.   
Additionally the energy and exergy efficiencies were found by applying the Eqs. (1-3). Similar to gasification 
temperature, increasing SBR results in less exergy and energy efficiency. This can be interpreted by the fact that the 
energy consumed for heating the steam injected into the system reduces the available energy for gasification reactions. 

 

CONCLUSIONS 

In this study, a numerical model for gasification in ASPEN PLUS process simulator was achieved by validating with a 
set of experimental data. Steam gasification of a biochar in a bubbling fluidized bed was studied to both gain more 
realistic assumptions for biochar gasification and contribute to the literature on this specific subject.  
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ABSTRACT 

In surface engineering, surfaces and their properties are as important as the bulk properties of materials. The 
mechanical interactions of contact with other elements, the aggressive environment and the dynamic loads make it 
necessary to modify the surface layers of the components. Burnishing is a process by superficial plastic deformation 
thus allowing mechanical treatment by cold forming of the surfaces of mechanical parts. It has been used progressively 
as finishing manufacturing processes which gives additional benefits such as improved surface integrity. This work 
focuses on the study of orthogonal ball burnishing operating by rolling friction. The process is carried out with two main 
parameters; in this case the burnishing force (Py) and the burnishing feed (f). The tests were planned by combining the 
two parameters in accordance with a type 22 full factorial experimental design. Experimental results show that the effect 
of burnishing results in an increase in corrosion resistance of up to 318%. The statistical analysis of the variance made 
it possible to release a linear model predicting the resistance to corrosion and showed a significant effect of the 
burnishing force compared to the burnishing feed and that there is an interaction between these two parameters. 
Microscopic observation confirmed that a burnished surface with Py=175kgf and f=400mm/min is the least affected by 
corrosion. 

Keywords: Steel X52, Burnishing, Corrosion, Statistical analysis  

 

INTRODUCTION 

Corrosion losses represent an important component of the percentage of technological losses during the transport 
process by pipelines, as well as a considerable source of pollution [1, 2]. The mechanical interactions of contact with 
other elements, the aggressive environment and the dynamic loads make it necessary to modify the surface layers 
of the components. Another external factor is pressure fluctuation due to corrosive environment. To improve their 
fatigue behavior, as well as their corrosion resistance, they must have appropriate surface textures, increased micro-
hardness, useful compressive residual stresses and refined grain microstructures. These requirements are met to a 
large extent by high limit strength steel (HLSS) [3, 4]. However, to increase the performance of parts, one of the main 
approaches within the scope of surface engineering (SE) is mechanical surface treatment (MST) such as ball 
burnishing (BB), which consists of modifying the surface layers. without changing the chemical composition [5]. The 
latter is a static process based on a surface plastic deformation (SPD) due to rolling contact between the deforming 
element and the surface to be treated [6,7]. 

By examining the effect of burnishing on steel AISI 1045 parts, A Rodriguez et al [8] showed that an initial roughness 
of 3.56µm can be reduced to a value of 0.3µm after application of burnishing as well as an increase in brinell hardness 
from 150 HBN to 250 HBN. The improvement in surface roughness through the burnishing process can reach up to 
90% [9]. Applied work on a standard quality steel revealed an improvement in roughness of about 91% while the 
hardness increased by about 10% [10]. 

The regular and work-hardened surface obtained by burnishing significantly improves service life, reduces the risk 
of corrosion and increases fatigue resistance. The effectiveness of a surface treatment by plastic deformation 
therefore increases with the hardening capacity of the material [11, 12].  

Hryniewicz and Rokosz [13] studied the corrosion behavior of C45 carbon steel after burnishing by an electrochemical 
study. The results revealed that the corrosion rate can be decreased several times after burnishing the surface initially 
prepared and soaked in a 3% NaCl aqueous solution [13]. Qawabeha et al. [14] studied the influence of burnishing 
on the surface properties and corrosion resistance of A53 MH steel. They It is noticed an increase in corrosion 
resistance with increasing applied force. The improvement can reach up to 65% for a roller burnishing force of 120N. 
On the other hand, the corrosion potential and the corrosion current decrease with the increase of the pressure force 
until reaching a minimum at about 80N [14]  .  

Based on the literature review, it can be concluded that few studies on the effect of MST on corrosion behaviour have 
been conducted. Thus, the main purpose of this study was to quantify the effect of ball burnishing on the corrosion 
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resistance of API X52 steel. Response surface methodology (RSM) and regression analysis [15, 16] were used to 
develop a linear model for predicting corrosion behavior. The influences of burnishing parameters of API X52 steel 
were investigated from main effects plots. 

 

MATERIALS AND METHODS  

Material  

The material under study is a High Elastic Limit (HLE) steel API 5L X52. It meets the specification imposed by the API5L 
standard obtained from a pipeline used in the oil industry. A spectral analysis was carried out by a spectrometer (Optical 
Microscope OLYMPUS COLOR VIEW BX 51M with magnification from 75 X to 2250 X). The analysis carried out on a 
polished sample of dimensions (35mm x 35mm) taken directly from the pipe revealed the following chemical 
composition (Tab. 1). 

Table .1. Chemical Composition of API X52 steel 

Elément C Mn Si P S Cu Al Nb Ni Cr Mo V
 Sn 

%  0.16 1.33 0.22 0.010 0.002 0.033 0.010 0.001 0.013 0.047 0.002 0.003
 0.39 

 

Mechanical characteristics were evaluated from a tensile test carried out at room temperature on prismatic specimens 
taken from a pipeline. Based on six tests, the following average characteristics were recorded: Re = 439.24 MPa, 
Rm=575.5 MPa and A%=35.6% 

 

Sample preparation 

To be representative of industrial structures, the samples were taken from a pipeline in the longitudinal direction. The 
preparation of the initial surfaces (Fig. 1) was made on a vertical milling machine Type: HMT India using a metal 
carbide end mill. To enable the burnishing treatment to be carried out in accordance with the experimental planning 
method, the sample was divided into four zones by means of grooves 50 mm wide and 2 mm deep (Fig. 1). 

 

Fig. 1. Sample preparation for burnishing 

 

Corrosion tests 

The corrosion tests were carried out on cut samples coated with acrylic resin (Fig. 2a). The electrochemical test was 
carried out using a Gamry 600+ cell, controlled by a microcomputer. The samples to be tested were grouped in an 
assembly with three electrodes (a reference electrode, a counter-electrode and a working electrode) immersed in an 
aqueous solution of distilled water concentrated at 35% NaCl (Fig. 2b). 
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a)       b)  

Fig. 2. Corrosion test a) Coated samples, b) Cel Gamry 600+ 

 

The experimental conditions are recorded in Table 2 

 

Table 2. Corrosion test and measurement parameters 

E (mV) V(mA/s) t (min) T°(C) 

[-0,8 ; -0,3] 1 OCP=20, Tafel= 15 ambient 

 

At the end of the test, the samples were cleaned with acetone and etched with a 3% Nital reagent. They are then 
rinsed with distilled water and dried with hot air. Corrosion resistance was characterized by the electrochemical 
parameters provided directly by the GAMRY acquisition software which drives the cell. The values of the 
electrochemical parameters are grouped in table 3 

 

Burnishing Operation 

Ball burnishing was implemented on a vertical milling machine (Fig. 3a) with an alloy steel ball (100C6) of diameter 
Db=12mm. The ball is fixed with an elastic fixing and operates by rolling friction. The operation takes place in the 
same way as face milling where the tool is driven in a rotational movement (N) while the part receives a rectilinear 
feed movement (f) by means of the translation of the table to which is fixed. However, surface plastic deformation 
(SPD) is ensured by a previously adjusted forming force exerted by the tool on the part (Fig. 3b). 

 

a)            b)  

 

Fig. 3. Ball burnishing Operation a) Photo of the assembly on a vertical milling machine and b) tool definition drawing 

 

In addition to the two burnishing parameters to be studied, the rotation speed of the milling spindle is fixed at N = 710 
rpm. The burnishing operation is carried out in a single pass under abundant lubrication by means of an aqueous 
solution concentrated at 75% of the soluble oil. The average value of the initial roughness (before BB) of the 
specimens was Rai = 2.82 µm and was obtained by end milling using a carbide milling cutter. 
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EXPERIMENTAL METHODOLOGY AND MATHEMATICAL MODEL 

The experimental tests were carried out according to the multifactorial plans of full experiments. Considering the 
number of factors and the number of levels of each of them, the number of trials needed is (Eq. 1): 

𝑁 = 𝑚𝑛                                                                                   
 

Table 2. Typical Experience Plan and Matrix 22 

N° Force Py Feed f X1 X2 

1 175 400 -1 -1 

2 175 500 -1 +1 

3 340 400 +1 -1 

4 340 500 +1 +1 

 

For more convenience, we work with reduced centered variables. for this purpose the low and high levels are coded 
at -1 and +1 respectively. The natural variables (xi) are transformed into coded values (xi) as follows (Eq. 2): 

𝑿𝒊 =
𝒙𝒊 − 𝒙𝟎
∆𝒙

                                                   (𝟐) 

Where: x0 is the average natural value and x is the step of variation of the factor 

The output response at any point in the study domain covered by the coded factors X1 (for py) and X2 (for f). can be 
predicted from a mathematical model. the postulated model is a first degree polynomial model with interactions 
between the studied factors (Eq. 3) 

𝑌 = 𝑎0 + 𝑎1𝑋1 + 𝑎2𝑋2 + 𝑎12𝑋1𝑋2……………………………………. (3) 

 

Solving the equation (3) allows to define the coefficients (𝑎0, a1, 𝑎2 and 𝑎12) which shows the degree of influence of 

the factors x1 and x2 as well as the interaction (𝑋1𝑋2) on the output response. 

 

RESULTS AND DISCUSSION 

The tests were carried out on samples in the machining state as well as in the burnishing state under different values 
of the burnishing force (py) and the burnishing feed (f) combined according to a multifactorial design of full experience 
type 22. the results of the various corrosion parameters are given in table 3. 

 

Table 3. Electrochemical Parameters of API 5L X52 Steel. 

N° 
parameters 

(Py, f) 

ECORR 

(mv) 

ICORR 

(µA) 

βC 

(mv) 

βA 

(mv) 

RP 

(A) 

Gain on 

Rp (%) 

U1 Machining -606,379 7.278 200 82.9 3.496 - 

T1 Br (175-400) -603,725 1.538 132.7 84.9 14.617 318 

T2 Br (340-500) -546,650 2.892 210.9 94.8 6.048 73 

T3 Br (340-400) -710,564 1.824 46.5 61.1 6.285 80 

T4 Br (175- 500) -577,445 3.644 300.6 77.0 7.304 109  

 

Figure 4 shows the effect of burnishing parameters on corrosion resistance (Rp). It appears from the analysis of 
these curves that in all the conditions where it is applied, burnishing promotes an increase in Rp compared to milling. 
The best effect that favors Rpmax is ensured by a combination of a force of 175 N and a feed of 400mm/min where 
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the gain reached 318%. Moreover, by increasing Py from 175 to 340 N, Rp is reduced whatever the level (low or 
high) of f. 

 

Fig.4. Effect of ball burnishing on corrosion resistance of Steel X52 

 

In the same way by increasing f, the gain on Rp is reduced from 318 to 109% for the low and high levels of py 
simultaneously. this is why burnishing must be applied at low values of py and f to ensure the best corrosion 
resistance (rp =14.17 a) of x52 steel (Fig. 5). 

 

a)    b)  

Fig. 5. Evolution of corrosion resistance with burnishing parameters a) 3d curves and b) contour graph. 

 

The statistical analysis of the variance made it possible to release a linear model of predicting the resistance to 
corrosion (Eq. 4) and shows that there is a dominating influence of the burnishing force compared to the burnishing 
feed and that there is an interaction between these two parameters (Fig. 6). 

𝑅𝑝 = 8.564 − 2.397𝑋1 − 1.88𝑋2 + 1.769𝑋2                          (4) 

3.496

14.617

6.048 6.285
7.304

0

2

4

6

8

10

12

14

16

Fraisage. Br (175-400) Br (340-500) Br (340-400) Br (175- 500)

R
és

is
ta

n
ce

 à
 la

 c
o

rr
o

si
o

n
 R

p
 (

A
)

Traitement



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

100 

 

Fig. 6. Main effects of burnishing parameters on corrosion. 

 

Photographs of the various corroded surfaces taken with a scanning electron microscope (SEM) are presented in 
figure 7. the corrosion is more pronounced in the turning state and originates in the hollows of the machining 
asperities. in the burnishing state, the surface state undergoes a smoothing of the asperities and consequently the 
roughness decreases. as a result, the material is less affected by corrosion. among the most influential burnishing 
parameters, a combination of burnishing force of 175kgf and feed of 500mm/min (sample T4) favors the cleanest 
surface from the point of view of corrosion attack. 

 

Sample before Corrosion Test After Corrosion test 

U1 

Machining  

  

T.4 

 

Ball Burnishing 
(175- 500) 

 

 

 

 

 

 

Fig. 7. Microscopic observations of corroded surfaces 

 

CONCLUSIONS 

Ball burnishing process is done to improve the surface finish of parts that have been previously machined. It is a simple 
and economical surface plastic deformation process, and is becoming increasingly popular as a super finishing process. 

Thanks to the experiments carried out on samples of API 5L X52 steel, the following conclusions were drawn: 

1. Since burnishing is a chipless process, so there is no waste produced while performing the experiments compared 
to machining by material removal. It can be applied in many fields such as pipe manufacturing sector and offshore 
industries. 
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2. Since the burnishing process improves the physico-geometric quality of the surface, so it can be effectively used to 
improve the corrosion resistance of X52 steel by appropriately selecting the input parameters. The best corrosion 
resistance is obtained by combining a burnishing force Py= 175N with a feed f=400mm/rev 

3. Design of experiments and analysis of variance prove to be very useful tools to predict the output responses by 
optimizing the browning parameters and to highlight the interactions between them. 
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ABSTRACT 

The environmental protection reasons intensify the research efforts on the development of both ozone layer and 
global warming safe refrigeration technology. The environmental friendly adsorption cooling system is an attractive 
alternative to the conventional vapor- compression cooling system. However, the wide- spread application of 
adsorption systems is limited by its rather low coefficient of performance, low specific cooling power and long cycle 
time. In order to improve the performances of the solar  adsorption cooling system, some advanced cycles have been 
proposed and investigated, such as the continuous cycle, the forced convection cycle and the thermal wave cycle. 
The continuous cycle which incorporated heat recovery cycles is verified to be one of simple and effective method to 
improve the thermal performance.  

In this paper, a numerical model describing a solar adsorption cooling system and incorporating a heat recovery 
cycle is proposed. The results of a base case as a reference, demonstrated that the performance coefficient of the 
double bed adsorption refrigeration cycle increase with respect to the single bed configuration.  

Several main factors affecting the performance of cycle and the heat recovery ratio are discussed according to 
simulation results. 

Keywords: Heat recovery process, Adsorption cooling system, Thermal performance coefficient, Thermodynamic 
analysis and Simulation. 

 

INTRODUCTION 

Since the Montreal Protocol called for a ban on the use of CFCs, research efforts focused on the development of 
refrigeration technologies which address the environmental concerns of ozone layer depletion and global warming 
have increased over the past 20.     

Solar adsorption cooling machines constitute very attractive solutions. They are of significance to meet the needs for 
cooling requirements such as air conditioning, ice-making, and medical or food preservation in remote areas far from 
electric grids. Compared with electric driven vapor-compression refrigerator systems, these machines are 
advantageous because: They are noiseless; They usually employ environmentally friendly substances as 
refrigerants, which exert no harmful effects on the environment (such as water, methanol and ammonia. 

With the development of its technologies and theories [1-4], the application of adsorption refrigeration is getting 
extensive, research indicates that adsorption is friendlier for environment than HFC vapor compression in several 
cases. Hover, the basic cycle of adsorption refrigerating machines presents two main draw backs: the production of 
cold is intermittent and the efficiency is low. To attain higher efficiencies and to achieve continuous production of 
cold, it is necessary to use advanced cycles. Several kinds of advanced cycles have been proposed and tested. Two 
main technologies have been developed: regenerative processes with uniform temperature adsorbers and 
regenerative processes with temperature fronts (or thermal waves). The basic idea is to use the heat discarded by 
one adsorber under cooling to pre-heat another adsorber under heating. In so doing, the COP is enhanced and the 
production of cold is continuous.  

On the basis of our previous work done by Chekirou et al. [5], a mathematical model, which accounts for heat and 
mass transfer in a tubular adsorber as well as the effects of non-uniform temperature and uniform pressure 
distribution, another computer program has been developed in order to determine the influence of the type of the 
solar collector on the system’s performance.   

mailto:chekirou.wassila@umc.edu.dz
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The thermal and solar performance coefficient, respectively) are used as an optimization criteria. The Activated 
carbon AC35/methanol is chosen as an adsorptive pair. It has proved to be the best pair among those studies so far, 
because it is reasonably stable chemically, has a high performance coefficient and it is less expensive than others 
[6].  All the basic parameters used in the model are also cited by Chekirou et al.  [5].  

In this paper, we interest to the uniform temperature adsorbers. A numerical analysis was carried out, studying the 
influence of the main parameters on both of regeneration and performance coefficients of the machine. A detailed 
thermodynamic and parametric analysis of a double adsorptive cycle is given, where the Dubinin-Astakhov equation 
is used to describe the isotherm of adsorption.   

The discontinuity of the useful effect makes the system with single adsorber commercially unsuitable. The idealized 
thermodynamic cycle of a double bed adsorption machine. The adsorbent beds operate the same cycle but in counter 
phase, so that the heat recovery is obtained by transferring the heat from one bed to the other, until a fixed difference 
of temperature 

rT  between two beds is reached.  

Adsorption refrigeration systems have been initially proposed of a single adsorbent bed alternately connected to a 

condenser and evaporator. However a double effect machine used two adsorbers as presented in Fig. 1.  

 

 

6 8 10 12 14 16 18 20 22 24 26 28 30

0

100

200

300

400

500

600

700

800

900

1000

 

 

 G(t)

 Tamb (t)

Day time (h)

S
o
la

r 
in

te
n
si

ty
 (

W
/m

2 )

22

23

24

25

26

27

28

29

30

31

 
A

m
b
ie

n
t 

te
m

p
er

at
u
re

 (
°C

)

 

Fig. 1. Schematic diagram of simple heat recovery solar 
adsorption cooling machine 

Fig 2. Variation of ambient temperature and solar intensity 
along a simulated day [2]. 

 

Both of two adsorbers are heated by solar energy and contain a porous medium constituted of activated carbon AC-
35 reacting by adsorption with methanol. 

The simulation technique takes into account the variation of ambient temperature and solar intensity along a 
simulated day, which corresponds to a total daily insolation of 26,12 MJ/m2 and an average ambient temperature of  
27.7 °C. 

These meteorological conditions are taken for Constantine region, which is situated at the north- east of Algeria, at 
6°,37’ East (longitude) and 37°,17’ North (latitude), with an average altitude of about 625 m [2]. Fig. 2. represent this 
simulated day. 

 

PERFORMANCE ANALYSIS 

In the regenerative cycle case, the performance of the machine can be calculated by the following formulae:     

r

COP
COP s

−
=

1
                                       (1) 

COPs is the coefficient of performance of single adsorbent bed, can be calculated as the ratio of useful effect 
produced Qf  and energy supplied to the machine Qc:  

c

f

s
Q

Q
COP =                                    (2) 
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r  is the coefficient of regeneration (or the heat recovery ratio), it can be calculated by:                                                      

Qc

Q
r r=                                                  (3) 

rQ  is the recovered heat during the heat recovery process.  Qc is the necessary heat for heating the full solar 

adsorbers to the maximum temperature of regeneration, taking into account the necessary heat for methanol 
desorption. 

 

RESULTS AND DISCUSSION 

The pair activated carbon AC-35/methanol is chosen as an adsorptive pair, the copper is a material of construction 

of the adsorber; kgmg 5=  its mass and  kgma 1=  is an adsorbent mass.  

We present in the flowing section, the effect of regeneration, condensation, evaporation temperatures and the two-
adsorber temperature difference at end of heat recovery process, on both of performance’s system coefficient and 
heat recovery coefficient.  

The influence of condensation and regenerating temperatures on performance coefficient, heat recovery coefficient 
is shown in Figs. 3 and 4, respectively.  

An increase in condensation temperature makes the saturation pressure increases. Thus, the adsorbed mass of the 
methanol increases and consequently, there is a decreasing in the cycled mass of the methanol, the cooling power 
and the performance coefficient and heat recovery coefficient.   

 

  

 
 

Fig. 3. Condensation and regenerating temperature 
effect on performance’s system coefficient 

Fig. 4. Condensation and regenerating temperature effect on 
heat recovery coefficient 

 

The influence of evaporation and regenerating temperatures on performance coefficients, heat recovery coefficient 
is shown in Figs. 5 and 6, respectively. 
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Fig. 5. Evaporation and regenerating temperature effect 
on performance’s system coefficient   

 

Fig. 6. Evaporation and regenerating temperature effect 
on heat recovery coefficient 

 

 

The pperformance coefficient increases with the evaporation temperature.  This increment in evaporation 
temperature implies that the saturation pressure increases together with the adsorbed mass of methanol. Therefore, 
it increases the cycled mass of the methanol. The cooling power increases and also, the performance coefficient and 
the heat recovery coefficient. 

Figs. 7 and 8 show the effect of regenerating temperature and two-adsorber temperature difference at end of heat 
recovery process (varying between 0 and 8°C) on performance’s system coefficient   and heat recovery coefficient. 

 

 
 

Fig. 7. Effect of regenerating temperature and two-
adsorber temperature difference at end of heat recovery 
process on performance’s system coefficient   

 

Fig. 8. Effect of regenerating temperature and two-
adsorber temperature difference at end of heat recovery 

process on heat recovery coefficient 

 

Fig.7 represents the logical decrease of performance’s system coefficient with an increase of two-adsorber 
temperature difference at end of heat recovery process  

rT . Where the heat transfer between two adsorbers 

becomes largest when CTr = 0   and decreases with the increase of 
rT  . Thus, temperature at the end of the 

regeneration phase decreases and like the regeneration coefficient is defined as the fraction between the heat 
recovered between two adsorbers and the heat required in a process without heat regeneration, this coefficient 
decreases also (Fig.8). 
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CONCLUSIONS 

In this paper, an analytical thermodynamic model has been developed for the analysis of solar adsorption 
refrigeration system using heat recovery process. Tthe pair activated carbon AC-35/methanol as an adsorptive pair. 
This model was usually expressed in algebric or relatively simple equations based on the representation of Dubinin-
Astakhov. 

The developed model is described with reference to a single bed adsorption system and the main differences 
introduced in modelling of a two bed system are also presented. Coefficient of performance might be increased or 
decreased with different working condition (evaporation, condensation and regeneration temperatures). The 
influence of the two-adsorber temperature difference at the end of heat recovery is also presented.  
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ABSTRACT  

Kuwait is one of the largest crude oil suppliers and has become one of the largest economies all over the globe. Kuwait 

uses fossil oil for generating electricity which is a huge part of economic growth. But production of electricity from fossil 

oil causes environmental pollution and it also reduces the oil revenue. Converting solar energy into electricity is one of 

the modern sustainable technologies which reduced the overall cost of electricity. Current study focussed on individual 

photovoltaic (PV) systems. The PV system significantly reduces cost, it maintained the optimum power generation and 

air pollution. The results of this study recommend that more focus should be paid to specific properties of PV systems 

such as PV array slop and shading during the optimum power generation. These two factors can play a significant role 

in the overall efficiency of power generation. 

Keywords: irradiance, shading, photovoltaic system, energy resources, CO2 emissions 
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ABSTRACT  

This study presents a novel solar fan-assisted multi-directional windcatcher (MDW) with encapsulated phase change 
material tubes (E-PCMT) for tropical buildings. The ventilation, cooling, and thermal storage performance of the 
integrated ventilative cooling system is investigated using Computational Fluid Dynamics (CFD) Ansys Fluent software 
under tropical climate conditions. A parametric geometric analysis of three different E-PCMT configurations with melting 
temperatures at 28oC was conducted to assess the thermal storage performance at different air velocities. The impact 
of the optimised E-PCMT when incorporated inside the air stream of the MDW was further studied. To overcome air 
flow resistance caused by the obstruction by EPCM-T inside the air streams, the windcatcher airflow is assisted by a 
wall-mounted axial solar fan that is activated when outdoor air velocity is less than 2m/s. The results based on a typical 
tropical location showed that the system was able to achieve a consistent and stable air temperature drop of up to 
2.64oC over a 4-6-hour. Even at an outdoor air velocity of 1.88m/s, the novel integrated system, in addition to its cooling 
performance was still able to achieve a supply air velocity rate of 0.16 - 0.57 m/s, meeting the ventilation rates required 
for indoor comfort. 

Keywords: CFD, Cooling, Phase change material, Thermal storage, Windcatcher  

 

INTRODUCTION  

Space cooling is the fastest growing energy demand in buildings, accounting for 20% of total building energy use 
globally [1]. With a typical tropical building consuming 54% of its energy just to operate air conditioners (AC) [2], 
reducing cooling energy in tropical buildings is imperative. Alternative low-energy and passive technologies such as 
windcatchers and phase change materials (PCM) should be adopted. According to Arias-Jiménez et al., [3], the multi-
directional windcatcher (MDW) type is best suited for buildings located in low wind climate conditions, such as the 
tropical climates. Despite the ventilation potential of the MDW, only minor temperature drops are possible in hot 
climates [4]. The MDW's inability to effectively stabilise supply air temperature is a disadvantage because supply air 
temperature fluctuations negatively impact on indoor comfort. Research on windcatcher cooling performance exists, 
most of which focuses on unidirectional and two-sided windcatchers using heat pipes with results achieving 
temperature drops of 8.6K-14.25K [4,5]. Heat pipes have limited thermal storage capacity and are incapable of 
lowering and stabilising supply air temperature over long periods of time. But the PCM’s ability to shift peak cooling 
load in buildings to off peak time is seen to be beneficial for enhanced thermal energy storage performance in many 
cooling applications [6].  

Seidabadi et al. [7] assessed the heat transfer in a two-sided windcatcher model that embedded the PCM inside its 
walls using MATLAB to achieve reduced air temperature by 15K for a duration of 7hours. But the PCM-air heat 
transfer rate was minimal due to the position of the PCM inside the wall and the low PCM thermal conductivity. 
According to Lizana et al. [8], integrating PCM directly in the ventilation systems’ air streams improves the PCM-air 
heat transfer rate for enhanced cooling performance. Rouault et al. [9]'s numerical study also confirmed a strong 
relationship between air-PCM heat transfer, PCM close contact melting, PCM shape, and arrangement in an 
integrated latent heat thermal energy storage (LHTES) ventilation system. Abdo et al. [10] carried out another 
numerical study on a two-sided windcatcher integrated with PCM directly in the air stream to achieve a temperature 
decrease of 9.85% (2.78°C). It was further recommended that increasing the PCM-air surface area of contact 
combined with the use of fans will improve the PCM melting solidification process and cooling performance. 
Integrated fan in windcatchers for improved windcatcher ventilation performance for hot dry climates have been 
studied [11]. But studies on windcatcher thermal storage performance for stabilising indoor air temperature is still 
minimal. There have been no studies conducted on a solar fan assisted MDW that integrates PCM for improved 
ventilative cooling in tropical buildings, providing the opportunity to explore this novel concept. To fill the gaps in the 
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literature, a concept that integrates encapsulated PCM in the air streams of a solar fan assisted MDW is proposed in 
this study. The paper focuses on assessing the integrated system's cooling and thermal storage performance using 
tropical savannah climate boundary conditions for the CFD analysis and validated with published experimental data. 

 

CFD Method 

The CFD simulations were solved using ANSYS Workbench 18.0 and assumed to be three-dimensional, isothermal, 
fully turbulent and incompressible flow problem. The transient analysis was solved using the Finite Volume Method 
(FVM) based on Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) as pressure-based segregated 
algorithm solver [12]. The ventilation solution was governed by the mass and momentum conservation equation for the 
fully turbulent and incompressible flow problem. While the energy, melting, and solidification equations were activated 
to solve the integrated model's heat transfer and the EPCM-T parametric geometric simulations. The enthalpy-porosity 
method was used to solve the EPCM-T parametric geometric analysis study using Laminar flow, with results compared 
with Rouault et al. [9]'s study [13].  However, for the overall integrated system, a Reynolds-average Navier-Strokes and 
K-epsilon turbulent model were chosen as the numerical solver for the turbulent flow problem based on Eq. (1), taking 
into consideration a second order upwind discretisation for all the transport equations. To eliminate errors in the results, 
a time step parametric analysis was performed on the CFD model. 

𝛿𝜌

𝛿𝑥𝑗
+

𝛿

𝛿𝑥𝑖
(𝜌𝑢𝑖) = 0 

 

  (2) 

 

Geometry 

The geometry was generated using Rhino 3D CAD software and modified in ANSYS Design Modeler interface to meet 
the requirements for computational fluid domain simulation. As illustrated in Fig. 1, the conceptual design combines 
three different components: E-PCM-T, wall mounted solar fan, and an MDW, which were all brought together to form 
the proposed integrated system. The physical domain consists of the macroclimate (outdoor air), the solar fan assisted 
MDW with EPCM-T model, and the microclimate (ventilated room). An X-shaped partition divides an MDW into four 
quadrants, allowing for optimal air flow regardless of wind direction. As one quadrant supplies fresh air into a space, 
the others exhaust stale air out [14]. Air to PCM heat transfer occurs as the supply air passes over the EPCM-T. The 
wall mounted solar fan assists airflow inside the air channels.   

Fig. 1. The novel solar fan-assisted MDW with E-PCMT concept and geometry development with dimensions.  
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Table 1. Thermo-physical properties of RT28 HC PCM encapsulated in aluminium tube [9,15] 

Thermo-physical properties Value Thermo-physical properties Value 

Melting temperature 28oC Heat capacity of the solid phase  1650 J/kg K−1 

Solidus temperature  27 oC Heat capacity of the liquid phase  2200 J/kg K−1 

Liquidous temperature  29 oC Thermal conductivity  0.2 W/m K−1 

Density of the solid phase  880   Latent heat  245000 J/kg 

Density of the liquid phase  768 kg/m3 Melting volume expansion  14% 

Dynamic viscosity  0.00238 kg/m s Kinematic viscosity  3.1 × 10−6 mm/s   

Aluminium tube conduction thickness  0.001 mm Density of the aluminium tube 2719 kg/m3 

 

The baseline geometry was first developed at a 1:10 scale to perform the initial comparative ventilation analysis with 
experimental ventilation results of Calautit et al. [16]. This was then scaled up to a 1:1 scale to accept the novel 
integration of a wall-mounted solar fan and the EPCM-T. The macro-climate domain at the pressure outlet was 
extended to prevent reverse flow in the macroclimate domain during the simulation. For the parametric geometric 
study, three EPCM-T geometries were developed. Case 1 is a 30mm x 40mm x 500mm EPCM-T rectangular profile 
in aluminium shell and tube, Case 2 is a cylindrical EPCM-T rectangular profile in copper shell and tube of 40mm 
diameter x 500mm length, and Case 3 is a 30mm x 40mm x 500mm EPCM-T rectangular profile. The E-PCM-T used 
in this study is an RT28 HC paraffin encapsulated in an aluminium shell produced by Rubitherm-GmbH.  

 

 

 

 

Table 1 shows the PCM thermo-physical properties adopted for this study as published in literature [9,15]. 

 

Meshing 

A hybrid non-uniform meshing was generated for the computational model. The grid was refined using face meshing 
around areas of interest in the integrated model to achieve more accurate simulation results. Grid sensitivity was 
performed until insignificant posterior estimate error was achieved by varying the mesh size from coarse to fine grids 
[17]. As shown in Table 2, the fine mesh size of 2.8 million nodes and 14.5 million elements with the least discretisation 
error was selected. The selected mesh was subjected to a time step independence study of 60, 30, 10, and 5 timesteps, 
while the velocity output was monitored. The 5-time step was chosen. 

 

Table 2 Data used for proposed integrated MDW for Grid Independence study based on V inlet =1/88 m/s and 3m/s 

 E-PCM-T face element size [mm] ASCD face element size [mm] Nodes Elements 

Fine mesh 10 10 2899882 14512606 

Medium mesh 12 12 1969358 9969741 

Coarse mesh 15 15 1515115 7511270 

 

Boundary Conditions 

Based on a typical tropical climate weather, the inlet macro-climate boundary was set at 35oC (308.15K) temperature 
and 1.88m/s-3m/s air velocity. The pressure outlet was placed at the extended macroclimate domain with gravity set 
to -9.81. The roughness height of domain walls was set to 0.001 Ks. Atmospheric pressure was assumed. The initial 
temperature of EPCM-T was 293.15K (20oC). The solar fan pressure jump was set at 10Pa but was only activated when 
inlet air was 1.88m/s. Two monitor points were created along the micro-climate ZY plane to monitor the supply air flow 
rate, pressure, and temperature. The thermal storage heat transfer was monitored based on the liquid fraction residual 
output for every 120-flow time.   
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RESULTS AND DISCUSSION 

Parametric Geometric and Validation results for E-PCM-T thermal storage performance model 

Time-dependent flow and CFD heat transfer simulations for parametric geometric analysis of three different E-PCMT 
configurations EPCM-T Case 1, 2 and 3 of 28oC melting temperature were conducted. EPCM-T case 1 was the baseline 
case, while case 2 and 3 were modified by altering the geometry and encapsulation material in the baseline model 
(see Fig. 2). The liquid fraction for cases 1-3 were monitored at 1.88m/s inlet boundary condition in line with changes 
made in PCM position, geometry, and encapsulation tube material. 

Fig. 2. Temperature contours results of parametric CFD results for E-PCM-T cases 1,2 and 3 at 1.88m/s 

There was a steady drop in air temperature observed in all cases. Interpreting the temperature contours shown in 
Fig. 2, the supply air temperature was 35oC (308.15K) at the beginning of the simulation with the PCM initialised at 
20oC (293.15K). At 480 mins flow time, PCM temperature in case 3 had increased to 33.26oC (306.41K), while air 
temperature dropped to 28.79oC (301.94K). Based on changes in geometry and encapsulation tube material, the 
liquid fraction for cases 1-3 was monitored at 1.88m/s inlet boundary condition. There was a steady drop in air 
temperature observed in all three cases. Interpreting the temperature contours shown in Fig. 2, at 480 mins flow time, 
PCM temperature in case 3 increased to 306.41K (33.26oC), while air temperature dropped to 28.79oC. 

Fig. 3 compares the spatial average of the liquid fraction per flow rate for EPCM-T baseline cases 1, 2, 3 and 
experiment data from literature Rouault et al. [9]. At 480 minutes, the liquid fraction for baseline case 1 was 0.91, 
case 2 was 0.98, and case 3 was 0.87. While case 1 and 2 completely melted at 600 minutes, case 3 completely 
took 720 minutes to completely melt. As seen in Fig. 3, all the cases investigated performed better that literature [9]. 
In comparison to the other cases simulated, case 3 demonstrated a higher ability to maintain temperature stability 
over a longer period and was therefore selected for further assessment in the solar fan assisted MDW model. 
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Fig. 3. Parametric CFD analysis results of E-PCM-T using a liquid fraction at 1.88m/s velocity compared with literature model  

 

Thermal storage, ventilation and cooling analysis of solar fan assisted MDW with EPCM-T 

Detailed analysis of ventilation, cooling, and thermal storage potential was conducted on case 1 MDW (without PCM 
and solar fan) and case 2 MDW (with EPCM-T and wall mounted solar fan). As shown in Fig. 4 (a), (b), (c), (d), the 
simulation was monitored at P5 and P11 for velocity and temperature profiles. For case 1, when inlet air temperature 
was 35oC at 3m/s air velocity, the supply air temperature at points P5 and P11 remained unchanged measured at 
308.14K. Likewise liquid fractional value was zero. However, supply air velocity fell slightly to 2.18m/s and 2.82m/s, 
respectively. With inlet velocity set at 1.88m/s, P5 and P11 supply air velocity dropped slightly to 1.43m/s and 1.74m/s. 
For case 2 at 1.88m/s inlet velocity and a 10Pa fan pressure jump activation, supply air velocity measured 0.16 m/s at 
P5 and 0.57 m/s at P11. Even though the supply air velocity had dropped significantly, it was still within a safe range. 
To improve cooling, 49 EPCM-T were each installed in the supply and exhaust air streams, respectively. 
However, unrequired cooling was detected in the exhaust air exiting the system. The air-PCM heat exchange began at 
26 minutes of flow time, and the PCM began to melt. As a result, the temperature of the supply air dropped from 308.15K 
to 305.52K. After 196 minutes of simulation flow time, the supply air temperature at P11 steadily increased to 306.11K. 
This temperature drop lasted 600 minutes, until the PCM completely melted with a liquid fraction value of 1. This 
demonstrates the system's thermal storage capacity and ability to maintain a 2.64oC temperature drop for 4-6 hours.  

 

 

Fig. 4. (a) Case comparison of velocity profile at P5 and P11; (b) velocity contours for case 1 and 2 at 1.88m/s; (c) Case 
comparison of temperature profile at P5 and P11; (d) Temperature contours for case 1 and 2 at 1.88m/s  

 

CONCLUSION 

The study aimed to fill the gaps identified in literature by developing a novel solar fan assisted MDW that integrates 
PCM as a hybrid cooling system to achieve ventilative cooling for tropical buildings. A CFD parametric study was 
carried out to first assess the thermal storage capacity of EPCM-T profiles based on geometry and encapsulation 
material before its integration in the solar fan assisted MDW system for further CFD modelling assessment. Result 
suggests that geometry and material alteration affect the EPCM thermal storage performance in ventilation systems. 
However, the key result is that air temperature dropped by 2.64oC and was maintained for 4-6 hours in the integrated 
system. Even with supply air velocity dropping to as low as 0.16 - 0.57m/s, the airflow was sufficiently within acceptable 
limits. Future work will include varying the number of EPCM-T in the system to determine the best configuration for 
achieving an optimal balance between the system's thermal storage, cooling, and ventilation performance while 
avoiding wasted cold energy. A comparative and economic analysis will be conducted to determine the system's viability 
for tropical buildings. 
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ABSTRACT  

In this study, a combined heating and power plant, including solar photovoltaic panels, gas engine, and heat pump 
system, is proposed and analyzed technically. In order to help levelize solar energy volatility, an electrolyzer paired with 
a storage tank produces green hydrogen using excess solar power to separate hydrogen from oxygen molecules in 
water is integrated to the system. The performance of this system is analyzed based on the solar radiation of Ankara, 
Turkey. By developing this system, decarbonization is done by using zero-carbon solar energy as well as reducing 
carbon footprint by blending hydrogen with natural gas in a gas engine. The performance assessment is carried out 
through mathematical modeling of the system during four seasons in Ankara city. The obtained results reveal that on 
July 17, 2021, providing 50 kW of electric power, 300 m2 PV panels, 18.08 kW power supply from gas engine, and 6.18 
kg/h hydrogen production as a storage medium are required. Also, utilizing a heat pump, which produces 11.21 kW 
heat, is sufficient for supplying 15 kW of heating power. Although the remaining heat is recovered from the waste heat 
of the electrolyzer. 

Keywords: CHP, Decarbonization, Re-electrification, PEM electrolyzer, PV panel  

 

INTRODUCTION 

Seasonal and diurnal volatility of renewable energy sources, especially solar and wind energy, adversely affects the 
reliability of the supplied power, which can be solved through storage and aggregation [1]. One of the solutions for 
fluctuation and intermittency is hydrogen re-electrification which means producing hydrogen by electrolysis of water 
from excess power and storing in a hydrogen tank. This stored green hydrogen is then available for utilization by two 
standard methods for grid power production: fuel cells, gas turbine cycles, or gas engines, and a stable power supply 
happens due to the lack of solar generation during a year or a day. This method of storage far exceeds the capacity 
and duration of any utility-scale battery [2]. Since the decarbonization of the electricity sector is essential in reaching 
the greenhouse gas emission reduction targets set by most countries after the Paris Agreement [3], decrement the 
utilization of fossil fuels has been introduced as a solution. One of the methods of decreasing is blending fossil fuels 
with fuels without carbon emissions. Some papers also investigated the mix of green hydrogen from water electrolysis 
and natural gas in gas turbine cycle or internal combustion engine. For instance, Tebibel et al. [4] proposed a sizing 
method related to a system including PV panels and water electrolyzer with the purpose of generating hydrogen for 
blending with compressed natural gas. Some researchers have analyzed the renewable energy-based electrolyzers 
paired with storage tanks. For example, off grid hybrid solar PV/Fuel Cell system was proposed by Ghenai et al. [5] 
for residential community in desert region. The result showed that, the studied system is economically feasible and 
environmental friendly besides good technical performance. A PV-electrolyzer-fuel cell system was developed for 
power generation for one household in China by Zhang et al. [6]. The efficiency of the proposed system was 
calculated to be 6%–7% under different conditions. Zghaibeh et al. [7] investigated the feasibility of solar based 
hydrogen electrolysis system in order to generate green fuel for fuel cells in the transportation section of Oman. They 
also assessed the economic benefit of the system, which yielded an investment cost of 5 301,760 € for the capacity 
of 90,910 kg of hydrogen per year. In another study, Nasser et al. [8] analyzed the energy and exergy efficiencies of 
a PV panels/wind turbines hybrid system for green hydrogen generation and storage, which were calculated to be 
16.42% and 12.76%. They also obtained the payback period of the system as 7-13.85 years. 

 In this study, an integrated system using photovoltaic panels as the main energy source is proposed for generating 
electricity. To diminish the fluctuations of solar energy, the excess electricity is consumed in a PEM electrolyzer to 
produce hydrogen as a storage medium which is stored and further utilized in gas engines to supply the electricity in 
the case of no solar energy. Before injecting hydrogen to gas engine, it is also blended with natural gas to decrease 
the required amount of natural gas. Also produced, electricity is utilized as a source in a heat pump system to meet 
the heat demand. Moreover, the waste heat of the electrolysis process is exploited with the purpose of providing heat 

https://www.energy.gov/eere/fuelcells/hydrogen-production-electrolysis
https://www.popsci.com/environment/hydrogen-colors-energy/
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for users. The performance analysis of the proposed system is performed through mathematical modeling to size the 
system and calculate power generation of the system during four representative days in the Materials and Methods 
section.      

        

ANALYSIS  

The layout of the considered system is shown in Figure 1. Solar irradiation is absorbed by PV panels and converted 
into electricity. A part of the generated power is fed to the grid, and the rest is supplied to the PEM electrolyzer and 
compressor of the heat pump as well. In the PEM electrolyzer, water is decomposed into hydrogen and oxygen 
gases. The produced gases are stored in hydrogen and oxygen tanks. When solar energy is unavailable, the 
hydrogen stored in the tank is mixed with natural gas and used in the gas engine to generate electricity. 
On the other hand, the heat pump consumes the overall electricity provided by the system. Also, the heat recovery 
of the electrolyzer and condenser of the heat pump is used or provides a constant heat supply for users. For sizing 
and performance assessment of the proposed system, mathematical modeling of the different subsystems is applied 
using below equations: 
 

 
Fig. 1. The layout of the considered system 

 
 PEM electrolyzer [9]: 
 

�̇�𝐻2 =
𝑛𝑐𝐽

2𝐹
 

(1) 

�̇�𝑂2 =
𝑛𝑐𝐽

4𝐹
 

(2) 

 
PV panels [10]: 
 

�̇�𝑃𝑉 = 𝑁𝑃𝑉
𝐺𝑡
𝐺𝑡,𝑟𝑒𝑓

[𝑃𝑃𝑉,𝑚𝑎𝑥 + 𝜇𝑝(𝑇𝑃𝑉 − 𝑇𝑃𝑉,𝑟𝑒𝑓)] 
(3) 

𝑇𝑃𝑉 = 𝑇𝑎 + 𝐺𝑡 [
𝑁𝑂𝐶𝑇 − 20

800
] 

(4) 

 
Heat pump [11]: 
 

�̇�𝑐𝑜𝑛𝑑 = �̇�14𝐶𝑝(𝑇15 − 𝑇14) (5) 

�̇�𝑒𝑣𝑎 = �̇�16𝐶𝑝(𝑇16 − 𝑇17) (6) 

�̇�𝑐𝑜𝑚𝑝 = �̇�12(ℎ12 − ℎ11) (7) 

 
Overall system: 
 

�̇�𝑡𝑜𝑡 = �̇�𝑃𝑉 − �̇�𝑃𝐸𝑀 + �̇�𝐺𝐸 (8) 

�̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = �̇�𝑐𝑜𝑛𝑑 + �̇�𝑃𝐸𝑀 (9) 
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RESULTS AND DISCUSSION 

The obtained results related to the modeling of the proposed system are presented and discussed in this section and 
presented in Table 1 and Figure 2. To have a clear insight of the system performance, 4 days as average days of 
months representing spring, summer, fall and winter seasons were selected. It is seen that the highest radiation 
occurs during July, which leads to the lowest gas engine power and lowest natural as consumption as well. Also, the 
useful heat recovery from electrolyzer for heating purpose is maximum. Since the heating supply is from heat loss of 
the electrolyzer and heat pump condenser, the power consumed by heat pump compressor is minimum. It is observed 
that lowest radiation happens in December which results in the highest natural gas consumption in gas engine. 
Moreover, the electrolyzer heat loss is minimum which leads to maximum power consumption by the heat pump 
compressor in order to compensate the heat supply.       
  

Table 1. Performance of the proposed system on July 17, 2021 

Parameter Value 

Irradiation on the tilted surface 1022 w/m2 

Number of PV modules 206 

The total amount of power supply 50 kW 

Power supply by PV 45.599 kW 

Power supply by the gas engine 18.08 kW 

Power consumption by the electrolyzer 13.68 kW 

Total amount of heat supply 15 kW 

Heat supply by heat pump 11.21 kW 

Heat recovered from electrolyzer 3.79 kW 

Electrolyzer hydrogen production   6.18 kg/h 

 
 

April 15, 2021 July 17, 2021 

  
October 15, 2021 December 10, 2021 

  
Fig. 2. The amount of power produced by PV, power produced by a gas engine,  power consumed by electrolyzer, power 
consumed by heat pump compressor, and excessive power during different hours on April 15, July 17, October 15, and 

December 10, 2021. 

 
CONCLUSIONS 

In the present research, the performance assessment of a combined heating and power plant utilizing solar photovoltaic 
panels, gas engine, and heat pump system is modeled mathematically. The performance of this system is analyzed 
based on the solar radiation of Ankara, Turkey. The analysis is carried out for four days representing four seasons in 
Ankara city. The obtained results reveal that on July 17, 2021, providing 50 kW of electric power, 300 m2 PV panels, 
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18.08 kW power supply from a gas engine, and 6.18 kg/h hydrogen production as a storage medium are required. Also, 
utilizing a heat pump, which produces 11.21 kW of heat, is sufficient for supplying 15 kW of heating power. However, 
the remaining heat is recovered from the waste heat of the electrolyzer. 
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ABSTRACT 

The heat transfer process is very complex due to the non-conformal geometry and different thermal properties within 
borehole for a vertical single U-tube ground heat exchanger, different thermal resistance model (i.e., the three-thermal-
resistance model or the four-thermal-resistance model) has been proposed to simplify the complicated heat transfer 
within borehole. The so-called negative thermal resistance phenomenon between two pipes has been reported when 
the two pipes are symmetrically approaching to the borehole wall in the three-thermal-resistance model. The Multipole 
method has been used to solve the 2D coupled heat transfer inside and outside the borehole of the single U-tube ground 
heat exchanger. Two different thermal resistance models have been constructed, respectively, and the thermal 
resistance between two pipes are comprehensively compared by using the results of Multipole method. The mechanism 
of the negative thermal resistance between pipes within the borehole is revealed, and some constructive suggestions 
are proposed for the industrial application of the thermal resistance model within borehole. 

Keywords: Single U-tube ground heat exchanger, Thermal resistance model, Negative thermal resistance 
phenomenon, Multipole method 

 

INTRODUCTION 

Ground-source heat pump (GSHP), which uses the underground soil as a heat source or heat sink to extract or reject 
the thermal energy, has been recognized as one of the most energy efficient systems for space heating and cooling 
in residential and commercial buildings[1]. In a GSHP system, one of the most important components is the ground-
coupled heat exchanger through which the thermal energy is exchanged between heat carrier fluid and soil. 
According to the heat transfer process within borehole in a single U-tube ground heat exchanger, the heat transfer 
between pipes, grout and soil material is relatively complicated due to the non-conformal geometry and composite 
material within borehole[2]. Since the fully discretized Computational Fluid Dynamics (i.e., CFD) model within borehole 
will lead to extensive computation times and a substantial effort in terms of pre-processing work, and the simplified 
analytical model (i.e., the line source or cylinder source model) cannot provide the detailed quantitative amount of 
heat between pipes, grout and ground material during the short term transient heat transfer process, the concepts of 
thermal resistance between pipes and borehole wall were proposed in the past decades, and the so-called thermal 
resistance model within borehole has been established to describe the heat transfer process and provide the enough 
information to analyze the heat transfer within borehole[3]. Therefore, the balance of calculation precision and 
computation time could be reached for the heat transfer analysis within borehole. 

Although the thermal resistance model within borehole has some advantages as compared to the analytical line 
source or cylinder source model, the phenomenon of negative thermal resistance between two pipes was observed 
in the three-thermal-resistance model within borehole when the U-tube is approaching to the borehole wall[4]. The 
negative value of thermal resistance between two pipes does not only violate the law of thermodynamics, but also 
will make trouble to solve the linear algebraic equation based on the conservation law of energy within borehole [5]. 
Although S. Javed[6] claimed that the value of thermal resistance between two pipes is always positive in the four-
thermal-resistance model within borehole, the authors did not provide the specific support for this opinion.  

The present paper solves the 2D coupled heat transfer problem including the pipe, grout and soil by using the 
Multipole method[7,8], the three-thermal-resistance model and the four-thermal-resistance model within borehole are 
established, respectively. Based on the bench mark results of Multipole method, the thermal resistance between two 
pipes of these two models are comprehensively studied under the condition of different geometry and thermal 
property parameters for grout and soil material. By introducing the concepts of borehole thermal resistance Rb and 
internal thermal resistance Ra, the mechanism of the negative thermal resistance between pipes within borehole is 
revealed, and some constructive suggestions have been put forward for the practical industrial application of thermal 
resistance model within borehole.  
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Thermal Resistance Model Within Borehole 

For a typical single U-tube ground heat exchanger, a U-shape pipe is vertically and symmetrically inserted in a 
borehole and the gap between pipes and borehole is filled by grout material, as shown in Fig.1. Since the geometrical 
parameters are the same along the depth of ground heat exchanger, the heat transfer model of ground heat 
exchanger could be constructed by piling up the horizontal slice of thermal resistance network. Therefore, all the 
thermal resistance models are the two dimensional model, which describes the horizontal heat transfer process inside 
and outside the borehole. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Geometrical parameters of a typical single U-tube ground heat exchanger 

 

As shown in Fig.1, the geometry parameters of single U-tube ground heat exchanger could be described by the 
borehole diameter, Db, outside diameter of pipe, Dpo, inside diameter of pipe, Dpi, and shank spacing, S. If the thermal 
conductivities of pipe, soil and grout are kp, ks and kg, respectively, the dimensionless variables could be defined as 
follows: 

𝜃1 = 𝑆/𝐷𝑏                                                                                                        (1) 

𝜃2 = 𝐷𝑏/𝐷𝑝𝑜                                                                                                    (2) 

σ = (𝑘𝑔 − 𝑘𝑠)/(𝑘𝑔 + 𝑘𝑠)                                                                                  (3) 

 

 

Fig. 2. Thermal resistance model within borehole for ground heat exchanger 

 

As far as the thermal resistance model within borehole was concerned, there exist the three-thermal-resistance model 
(i.e., 3Rth Model) and four-thermal-resistance model (i.e., 4Rth Model) to describe the heat transfer process within 
borehole, as shown in Fig.2. The 3Rth Model A is usually adopted in the literature, however, from the point view of 
heat transfer process within borehole, if the pipe conduction and carrier fluid convection heat transfer of inner side of 
pipes are taken into account, the detailed thermal resistance model could be obtained as the same as the 3R th Model 
B, as shown in Fig.2. Therefore, the present paper will focus on the 3Rth Model B for the three-thermal-resistance 

(a) 3Rth Model A (b)  3Rth Model B (c)  4Rth Model 

(a) Schematic diagram of U-tube ground heat exchanger                        (b) A-A cross-section 
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model. If the non-uniform temperature distribution along the borehole wall is taken into account, the so-called four-
thermal-resistance model within borehoel could be obtained as shown as 4Rth Model in Fig.2. 

In the three-thermal-resistance model, the temperature of borehole wall is assumed as uniform and the average 
temperature of borehole wall is adopted to evaluate the therml resistance of Rp1-b and Rp1-p2, as shown as 3Rth Model 
B in Fig.2. Based on the law of energy conservation, the corresponding thermal resistances could be evaluated as 
follows: 

𝑅𝑝1−𝑏 = (𝑇𝑝1 + 𝑇𝑝2 − 2𝑇𝑏)/(𝑞1 + 𝑞2)                                                               (4) 

𝑅𝑝1−𝑝2 = 2(𝑇𝑝1 − 𝑇𝑝2)/[𝑞1 − 𝑞2 − (𝑇𝑝1 − 𝑇𝑝2)/𝑅𝑝1−𝑏]                                            (5)                      

 

If the non-uniform temperature distribution along the borehole wall is taken into account, the so-called four-thermal-
resistance model within borehoel could be obtained as shown as 4Rth Model in Fig.2. Based on the law of energy 
conservation, the thermal resistance of Rp1-b1 and R*p1-p2 could be evaluated as follows: 

𝑅𝑝1−𝑏1 = (𝑇𝑝1 + 𝑇𝑝2 − 𝑇𝑏1 − 𝑇𝑏2)/(𝑞1 + 𝑞2)                                                                       (6) 

𝑅𝑝1−𝑝2
∗ = 2(𝑇𝑝1 − 𝑇𝑝2)/[𝑞1 − 𝑞2 − (𝑇𝑝1 − 𝑇𝑝2 − 𝑇𝑏1 + 𝑇𝑏2)/𝑅𝑝1−𝑏1]                               (7) 

 

The above mentioned Rp1-p2 and R*p1-p2 are the thermal resistance between two pipes for three-thermal-resistance 
model and four-thermal-resistance model, respectively. In order to quantitatively analyze the difference between 
these two thermal resistances, Multipole method with the 10th order accuracy is adopted to sovel the 2D steady state 
heat transfer with uniform thermal properties incluidng the pipe, grout and soil, and the temperatrue results are used 
to evaluate the Rp1-p2 and R*p1-p2, respectively. The geometrical and physical parameters of the 2D heat transfer 
model for ground heat exchanger is shown in Table 1. 

 

Table 1 Geometrical and physical parameters of the 2D steady-state heat transfer model for grout heat exchanger 

Db /m Dpi /m Dpo /m S/m kp /(w/m-K) kg / (w/m-K） ks /(w/m-K) 

0.11~0.18 0.019 0.025 0.025~0.105 0.44 0.4~6.0 1.2~2.0 

 

RESULTS AND DISCUSSTION 

From the Fig.1 and the definition of θ1 and θ2 in Eq.(1)~Eq.(2), one could find that the dimensionless parameter of θ1 
is not independent of θ2. Therefore, once the values of Dpo and Db are determined (i.e., θ2), the maximum and 
minimum values of  θ1 could be obtained. Based on the Multipole method, the 2D steady state heat transfer problem 
could be sovled for diffenrent combination of Db, S, kg and ks, and then the value of Rp1-p2 and R*p1-p2 are evaluated 
from Eq.(5) and Eq.(7).  

As shown in Fig.3, the positive zone of Rp1-p2 and R*p1-p2 are presented in the plane of θ1 and θ2 when the value of θ2 
is from 2.12 to 13.75 and σ is between -0.6552 and 0.42857. For a specific value of θ2, the minimum and maximum 
values of θ1 could be determined. When θ1 is the minimum value, the outer surface of the two pipes contacts each 
other; When θ1 is the maximum value, the outer surface of the two pipes contacts with the borehole wall, respectively. 
From this figure, it is obvious that the positive zone of the thermal resistance between two pipes in four-thermal-
resistance model (i.e., R*p1-p2) is much bigger than that of the three-thermal-resistance model (i.e., Rp1-p2), however, 
the negative zone still exists even for the four-thermal-resistance model when the value of θ2 is greater than 5.0 and 
the θ1 is approaching to the maximum value, which is not consistent with the opinion of S. Javed[6]. Since the negative 
value of R*p1-p2 or Rp1-p2 could make trouble to sovle the linear algebraic equations of the thermal resistance model 
within borehole, the four-thermal-resistance model is more stable than the three-thermal-resistance model under the 
same geometrical parameters and thermal properties of grout and soil. 

In order to find the mechanism of the negative thermal resistance between pipes for three-thermal-resistance model 
and four-thermal-resistance model, the borehole thermal resistance Rb and the internal thermal resistance Ra are 
introduced. For a specific ground heat exchanger, the Rb and Ra are the same, no matter what kind of thermal resistance 
model is chosen[6]. Based on the definition of Rb and Ra, and the 3Rth Model B and 4Rth Model,  the Rp1-p2 and R*p1-p2 
could be expressed in terms of Rb, Ra and other thermal resistances of model as follows: 

𝑅𝑝1−𝑝1 = 2(𝑅𝑎 − 2𝑅𝑝)(2𝑅𝑏 − 𝑅𝑝)/(4𝑅𝑏 − 𝑅𝑎)                                                                                (8)                   

𝑅𝑝1−𝑝2
∗ = (𝑅𝑎 − 2𝑅𝑝)(4𝑅𝑏 − 2𝑅𝑝 + 𝑅𝑏1−𝑏2)/(4𝑅𝑏 − 𝑅𝑎 + 𝑅𝑏1−𝑏2)                                            (9)                   
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Fig. 3 The positive region of Rp1_p2 (i.e., 3Rth Model B) and R*p1_p2 (i.e., 4Rth Model) in θ1 and θ2 plane 

 

As compared to the three-thermal-resistance model, the borehole wall is symmetrically divided into two equal parts 
along the center line and the non-uniform temperature distrution of borehole wall is taken into account in the four-
thermal-resistance model. As the two pipes are symmetrically approaching to the borehole wall (i.e., the value of  θ1 is 
approaching to the maximum value), the value of Rb is becoming smaller and smaller and the value of Ra is becoming 
bigger and bigger, therefore, the value of denominator in Eq.(8) and Eq.(9) are both approaching to zero. Since the 
numerators of both Eq.(8) and Eq.(9) are always positive, the sign of Rp1-p2 and R*p1-p2 is determined by the sign of 
denominator. Because the Rb1-b2 is the thermal resistance between two parts of borehole wall in 4Rth Model, which is 
always positive, the positvie zone of R*p1-p2 in 4Rth Model is obviously bigger than that of Rp1-p2 in 3Rth Model B, as 
shown in Eq.(8) and Eq.(9). 

 

CONCLUSIONS 

Based on the above mentioned analysis, some conclusions could be drawn as follows: 

(1) The phenomenon of negative thermal resistance between two pipes could be observed not only for the three-
thermal-resistance model within borehole but also for the four-thermal-resistance model within borehole when 
the pipes are approaching to the borehole wall in a singel U-tube ground heat exchanger; 

(2) The positive zone of thermal resistance between two pipes in four-thermal-resistance model within borehole is 
much greater than that of the three-thermal-resistance model within borehole. Therefore, it is better to use the 
four-thermal-resistance model within borehole to replace the three-thermal-resistance model in the pratical 
industrial applications; 

(3) The temperature disrtribution of borehole wall is not uniform, and the assumption of uniform temperaure 
disribution or the simple non-uniform temperature distribution is the reason which leads to the phenomenon of 
negative thermal resistance between two pipes in a singel U-tube ground heat exchanger. 
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ABSTRACT  

In this study, various renewable energy sources are integrated and enhanced with various energy storage solutions 
to provide essential energy commodities to a community of 5000 homes. Solar PVT and geothermal systems are 
integrated to provide district energy to the community from a quintuple flash geothermal system and an absorption 
refrigeration system. Electricity is produced from hydropower and the geothermal system. Hydro energy storage, 
coupled with battery storage are deployed to ensure continuous supply of electricity, despite of source intermittency. 
Thermal energy storage, on the other hand, is used to ensure consistent heating and cooling supply. Different 
parametric studies are conducted to determine optimal operational requirements for the systems. A lifecycle 
assessment, highlighting the environmental impacts resulting from the system are also investigated. Exergy efficiency 
increases from 50% to 80% as the geothermal outlet temperature increases from 50 to 80 degrees Celsius.  

Keywords: Renewable Energy, Energy Storage, Hydro Power, Geothermal, Solar PVT  
 
 

INTRODUCTION  

Global warming and global natural disasters including pandemics have awakened nations to find viable energy 
solutions to combat climate change. Integrating energy systems and utilizing renewables as well as energy storage 
solutions has never been more vital than before. As global populations are increasing at a rapid exponential rate, 
soring energy in a sustainable and reliable manner becomes critical to ensuring access to clean energy. Currently, 
major base loads of electric grids are based on fossil fuels. Renewable energy solutions such as solar and geothermal 
are considered favorable as they are available, abundant, clean and reliable. Although the concern with renewables 
revolves around intermittency of the energy source, system integration and energy storage can offset this concern.  

 
SYSTEM DESCRIPTION AND ASSESSMENT  

This system uses three renewable sources to meet the energy demand of the city. The availability of two of the 
sources however are geographically dependent. Hydro energy is utilized for power generation at a rate of 40 MW to 
meet the majority of the electric demand of the city. Pumped hydro energy storage is used as the storage medium in 
this case. On the other hand, heat is extracted using a quintuple geothermal system. Heat is transferred to a thermal 
energy storage (TES), which is then further used for district heating and domestic hot water (DHW). The geothermal 
system also produces electricity, which feeds into the grid as well. The solar photovoltaic thermal (PVT) system also 
produces 10 MW of electricity as well as thermal energy, which is used to operate an absorption refrigeration plant 
to provide the required cooling supply for the city. Figure 1 illustrates this system in further detail.  

This system features the addition of both geothermal and hydro energy as renewable energy sources. Hydropower 
has been rapidly adopted across the globe, growing from 698 Mtoe in 2006 to a global consumption of 910 Mtoe 
from hydropower alone. This accounts for a 30.5% increase in global adoption of hydropower. Furthermore, 
geothermal adoption is also increasing. The world consumed 62 Mtoe of geothermal and biomass in 2006 and 127 
Mtoe in 2016, accounting for a 106% increase in the past decade. The geothermal system is comprised of a quintuple 
flash geothermal cycle, producing electricity and heat, which is captured in a thermal energy storage that is used for 
district heating and cooling. An absorption refrigeration cycle is used to fulfill the cooling demand. Hydro storage is 
also utilized in this system. District heating and domestic hot water are obtained from the geothermal energy through 
a thermal energy storage. Cooling is achieved through the absorption refrigeration cycle, which is powered through 
the PVT farm. Electricity is generated from hydropower, PVT farm and the geothermal system.  
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Fig. 1: All components for this multigenerational system including sources, sub-systems and energy services 

 
 
RESULTS AND DISCUSSION  

Both exergy and energy efficiencies increase linearly as the geothermal well temperatures increase from 50 °C to 80 
°C. Moreover, Figure 2 illustrates a linear trend line, which shows a strongly positive R value for both parameters. In 
addition to the strong correlation, the rate of change of the energy efficiency is at 0.0167 while the rate of change for 
the exergy efficiency is at 0.0144 as the geothermal outlet temperature increases from 50 to 80 °C. The work required 
by the pumps also increases, which consequently impacts the system’s performance. Altering the PVT system 
parameters can also have a critical impact on the overall system performance. All efficiencies decline in a linear 
fashion upon increasing the PVT outlet temperature from 65 to 95 degrees Celsius. There is an inverse relationship 
between the ambient temperature and the system efficiency. The rate of depreciating exergy efficiency is 36% more 
than that of the energy efficiency. It is evident that as ambient temperature increases, the system becomes less 
productive as the energy and exergy efficiencies decline linearly.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 2: System efficiencies as a function of (a) geothermal output temp (b) PVT output temp and (c) (d) ambient temp 
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CONCLUSIONS  

Geothermal, hydro and solar sources are combined in this integrated system, utilizing thermal and battery energy 
storage solutions for a small community of 5000 homes. The commodities produced from this system include 
electricity, domestic hot water and district space heating. The overall system energy and exergy efficiencies, heat 
losses and exergy destructions have been investigated and determined. 
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ABSTRACT 

The hybrid composite materials have assumed a massive importance in aerospace industry, automotive construction 
and marine sector as a way to enhance the physical and mechanical performance. Glass, Kevlar and light weight carbon 
fiber are in rise. The goal of this study is an experimental and numerical investigation: natural frequency, mode shape 
and damping properties of hybrid composite plates consisting of alkaline treatment kenaf mat (300 g/m²) fiber in 5% of 
NaOH concentration for 48h and unidirectional carbon fibers. Three Hybrid Composites Plates (HC01, HC02 and HC03) 
of 4 ply had manufactured using hand lay-up process with different fiber orientation ([0/0]s, [0/90]s and [0/45]s), where 
the carbon fibers had used in the top and bottom. As results, the effects of kenaf orientation have affected considerably 
on the stiffness and dissipate energy considerably (HCP0 was highly by 16% as compared to HCP90). Besides, the 
appearance of combined mode shape (flexural and torsional) in the case of [0/45]s plate.  

Keywords: Hybrid composite, Hand lay-up, Natural frequency, Mode shape, Damping  

 

INTRODUCTION 

The polymeric materials are used in wide variety sectors due to the enhancement in properties, reduction in the 
manufacturing cost and suitability for several applications. Among different classifications, Polymer composites 
mainly focus on their use as structural components and the selection and composition of reinforcement play a vital 
role in determining their characteristics [1,2]. 

The fiber reinforced polymer composites are developed primarily using synthetic fibers (SFs) such as glass, carbon, 
Kevlar, Aramid, etc., due to their excellent characteristics.  But the growth in environmental consciousness, 
community interest, the new environmental regulations and unsustainable consumption of man-made materials, led 
to thinking about the use of bio-friendly materials [3]. Owing that view natural fiber (NF) is considered as an alternative 
of synthetic fibers in the reinforcement of polymer composites have attracted the attention of many researchers and 
scientists due to their advantages over conventional glass and carbon fibers and others [4]. Among these natural 
fibers, flax, hemp, jute, sisal, kenaf, coir, Palm, banana, and many others are very much recognized now. The 
disadvantage of NF is their low mechanical properties compared to synthetic fibers. This can be overcome with the 
combination of two or more fibers. Hybridization is one of the effective ways to overcome the drawback of natural 
fibers [5]. 

Kenaf fibers are widely used in hybrid composites. Kenaf-glass hybrid composite laminated was developed for 
passenger car bumper beam, where shows an improvement in tensile properties [6]. A. Supian et al [7] found that 
incorporation of Kenaf fiber and glass fiber into epoxy resin showed high energy absorber properties compared to 
the pure glass fiber composite. Azrin Hani et al. [8] have demonstrated that woven kenaf and coir have a high potential 
to be used as reinforcing materials. N. Sapiai et al [9] investigated the improvements of mechanical properties of 
kenaf/carbon fiber composite using different stacking sequences; they found 0° unidirectional shows significant 
tensile properties compared to 90° angle.  

The composite structures are subject to different mechanical loads, thermal and/or collision. Affected by earthquake, 
impact, noise, heating or external vibration, structures with FRP composites can be subjected to large excitation 
amplitudes in use [10]. In this work, interplay hybrid composites were prepared with carbon fiber and kenaf fiber as 
reinforcements and epoxy resin as the matrix. The objective of this study was to investigate the effect of different 
stacking sequences of fabric layers on the tensile properties and vibrational behavior of the hybrid composite, while 
scanning electron microscopy (SEM) was utilized to check the surfaces of chemical treatment of kenaf fiber. 
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MATERIALS AND METHODS 

The common materials are selected over layup with various stacking sequences. Kenaf is a natural fiber which is 
collected from go Green Pvt. Limited, Chennai, India, and carbon is synthetic fiber was supplied by Spinteks Tekstil Ins. 
The epoxy resin employed in the present study is MEDA epoxy and the hardener is HY95. The various properties of 
the components are given in Table 1. 

In order to ensure good adhesion with the epoxy resin (hydrophobic), the kenaf fibers were treated in an alkaline medium 
(Figure 1). At the beginning, a quantity of sodium hydroxyl NaOH was prepared in a bath of water (5 L) where its 
concentration was 6%. After 48h of impregnation, the treated fibers were washed with distilled water until the pH became 
neutral (PH=7). The treated fibers were dried in the oven at a temperature of 50° for 5 hours. A unidirectional 
arrangement was adopted with an areal density of 600 g/m², where the average fiber length was 250 mm.  

 

    

a. b. c. d. 

Fig. 1: Alkali treatment of kenaf fiber process 

 

Table 1. Reinforcement mechanical properties 

Components Kenaf fiber Carbon fiber 

Tensile strength [MPa] 930 3800 

Tensile Modulus [MPa] 60 240 

Strain [%] 1.4 1.6 

Areal density [g/m²] 600 300 

Orientation angle 0° 0° 

 

EXPERIMENTATION METHODS 

• Scanning electronic microscopy SEM 

Meanwhile, SEM was performed to identify and examine impurities on the surface of the kenaf-treated fibers. 
Magnifications ranging from 1.00 to 10.00 KX are offered. The samples were covered with gold before submitting it to 
the SEM. 

• Tensile test 

Tensile samples were prepared according to the ASTM D3039 standard. After cutting, the plates allowed us to have six 
different stacking sequences [0/0]s, [0/45]s, [0/90]s, [90/0]s, [90/45]s, [90/90]s. Five identical specimens in each sample 
were subjected to Zwick/Roell device of loading cell 50KN. 

• Testing of hybrid composites beams for modal response 

Modal characteristics of produced test specimens were determined using an experimental set-up as shown in Figure 4. 
A general purpose PCB 352C03 ceramic shear ICP ® accelerometer (Brüel  &  Kjær Sound & Vibration Measurement 
A/S, Nærum, Denmark) was used for output signal acquisition, a PCB 086C03 general purpose modal impact hammer 
was used for stimulus force signal, a National Instrument product NI cDAQ-9184 data acquisition device with m+p SO 
Analyzer software was used in the experiments. 

For conducting the vibration test, one end of the specimen is rigidly fixed by work clamping device and the other end 
was left as free end for offering fixed-free boundary condition. A beam length of 180 mm was set as suspended length 
for impulse testing. Next, 5 points was marked on the specimens to excite using hammer fig. The responses are 
recorded in a personal computer (PC).  

The determination of the effective modulus of various specimens were analyzed for the first resonance frequency level 
since the design approach prefers the first modal response as one of the major consideration for dynamic performance. 
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The effective modulus (Eeff) of linear viscoelastic composite beam in flexural bending was calculated using the 
expression stated in ASTM E756 standard. 

 

RESULTS AND DISCUSSION 

Untreated kenaf fibers possessed impurities that were removed after immersing in NaOH solution. The treated fibers 
also appeared clean and rough, and had a clear physical appearance after alkaline treatment. This treatment was 
necessary to remove hemicelluloses, lignin, and wax from the fibers core. 

The figure 2 (a, b) presents the evolution of the stress/strain of the typical curves. The specimens tested in this work 
have different stacking sequences: [0/0]s, [0/45]s, [0/90]s, [90/0]s, [90/45]s, [90/90]s, where the tensile surface was 
40 mm2. All the curves present a similar behavior (fragile) with different performances. Due to the effect of density 
and morphology of kenaf fibers (porous), an important variation was noted on the properties of each group. In 
contrast, the stacking sequences leads to a significant variety on the stiffness and the resistance of the samples. 

The figure 2 (b), shows us that the stress reaches higher values when the orientation of carbon fibers is 0° (parallel 
to the loading). Plus, the orientation of the kenaf fiber layers was less influence on the strength. This result is attributed 
to the high mechanical strength of carbon fiber compared to kenaf fiber. On the other hand, we observe that the 
orientation effect of the kenaf layers was considerable, where the hybrid [90/45]s has a high stress (37.07 MPa) 
compared to [90/0]s and [90/90]s (21% and 66%, respectively). From these, it is found that the strength was affected 
by the kenaf fiber when the orientation of carbon perpendicular to the loading. 

 

 

a.  

 

b.  
Fig. 2 : a, Typical stress/strain curves of the 6 stacking sequences, b, variation of tensile properties respect to the 

stacking sequence 

 

The figure 3 Show the natural frequency and damping factor associated with the first three lowest frequency obtained 
by placing accelerometer at different periodic known location. Table 2 indicates modal frequency level for various 
kinds of test samples considered. The modal shape observed was related to transverse bending. The increase in 
natural frequency is found to depend upon the stiffness of the composite. 

 

Fig. 3: typical plots of log vibration analysis versus frequency of composite stacking beam [90/45]s. 
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Table 2 : Natural frequencies and damping coefficients of hybrid composite fabricated 

 [0.0] [0.45] [0.90] [90.0] [90.45] [90.90] 

   f 1 145.68 107.23 76.3 42.66 44.74 41.84 

f 2 560.55 512.91 486 243.84 284.84 240.33 

f 3 1265.66 1114.33 1114.33 553.82 590 525.18 

ξ 1 1.01 1.56 2.79 2.46 3.16 10.56 

ξ 2 2.55 2.1 2.84 3.49 3.53 4.18 

ξ 3 1.75 1.18 1.53 2.19 3.46 0.31 

 

 

CONCLUSIONS 

Based on the above experiments, the following conclusions were made:  

- Alkali treatment led to clean and rough fiber surface by removing the impurities and wax.  

- Experimental investigations shows a good mechanical performance of the hybrid composite fabricated compared to 
those in literature.  

- The vibration tests were carried out on specimens with stacking [0/0]s [0/45]s [0/90]s [90/0]s [90/45]s [90/90 ]s led 
us to find that the orientation of the fibers plays an essential role on the change in frequency and damping factor. Further, 
the important damping factor was due to the presence of viscoelastic material (kenaf fiber)  

- This material has remarkable mechanical and viscoelastic properties which allow us the possibility of exploiting it in 
various fields such as: the marine and automotive fields. 
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ABSTRACT 

Usually, machine parts are machined by machine tool according to a defined quality (specific roughness required by 
research department); bibliographic references are widely used for the preparation of machining range, which is not 
sufficient to obtain a part with high quality. Obtaining a good surface quality during a finishing operation of a material 
depends mainly on the performance of the machine tool and an optimal adjustment of the cutting conditions (choice 
of tool, cutting parameters ...). This study focuses on the application of artificial intelligence approach to analyze the 
performance of a manufacturing machine. It aims firstly, to expertise the machining system capabilities, and secondly, 
the establishment of real information for adjusting machine tool (acquisition of graphs). In this case, a specific 
program based on artificial intelligence was developed to establish the optimal conditions for rational use of the 
machine tool. This contribution helps firstly to research best solutions to the problem that often prevail in the industry 
because of empiricism working methods [1,2 and 3], and secondly, it allows ensuring good management, guarantee 
the quality of the products of the market implemented and their profitability [4, 5 and 7]. The experimental results are 
satisfactory and demonstrate that the model (ann) employed is effective.  

Keywords: Neural Networks, Manufacturing, Optimisation, Roughness, prediction   

 

INTRODUCTION 

The use of scientific methods and computer tools is a considerable contribution to the development of production 
systems. This research contributes on the one hand to the search for data and the best solutions to remedy the waste 
that often reigns in industry because of the empiricism of working methods [1], and on the other hand, it allows to 
ensuring good management, guaranteeing the quality of products as well as the rational use of the means 
implemented and their profitability [2]. In this work, we propose to examine a production system by considering three 
controllable factors (speed "n", feed "f" and depth of cut "a") which directly influence the response of a system 
(roughness " Ra") strongly indicated by design offices. This study highlights the contribution of artificial neural 
networks (ANN) for obtaining useful information for setting or even expertise of the machining system. The artificial 
neural networks whose connectionist architectures are inspired by neural organization of the human brain [3] (fig.1, 
a), are strongly connected networks of elementary processors operating in parallel. Each elementary processor 
calculates a unique output, based on the received information [4]. The basic model and the principle of operation are 
shown in Figure 1, b. The network is trained to produce an application from a database of examples [5]. The weights 
are given by the learning system progression. This last memorization follow-up consists in modifying the weights of 
the connections until the stabilization of the network is obtained. 

 

 

 

 

 

 

                                  a) Structure of a biological neuron                       b) Basic model and operating principle of ANN 

                                                                                                                   OUTPUTS = f(weighted INPUTS and previous OUTPUTS) 

Fig. 1 Structure and operating principle of ANN 

 

The neuron is represented by a cell with several inputs and one output, and can be modeled by two operators [6]:  

                                                                                                                                                                            (1) 
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A summation operator that elaborates a postsynaptic potential:                      

-  Xi State of the input neuron 

-      Weight                                                                                                                                                           

A decision operator calculating the output state: 

 

                                                                                                                                                                            (2) 

                             

MATERIALS AND METHODS  

From rolled bars, seven test specimens of dimension Ø45mm x 380mm were prepared in 18 stages (fig.2), on a 
universal lathe model 1A616. The material used is of grade XC48, with a chemical composition in % (0.48 C, 0.72 
Mn, 0.23 Si, 0.18 Cr, 0.019 Mo) with the mechanical characteristics: Rm=520÷640 MPa, Re=320 MPa, elongation à 
17%, HB=299 daN/mm². 

 

 

 

 

 

 

Fig.2. Mounting the sample on the machine tool 

 

The modeling of the behavior of the machining system by the networks of neurons is carried out according to the 
diagram of figure 3. The input parameters X1, X2, X3 considered during the tests represent respectively the feed "f", 
the rotation frequency "n" and the depth of cut "a". The number of combinations is carried out according to the values 
retained in table 1, it corresponds to the number of experiments and is given by Np =125 avec (p = 3 factors and N = 
5 factor values). Input parameters are chosen based on tool material (P20), workpiece material XC48 and the nature 
of machining (finishing) [7], V=70÷180 rev.min-1; a=0.3÷1.1 mm ; f=0.037÷0.22 mm.rev-1. The output parameter "Y" 
represented by the roughness "Ra" (surface quality obtained), is checked for each combination of input parameters 
using a roughness meter (RUGOTEST TR100 model). 

 

 

Fig.3. Model of the system machining by ANN 
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Table 1. Experiments matrix 

 

 

 

 

 

The modeling was performed by the multilayer network with 105 combinations for training and 20 combinations for 
testing. The network model was established in two phases, the training phase and testing phase, which are shown 
in Figure 4 and Figure 5 respectively. 

 

1- Training phase 

 

 

 

 

 

 

 

Fig.4. training and correlation 

 

2- Test phase 

 

 

 

 

 

 

Fig.5 test and correlation 

 

The network model admits two hidden layers with three neurons each. The results of the simulation by the ANN 
model adopted for all combinations of the range of the machine tool (see table 2) and for four values of depth of cut 
(a= 0.3, 0.8, 1.0, 1.2 mm), are shown in Figure 6. 

 

Table 2. Kinematic characteristics (universal lathe model 1A616) 

n (rev.min-1)  450-560-710-900-1120-1400-1800 

f (mm.rev-1) 0.037-0.045-0.054-0.065-0.074-0.091-0.11-0.124-0.148-0.18-
0.22-0.26-0.295-0.36-0.44-0.52 

X1 n (rev.min-

1)  

560 710 900 1120 1400 

X2 f (mm.rev-1)  0.037 0.054 0.124 0.148 0.22 

X3 a (mm)   0.3 0.5 0.7 0.9 1.1 
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Fig. 6. Influence of cutting parameters (n=450÷1800 rev.min-1, f and a) on the roughness Ra 

              

RESULTS AND DISCUSSION 

According to the technical recommendations [7], finishing machining with the carbide tool allows "Ra" roughness in 
the range [3.2÷0.4µm]. While the analysis with the neural network model reveals that these values are between [5.1 
÷ 1.96µm]. Consequently, it is estimated that the machine tool has lost some of its performance. 

From charts (fig. 6) obtained by the network model adopted, we notice that with the increase of depth of cut or feed 
rate as well as their interactions, the roughness "Ra" increases, which is shown in several works [8].    

- The roughness "Ra" exceeds 2.1µm for a depth of cut a=0.3 mm when the feed values "f" become greater than 
0.18 mm.rev-1, on the other hand, for a=0.8 mm, the roughness exceeds the indicated value as soon as the feed 
reaches f = 0.11 mm.rev-1; for a depth of cut a= 1.0 mm and 1.2 mm, the roughness reaches values greater than 2.1 
µm respectively for feed values lower than 0.091 mm.rev-1 and 0.065 mm.rev-1. 

- For high values of feed or depth of cut: a=0.3mm with f ≥ 0.18 mm.rev-1; a=0.8mm avec f ≥ 0.11 mm.rev-1; a=1.0mm 
avec f ≥ 0.091 mm.rev-1;  a=1.2mm avec f ≥ 0.065 mm.rev-1, the machining system becomes unstable (area2), which 
affects the system response (Ra) with a fairly significant instability. This is explained by a very strong interaction of 
these parameters, as well as the effect of the rotation frequency "n" and other factors such as (vibrations and others) 
which are not considered in this study. 

- When the feedrate "f" exceeds the values (0.36, 0.26, 0.22, and 0.18) mm.rev-1, respectively for depths of cut "a" 
of values (0.3, 0.8, 1.0, and 1.2) mm, the surface roughness is poor Ra ≥ 5.1 µm (zone3). This shows that the feed 
rate has a dominant effect on the system. 

 

CONCLUSIONS 

The ANN technique offers the possibility of providing charts, which will be used for the adequate adjustment of the 
machine tool. It also makes it possible to make a sufficiently rich diagnosis during the expertise and maintenance of 
machine tools. 

The ANN analysis showed that the machine tool is still capable of providing suitable roughness values Ra ≤ 2.0 µm 
for certain regimes (area1) by comparison with the standards. Modeling by the ANN method has made it possible, 
by simulation, to generalize for all regimes suitable for this type of machining. However, its application requires a 
very rich database (large number of combinations), and presents certain problems (long learning curve, difficulty in 
choosing the most efficient network architecture). The computerized processing program allows the archiving of 
information (in the form of listing files) serving as history. 
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ABSTRACT 

The purpose of this study is to highlight the effect of the percentage of Cu on the thermal behavior of sliding couples 
copper-steel, brass-steel and bronze-steel. To do this, we consider a pin sometimes in copper, sometimes in brass 
and sometimes in bronze rubbing dry against a rotating steel disc. Using the heat equation, a model for calculating 
interfacial temperature was developed, and using a Comsol Multiphysics computer code, the results for temperature 
as a function of contact area and displacement in steady state are given. The results obtained showed that the 
chemical composition has a significant influence on the variation of the contact temperature. Indeed, it leads to 
changes in the mechanical properties and changes in the structure of leather and its alloys. 

Keywords: Copper-Steel, Brass-Steel, Bronze-Steel, Contact temperature, Comsol Multiphysics.  

 

INTRODUCTION 

Copper and its alloys are materials that find wide application in the industrial sector. Indeed, copper itself is 
characterized by good electrical and thermal conductivity, and above-average corrosion resistance. In the field of 
mechanics, pure copper cannot be used given its non-machinability. As a result, it is associated with zinc for 
concentrations ranging from 5 to 45% in order to obtain the family of brasses, which has good mechanical properties 
associated with good corrosion resistance. And when copper is associated with tin, we obtain bronze to which we 
can add phosphorus to improve its mechanical characteristics. 

The knowledge of the temperature in a friction contact is necessary in order to study its influence on the behavior in 
friction and wear [1]. Direct measurement, however, is not easy; the area of interest being mechanically stressed, 
instrumentation by surface thermocouples resists little to the stresses generated by friction [2]. Hence the need to 
use more convenient means such as infrared cameras. However, the measurement of the temperature is very 
approximate taking into account the choice of the location for taking the temperature and the phenomena of 
evacuation of heat and dissipation of energy. 

The development of computer resources now makes it possible to use digital techniques to identify the energy 
dissipated on either side of the contact and the temperatures at the interface. The development of numerical 
techniques has made it possible to implement the mechanical and thermal characteristics of rubbing materials in 
finite element calculation software [3]. 

The main objective of this study consists in evaluating the average temperatures of the pin-disk contact of the different 
dynamic couples copper-steel, bronze-steel and brass-steel, a thermal model has been developed, taking into 
account the experimental measurements of the tribological parameters. (coefficient of friction) and mechanical 
parameters (normal load, sliding speed and time). To solve this problem, using a COMSOL Multiphysics calculation 
code. 

 

Fig.1. Pin-disc contact 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

136 

Table 1. Thermal and mechanical characteristics of copper and its alloys 

 λ[Kw/m.k] ρ[kg/m3] Cp[Kj/Kg.k] E[KN/m2] V α [1/K] 

Cu 0.400 8700 0.385 0.110 0,35 17.10-6 

CuZn40Pb3 0.121 8921 0.377 0.115 0,37 18.10-6 

CuSn7ZnPb 0.059 8800 0.376 0.098 -0.115 0,36 18,5.10-6 

41CrMo4 0.0445 7850 0.475 0.205 0,28 12,3.10-6 

 

PHYSICAL EQUATIONS AND BOUNDARY CONDITIONS 

We define the energy equation in Cartesian coordinates in the transient state as follows: 

𝝆𝑪𝑷 (
𝒅𝑻

𝒅𝒕
) = 𝛁(𝝀𝛁𝑻) + 𝑺 + 𝝁∅                                                                                    (1) 

We consider the following assumptions: 

- the materials are isotropic, 

- the viscous dissipation and the compressibility effect are negligible. 

Equation (1) becomes: 

𝝆𝑪𝒑 (
𝝏𝑻

𝝏𝒕
+  𝑽𝜵𝑻) = 𝝀𝜵𝟐𝑻                                                                                                  (2)  

Solving our problem amounts to solving the heat equation in cartesian coordinates with the presence of a surface 
heat source. It takes the following form [4]: 

a) For the disc: 

 𝝀𝒅∆𝑻𝒅 = 𝝆𝒅𝑪𝒑𝒅 (
𝝏𝑻𝒅

𝝏𝒕
+ 𝑽𝜵𝑻𝒅)                                                                               (3) 

b) For the pin: 

𝝀𝒑∆𝑻𝒑 = 𝝆𝒑𝑪𝒑𝒑 (
𝝏𝑻𝒑

𝝏𝒕
)                                                                                                       (4)                

IN STEADY STATE 

𝝏𝑻

𝝏𝒕
= 𝟎                                        (5) 

The equation that governs heat transfer in the disc is: 

𝝀𝒅∆𝑻𝒅 = 𝝆𝒅𝑪𝒑𝒅𝑽𝜵𝑻𝒅                                                                                                (6) 

And in the pin: 

𝝀𝒑∆𝑻𝒑 = 𝟎                                                                                                                            (7) 

The boundary conditions are specified as follows: 

On contact, there is a heat flux generated by friction between the pin and the disc, it is noted by qt.  

Outside the contact, we have convection, it is characterized by the heat exchange coefficient hair assumes constant. 

 

RESULTS AND DISCUSSION 

Copper-steel couple 

Figure 2 shows the steady state temperature distribution at the contact surface of the sliding copper-steel couple. 
We observe that the closer we get to the contact zone at the pin-disc interface, the temperature increases to a value 
of 393.267°K, which is the maximum value at the pin-disc contact point. 
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This figure gives the evolution of the temperature in steady state of the dynamic copper-steel couple as a function of 
the displacement for P=20N and V=0.5m/s. We notice that the temperature variation is an increasing function with 
the displacement along the X axis, [392.78°K to 393.27°K] for a displacement of [0.005mm to 0.011mm], then it 
decreases from [393.26°K to 392.3°K] for a displacement of [0.011mm to 0.017mm]. 

 

Brass-steel couple 

Figure 4 illustrates the steady state temperature distribution at the contact surface of the brass-steel couple for P=20N 
and V=0.5m/s. We observe that the closer we get to the point of contact of the pin-disc, the temperature increases 
to a value of 337.28°K which is the maximum value. 

                

 

 

The steady state temperature curve along the X axis of the brass-steel couple is shown in Figure 5. We notice that 
the temperature variation is a variant function with the displacement, it increases from 337.025°K to 337.27°K, a 
difference of 0.24°K for a displacement of [0.005 to 0.011], then, in observes a small decrease in temperature from 
337.27°K to 336.82°K for a displacement of [0.011 to 0.017]. The temperature difference between the copper-steel 
and brass-steel couple is 56°K. 

 

Bronze-steel couple 

Figure 6 shows the steady state temperature distribution at the contact surface of the bronze-steel sliding couple. 
We observe that the closer we get to the contact zone at the pin-disc interface, the temperature increases to a value 
of 344.231°K which is the maximum value. 

 

Fig 2. The temperature distribution at the contact 
surface for the copper-steel sliding.  

Fig 3. Evolution of the contact temperature 
versus displacement in steady state for the 

copper-steel couple.  

Fig 4. The temperature distribution at the contact 
surface of the brass-steel couple. 

Fig 5. Steady-state temperature evolution of the 
brass-steel sliding couple for (P=2N and V=0.5m/s).  
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Figure 7 shows the steady state temperature curve along the x axis of the bronze-steel couple. We notice that the 
temperature variation is a variant function with the displacement, it increases between 343.93°K to 344.231°K, a 
difference of 0.32°K for a displacement of (0.005mm to 0.011mm), then , observes a small decrease in temperature 
between (344.231°K to 342.8°K) for a displacement of (0.011mm to 0.017). The temperature difference between the 
bronze-steel and copper-steel couple is 49°K. 

 

CONCLUSIONS 

The numerical calculation by COMSOL of the temperature field from the modeling of the pin-disc contact, allowed us to 
predict the thermal behavior of the different tribological couples copper-steel, brass-steel and bronze-steel using a 
defined coefficient of friction experimentally for the same operating conditions (normal load, sliding speed) and shows 
the following points: 

- The coefficient of friction and one of the parameters which has a considerable influence on the temperature distribution 
for the dynamic contacts for each couple. 

- The average contact temperature of the copper-steel pair is higher than that of the brass-steel and bronze-steel couple 
because of the thermal and physical properties of copper. 

 

NOMENCLATURE 

CP         Specific heat at constant pressure, Kj/Kg.k 

           Thermal conductivity, Kw/m.k 
T           Temperature, K 

            Density, kg/m3 
t            Time, s 
E            Elasticity module, KN/m2 

            coefficient of expansion 1/K 
µ            coefficient of friction 
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Fig 6. The temperature distribution at the 

contact surface of the bronze-steel couple. 

Fig 7. Steady-state temperature evolution of 

the bronze-steel sliding couple. 
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ABSTRACT  

In the present study, a numerical model for air gasification of municipal solid waste (MSW) in a bubbling fluidized bed 
reactor was developed in Aspen Plus® software. A parametric study was performed to analyze the effects of important 
parameters like gasification temperature (700-1000°C) and equivalence ratio (ER) (0.1-0.5) on the performance of the 
gasifier. Then the model is used for comparative performance analysis of three selected MSW sources (rubber tyre 
waste, waste paper and organic domestic wastes). The composition of the syngas was significantly affected by changing 
the gasifier temperature and ER. Energy and exergy efficiencies are more sensitive to ER variation rather than 
gasification temperature. Among the three types of MSW considered, organic domestic waste showed the highest 
gasification efficiency.  

Keywords: Gasification, Municipal solid waste, Aspen Plus, Energy efficiency, Exergy efficiency 

 

INTRODUCTION 

In recent years, global climate change and environmental pollution together with the consumption of fossil fuel 
reservoirs, have encouraged researchers to perform renewable energy based power generation systems to reduce 
greenhouse gas emissions [1].  Biomass, one of the most abundant renewable energy sources, can be used directly 
or converted into liquid/gaseous fuels by various processes (thermochemical, biological and biochemical) for heat 
and power generation [2]. Municipal solid wastes can be utilized as biomass resources. Solid waste management is 
the most difficult challenge that many countries are currently facing. Gasification is one of the most promising 
thermochemical conversion processes for waste management due to higher efficiencies of producer gas and its low 
investment costs [3]. Bubbling fluidized bed (BFB) gasifier provides good heat and mass transfer, a larger operating 
capacity, and flexibility for fuel type [4]. The Aspen Plus® Simulator has become quite popular among researchers, 
especially for modeling chemical processes based on equilibrium. Although several studies have been conducted to 
model biomass gasification using Aspen Plus® [5-7], there are limited municipal solid waste BFB gasification studies 
considering aspects of energetic and exergetic. 

In this study, a new BFB gasifier model has been developed to investigate municipal solid waste gasification process 
in Aspen Plus® software. A parametric study of the effective parameters on the gasifier performance was performed. 
The impacts of parameters including gasification temperature and equivalence ratio on syngas composition, energy 
efficiency and exergy efficiency were studied. Moreover, gasification performance of three selected MSW sources 
(rubber tyre waste (RTW), waste paper (WP) and organic domestic waste (ODW)) was compared under the same 
operating conditions as well. 

 

METHODOLOGY  

Biomass Samples 

Four different types of solid wastes were selected as fuel in simulations. The fuel characteristics are presented in 
Table1. 
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Table 1. Proximate and ultimate analysis of MSW [8], RTW [9], WP [10], ODW [10] 

 MSW RTW WP ODW 

Proximate Analysis (mass fraction %)     

Fixed Carbon 10.58 21.80 9.18 11.00 

Volatile Matter 72.60 71.60 82.90 40.20 

Ash 16.82 6.60 7.92 48.80 

Ultimate Analysis (mass fraction %)     

C 49.23 81.15 49.31 25.84 

H 8.15 7.10 7.07 3.32 

O 23.73 3.32 34.85 20.75 

N 1.82 0.25 0.70 1.29 

S 0.25 1.58 0.15 - 

Moisture Content (&) 6.6 1.48 5.17 9.70 

 

Model Description 

The BFB gasifier model that follows the laws of mass, energy, and chemical balance has been developed using 
Aspen Plus® (Fig.1). Descriptions of the unit blocks in the model are illustrated in Table 2. 

 

Fig. 1. Process flow diagram of the proposed model 

 

Table 2. Description of blocks used in Aspen Plus® simulation 

Block  Block Type Description 

DECOMP RYield Converts non-conventional biochar into its conventional components. 

RSTOIC RStoic Simulates the production of H2S and NH3 

SEP1 Sep Removes the inorganic contaminants produced in RSTOIC reactor from main stream. 

R1 

R2 

RGibbs 

RGibbs 
Simulates pyrolysis and gasification reactions by utilizing the Gibbs energy minimization approach. 

R3 RStoic Simulates combustion reactions 

SEP2 Sep Seperates the pyrolysis products into three streams: CHAR+VOL, SEPCHAR and SEPGAS.  

AIRSPLIT FSplit Splits the gasification agent in different ratios for R2 and R3 reactor. 

SEP3 Sep Removes undesired components (water and ash) from syngas. 

FINALMIX Mixer Merges INORGA and DRYSYN streams into PRODUCT output stream. 
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Energy and Exergy Analyses 

The energy and exergy efficiencies of the gasifier are calculated as the ratio of useful output value divided by the total 
input value. The formulas will be given in the full-length paper in detail. 

 

RESULTS AND DISCUSSION 

Model Validation 

The Aspen Plus® model has been validated using experimental data from Kim et al. [11] and Karatas and Akgun 
[12]. Table 3 presents a comparison of the operational settings, simulation results from the current model, and data 
from the literature. Model results show good agreement with experimental data. 

 

Table 3. Model validation results 

Results Case 1 Case 2 

Experimental [11] Model Experimental [12] Model 

Biomass feedstock Wood pellet Wood pellet Walnut shell Walnut shell 

Biomass feed rate (kg/h) 55 55 0.898 0.898 

Gasification temperature (°C) 800 800 770 770 

Gasifying agent Air Air Air Air 

Equivalence ratio (ER) 0.27 0.27 0.19 0.19 

Syngas composition (%v/v. dry)     

H2 16.1 17.39 8.4 9.75 

CO 15.0 15.19 17.1 14.65 

CO2 16.0 14.48 13.8 15.14 

CH4 4.6 6.75 5.2 7.46 

 

Parametric Study 

In this part, effective parameters have been selected to examine their impact on the performance of the BFB gasifier. 
MSW was used as fuel to perform the parametric studies. The impact of gasifier temperature and equivalence ratio on 
syngas composition, energy and exergy efficiencies of gasifier was analyzed. In the present study, parametric study 
was carried out by changing gasification temperature between 700 °C and 1000 °C and the equivalence ratio between 
0.1 and 0.5.  

 

Effect of Gasification Temperature 

Effect of gasification temperature on syngas composition is shown in Fig.2a. Increasing temperature increases H2 and 
CO concentrations in syngas, while CO2 and CH4 concentration decrease with the increase in temperature. At lower 
temperatures, water gas shift reaction contributed to hydrogen production, but this reaction is unfavorable at high 
temperatures. Therefore, H2 concentration decreases after 750 °C. The energy and exergy efficiency increase with 
increasing gasification temperature (Fig.3a)  

 

Effect of Equivalence Ratio (ER) 

The variation of syngas composition with ER is illustrated in Fig. 2b. H2 and CH4 concentration decreases with 
increasing ER while CO2 concentration increases. The CO concentration initially increased with ER. Then its 
concentration decreases. Energy efficiency is reduced by the decrease in LHV of syngas, however the efficiency first 
rises due to the increasing amount of syngas yield and then decrease with increasing ER. Exergy efficiency of the 
gasifier first increases and then reduces as ER rises similar to energy efficiency (Fig. 3b). 
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(a) (b) 

Fig. 2. Effect of a) gasification temperature and b) ER on syngas composition 

 

A Comparison Among Various Sources of Municipal Solid Wastes 

Effect of feedstock type on syngas composition and calculated gasification efficiencies are given in Table 4. The syngas 
composition and gasification efficiencies of three selected MSW sources were compared under the same conditions. 
The gasification temperature is 770 °C, ER is equal to 0.25, and fuel feeding rate is 25 kg/hr for the simulations. 

 

Table 4. Comparison of syngas composition and gasification efficiencies for different type of biomasses 

Sample Rubber Tyre Waste Waste Paper Organic Domestic Waste 

Syngas composition (%v/v. dry)    

H2 10.89 14.20 12.98 

CO 14.72 12.88 14.00 

CO2 5.11 14.12 15.71 

CH4 4.13 8.23 7.59 

Energy efficiency (%) 53.9 71.4 76.1 

Exergy efficiency (%) 45.3 63.8 65.4 

 

 

  

(a) (b) 

Fig. 3. Effect of a) gasification temperature and b) ER on energy and exergy efficiencies 
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CONCLUSIONS 

A new thermodynamic equilibrium model was developed for the simulation of MSW air gasification in a BFB gasifier by 
utilizing Aspen Plus®. The numerical model was verified with experimental data. A good agreement between the 
predicted and experimental data was achieved regarding product gas composition. Variables including gasification 
temperature and ER ratio were studied in parametric studies for their effects on gas composition, energy and exergy 
efficiencies. A comparative study was also conducted for the gasification performance of three different MSW 
sources. The composition of the syngas was significantly affected by changing the gasifier temperature and ER. 
Changes in ER affect energy and exergy efficiencies significantly. The highest gasification efficiency and CO2 
concentration in the producer gas obtained in the gasification of organic domestic waste.  
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ABSTRACT 

In this study, the effect of the addition of biodiesel obtained from waste oil at different rates (0%, 10% and 20%) toEN 
590 diesel fuel on engine performance and emissions was investigated experimentally. During the experiments,an 
air cooled, direct injection, direct injection, naturally aspirated, single cylinder and four stroke engine was used.Since 
the test engine is an engine that farmers commonly use for agricultural purposes, the effect of biodieselobtained by 
recycling waste oil on engine performance and emissions has been experimentally investigated. Fromthe results 
obtained, while there was no significant change in thermal efficiency with increasing biodiesel ratio, asignificant 
decrease occurred in soot emissions. 
 
Keywords: Biodiesel, emission, smoke, NOx 
 

INTRODUCTION 

Today, increasing emission regulations and the arrival of Stage 5 emission standards for the engines of agricultural 
moving tools in Europe and many countries are pushing engine manufacturers. Because, engine manufacturers do 
not want to use the common-rail system in single-cylinder engines used for conventional purposes because it is not 
economical. For this reason, it tends to seek alternatives. Biodiesel, which is produced from waste oils, is an 
environmentally friendly fuel that provides significant improvement in emissions, especially soot emissions. For this 
reason, the effect of biodiesel on internal combustion engine pollutant emissions has been brought to the agenda by 
many researchers. In the literature, there are many studies on the subject. Some of these studies are summarized 
below. Paswan et al. [1] investigated the effect of 5%, 10%, 15%, 20% and 25% Polanga biodiesel addition on engine 
performance and emissions. In their results, it was concluded that biodiesel did not have a significant effect on thermal 
efficiency, but improved NOx and PM emissions. Paswan et al. [2] In another study, the effect of 30%, 50% and 70% 
corn oil biodiesel and turpentine mixture on engine performance and emissions in a single-cylinder four-stroke diesel 
engine was investigated. From the results obtained, there was no significant change in thermal efficiency, while a 
significant improvement was achieved in emissions. In this study, the effect of the addition of biodiesel obtained from 
waste oil (0%, 10%, and 20%) to EN 590 diesel fuel on engine performance and emissions was experimentally 
investigated. The effect of different ratios of biodiesel on stage 5 emission regulations has been experimentally 
investigated. 

 

RESULTS AND DISCUSSION 

The image of the experimental set is given in Figure 1 below. Tests were performed on a single cylinder, air cooled, 
four stroke, direct injection compression ignition Torque engine, code RF 90. On the other hand, the motor is loaded 
with the help of a DC alternator with a capacity of 15 kW. The control of the loading system of the engine was carried 
out with the NI card and Labview software. On the other hand, emissions such as NOx and CO were measured with 
MRU brand 5 gas emission meters. On the other hand, smoke emissions were measured with Bosch BEA 550 brand 
and model soot meter. Again, data collection was carried out thanks to the NI card. Fuel flow measurement was 
made over frequency (with the help of the frequency-flow graph provided by the manufacturer) with the help of a 
miniature gear type flowmeter. Within the scope of the study, engine performance and emissions were investigated 
by mixing biodiesel emission obtained from waste oil (0%, 10% and 20%) with diesel fuel. All tests were performed 
at 3000 rpm nominal engine speed and 7 HP engine load. 
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Fig. 1 Photograph of the test set-up 

 

As can be seen in Figure 2 with the addition of biodiesel, it was determined that there was a slight decrease in the 
thermal efficiency. However, assuming that this change will remain between measurement uncertainties, it has been 
concluded that it will not cause a significant decrease in thermal efficiency. 

 

 

Fig. 2 Effect of biodiesel addition on thermal efficiency 

 

Afterwards, the effect of adding different amounts of biodiesel on smoke emissions was investigated experimentally. 
The effect of adding different amounts of biodiesel to the engine on soot emissions was investigated under the 
condition of 7 Hp engine load and 3000 rpm engine speed. From the results obtained, it was concluded that there 
was a significant improvement in smoke emissions with increasing biodiesel ratio. With the increase of biodiesel ratio 
(10% and 20%), soot emissions decreased to approximately one-third and one-seventh, respectively. 
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Fig. 3 Effect of biodiesel addition on smoke emission 

 

CONCLUSIONS 

In this study, the effect of different ratios of biodiesel (0%, 10% and 20%) on thermal efficiency and soot emissions 
was experimentally investigated in a single cylinder, naturally aspirated, four stroke and direct injection engine. All 
experiments were carried out at 3000 rpm engine speed and 7 HP full load. Tests were carried out by mixing biodiesel 
fuel obtained from waste oil with EN 590 diesel fuel. From the results obtained, soot emissions decreased to 
approximately one-third and one-seventh, respectively, with increasing biodiesel ratio (10% and 20%). 
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ABSTRACT  

In recent decades, microgrids have been popular as an excellent method for utilizing distributed generation, renewable 
energy sources, and energy storage technologies to reduce fuel consumption and consider environmental concerns. 
This study aims to offer a novel hybrid strategy mechanism for load frequency control of a time-delay stand-alone 
microgrid, including electric vehicles (EVs) and storage systems. This strategy consists of a PDF Controller in the first 
part and a (1+PI) in the second stage. Moreover, the reptile search algorithm (RSA) is used to optimally tune the 
controller’s coefficients. It has been shown that the suggested technique is effective in time-domain features and 
robustness to various uncertainties. The results demonstrate the PDF+(1+PI) controller’s superiority among other 
controllers under load disturbances and system nonlinearity. In addition, besides having better results in the presence 
of EVs and storage systems, the lifespan of electric vehicles’ batteries is extended with the proposed controller, which 
is discussed in great detail.  

Keywords: Load Frequency Control, Electric Vehicle, Microgrid, Reptile Search Algorithm  

 

INTRODUCTION 

The health hazards of traditional energy sources have contributed to the penetration of renewable energy sources 
into the electricity systems. As more renewable energy sources (RES) are integrated into distribution networks, a 
new system known as a microgrid (MG) has emerged. On the other hand, with the entrance of these new resources 
into power system, the system's level of complexity and unpredictability has increased [1]. The LFC's role in power 
systems is to establish a power balance so that the frequency of the system varies only within defined boundaries, 
and as a result, to preserve the system's dynamic characteristics. Generally, frequency fluctuation is a critical issue 
because it tends to display more significant mismatches between power supply and demand. Hence, an appropriate 
control strategy must be implemented to ensure that the specified frequency rate is fulfilled [2]. 

 In recent studies, many various controllers have been implemented to improve the performance of the LFC system. 
A generic type-2 fuzzy logic set for MGs, including EVs, has been presented to develop better and more impactful 
LFC [3]. Furthermore, a multi-area power systems' frequency response is improved by using a new controller that 
incorporates components from three different controllers: a FOPID, a TID, and a 2DOF controller which has subjected 
to a sensitivity analysis to demonstrate its resilience to alterations in the grid parameters [4]. Another paper provided 
an efficient PID controller for LFC in a microgrid with a model for EVs [5]. It’s decided to use a PSO-based ANN 
approach to modify the PID controller coefficients. The findings indicated that the system becomes stable in the least 
amount of time when using PSO-based ANN. In addition, because of the unpredictable power production of RES 
and low output voltage, DC-DC converters are employed in MGs to raise the voltage level. Controlling the dynamic 
behavior of these converters to enhance the system's overall performance has attracted the attention of researchers 
[6]. 

The automobile industry's growth appears to lie with EVs, which encourage energy-saving and are favorable to the 
environment. The fact that electric vehicles may be employed as energy storage units in power grids, further 
strengthens the case for their widespread adoption. Therefore, MGs may benefit from deploying EVs, offering load 
balancing and more flexible operations [7]. In this paper, a novel control design in LFC of the time-delay stand-alone 
microgrid system with integrating the EVs and storage systems is analyzed. This strategy consists of a PDF Controller 
in the first part and a (1+PI) in the second stage. The suggested controller is simple to implement and may be used 
in various industrial applications. In addition to being more sensitive to disturbances, this controller shows better 
performance when the system is uncertain. The RSA approach is also used to get the best values for the proposed 
controller's variables. This algorithm has a fast convergence rate and is more effective at discovering viable solutions 
[8]. Finally, this research focuses on achieving more outstanding performance than prior methods using the RSA-
tuned PDF+(1+PI) controller. 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

148 

ISLANDED MICRO GRID MODEL 

The case study in this paper is an isolated MG that includes different types of distributed generation sources composed 
of photovoltaics (PVs), diesel generator, wind turbine generations (WTG), Flywheel Energy Storage System (FESS), 
Battery Energy Storage System (BESS), EVs and loads.  

The Electric Vehicle Model  

It is necessary to employ equivalent EVs with various inverter capabilities to simulate them. This is because there are 
variable counts of EVs in every EV station. Figure 1(a) depicts an equivalent EV model that may be used to regulate 
load frequency [9]. In this model, the performance of a single EV's battery feature is shown, and the overall charging or 
discharging power in a controlled condition is estimated. This model’s input is the LFC signal which is sent to EV (∆uE) 
and the output is charging or discharging power of it (ΔPE). EV is in the unproductive state in a time that ΔPE = 0; it is in 
discharging state when ΔPE > 0, and ΔPE < 0 determines that the EV is charging. Complete instructions on how to 
model EVs and their equations are discussed in [9]. 

General Design of Micro grid Model 

The structure of the proposed LFC in the isolated MG is depicted in Fig. 1(b). Power disturbance in this model has three 
sections: load changes (∆PL), wind power generation (∆PW), and photovoltaic generation (∆PPV) fluctuations [3]. More 
information about the parameters of the MG system utilized in Fig. 1(b) can be found in [3]. 

 

Fig. 1. (a): Equivalent model of EV in MG, (b): Overall MG scheme  

 

HYBRID PDF+(1+PI) CONTROLLER 

The behavior of the integral element through the transient conditions in PID controller decreases the speed and stability 
of the system. Hence, when using a basic PID controller, achieving optimum operation in terms of steady-state 
performance is time-consuming, and the system's performance suffers as a result. Utilizing a two-phase PD/PI controller 
can resolve the problem and control the response speed by defeating the steady-state error and providing the system's 
stability. In this investigation A proportional derivative filter (PDF) with a proportional integral (1+PI) controller is used. 
Finally, a series connection links the controller's PDF and (1+PI) together, as illustrated in Fig. 2(a). In addition to having 
more outstanding disturbance rejection, the suggested controller performs more successfully when the system is 
unpredictably noisy [10]. The suggested controller's transfer function and mathematical expression are shown in Eq. 
(1) and Eq. (2). KP, KP2 show the proportional, KD and KI describe the derivative and integral gain coefficients, and N is 
coefficient of the filter. The output of the PDF+(1+PI) controller is the input of the diesel engine generator and two electric 
vehicles. 
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OBJECTIVE FUNCTION 

The controller specifications and the MG's LFC effectiveness can benefit greatly from an awareness of the objective 
function. It is thus necessary to use a performance index deriving from the ΔF to evaluate the effectiveness of a control 
system by minimizing the time-domain characteristics of the system. When it comes to time and frequency integration, 
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the objective function in this article is defined as the integral of squared time multiplied by squared error (ISTSE), and 
the evaluation functions are stated as the integral of time multiplied by squared error (ITSE) and the integral of squared 
error (ISE). Objective and evaluation functions equations are described here: 

2 2 2 2

0 0 0
( ) , ( ) , ( )

sim sim sim

ISTSE ITSE ISE

t t t

J t F dt J t F dt J F dt=  =  =                                                      (3) 

where tsim signifies the simulation time of the system and ΔF denotes the frequency fluctuation. These functions take 
the error signal of frequency variations as input and reduce it to zero within parameters of the controller. 

 

OPTIMIZATION ALGORITHM 

The Reptile Search Algorithm is a new natural-inspired optimizer influenced by crocodile hunting habits. According to 
RSA's findings, it shows better performance than other optimization techniques [8]. The RSA differs from other methods 
in that it has a novel approach created to update the locations of the solutions utilizing four unique strategies [8]. In this 
method, the optimization process begins with a collection of possible solutions (X) created randomly, and the greatest 
answer is regarded as the optimal solution for each iteration. This set of possible solutions is produced by Eq. (4): 

( ) , 1,2,...,ijx rand UB LB LB j n=  − + =                                                      (4) 

where rand denotes a random value, LB and UB show the lower and upper bound, respectively. The RSA can also 
switch between encircling and hunting phases. Two requirements must be met before this searching phase begins: 
High walking is conditioned by t < T/4, whereas belly walking is conditioned by t < T/2 and t > T/4 which is represented 
as follows: 
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where Bestj(t) shows the jth position in the best answer, t denotes the iteration number, and T is the maximum iterations. 
η refers to the hunting operator, β is a parameter that regulates the exploration exactness. Throughout the number of 
iterations, the probability ratio known as the evolutionary sense (ES(t)) takes on reducing values at random. Ultimately, 
crocodiles finish the hunting procedure by fighting their prey until it cannot move any longer. The complete descriptions 
and equations guiding the suggested method are discussed in [8]. 

 

Design of RSA Based PDF+(1+PI) Controller  

Basically, to apply the recommended controller effectively in the LFC process, it is vital to optimize KP, KD, KP2, and KI 
in the proper way possible. As a result, the RSA is used to define the suggested controller parameters in this study. 
Figure 2(b) shows an insight into the design procedure for the suggested controller with the ISTSE index, which employs 
the RSA. The recommended controller parameters are shown in Eq. (6). It’s assumed that the minimum values of 
coefficients are 0.001 and their maximum value is equal to 5, the population is set to 50 and maximum iteration is 100. 

24.9938, 4.9798, 4.8338, 4.9005, 95P I D PK K K K N= = = = =                                                    (6) 

 

Fig. 2. (a): PDF+(1+PI) controller structure, (b): Suggested controller design process  
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SIMULATION RESULTS  

Case 1  

The effectiveness of the PDF+(1+PI) controller and its robustness in comparison to other controllers in the stand-alone 
MG case study are evaluated in this section. These simulations were executed in MATLAB/SIMULINK 2019 software. 
The accomplished results are compared with PID and PD-PI controllers. Here, the isolated MG is assumed to be in the 
steady-state at first, and then a step load deviation (∆PL = 0.05) at t = 10s is applied to the system; while the power 
fluctuations of PV and the wind turbine are considered to be constant (∆PW, ∆PPV = 0). Figure 3(a) shows how the MG's 
frequency fluctuates. It’s clear that the PDF+(1+PI) controller enhances transient response specifications. Consequently, 
the proposed controller's settling time is considerably quicker than the PD-PI and PID controllers and significantly 
reduces overshoot and undershoot. Figure 4 illustrates the power incremental outputs of EVs and DG with different 
controllers. The PDF+(1+PI) controller, as can be seen, suggested a more balanced output power with minor adjustment 
frequency. Hence, the battery's lifespan will be extended. 

 

Fig. 3. (a): Frequency deviation of MG according to case 1, (b): Power fluctuation waveform of PV in 90 seconds 

 

Case 2  

In the end, in order to measure the time-delay MG in more complicated circumstances, load fluctuations are applied as 
step changes (see Fig. 5(a)). Furthermore, both disturbances of the photovoltaic (see Fig. 3(b)) and wind turbine (see 
Fig. 5(b)) are applied to the studied system. It should be noted that the results are obtained by considering the EVs and 
DG limitations. Fig. 5(c) shows the frequency variation of the MG. Under these circumstances, MG's frequency deviation 
reaction is excellent with the suggested controller, giving it a distinct edge over other controllers. 

 

Fig. 4. Power outputs of EVs and DG 

 

 

Fig. 5. (a): Load step changes, (b): Wind Power Generation fluctuations (C): Frequency deviation of the MG based on case 3 
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CONCLUSION 

This paper evaluated a hybrid PDF+(1+PI) controller for managing the load frequency of a MG considering EVs and 
storage systems, without introducing any more complexity to the system. The RSA method optimizes the suggested 
controller's parameters. The usage of the reptile search optimization process is very innovative and the controller 
behavior analysis has been tested by applying step inputs to the MG in various situations. The suggested control 
approach outperforms PID and PD-PI controllers regarding settling time, undershoot and overshoot reduction. 

Funding: This work was supported by the National Research Council of Thailand (NRCT) Grant No. N42A640328.   
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ABSTRACT  

In this paper, the algorithm variable forgetting factor recursive least squares (VFF-RLS) algorithm is applied in an 
acoustic echo canceller (AEC). The RLS type algorithms are known for their performances, especially their convergence 
rate. These performances are controlled by the value of the forgetting factor, which must be carefully chosen to ensure 
a good compromise between convergence rate, stability and tracking. The VFF-RLS algorithm provides a good solution 
to this problem of choosing the forgetting factor. In a comparative study, VFF-RLS is compared with classical RLS in 
the context of acoustic cancellation using real signals to show the effectiveness of VFF-RLS. 

Keywords: AEC, adaptive filtering, classical RLS, forgetting factor, VFF-RLS. 

 

INTRODUCTION 

Acoustic echo cancellation has become an application of great importance with the increasing use of so-called hands-
free communications in various fields: telephony, teleconferencing, IP networks, etc [1]. The objective of an AEC is 
to eliminate the echo signal that appears in a communication between two speakers when using the "hands-free" 
mode where a delayed and distorted version of the signal from the far speaker is transmitted back to this speaker 
which degrades the quality of communication [2].  

Classically, AECs use adaptive filtering algorithms which can be divided into two main categories: LMS known for 
their limited performance but great simplicity in calculations and RLS known for their good performance with high 
calculation complexity [3]. 

The performances of the RLS algorithms in terms of convergence, tracking, misalignment and stability depend on 
the value of the forgetting factor λ. The classical RLS algorithm uses a constant forgetting factor (0 ≤ λ ≤ 1), which 
must ensure a trade-off between the above performance criteria. When the forgetting factor is very close to 1, the 
algorithm achieves low misalignment and good stability, but its tracking capabilities are reduced. A smaller value of 
the forgetting factor improves tracking but increases misalignment, which could affect stability. Due to these issues, 
several RLS algorithms with variable forgetting factor (VFF-RLS) have been developed (see [4-7] and the related 
references). The performance and applicability of these algorithms for system identification depends on several 
factors, such as: the ability to detect changes in the system, the level and nature of noise that usually affects the 
output of the unknown system, the complexity, and the stability issues [4]. 

Note that in the context of system identification in general, when the output of the unknown system is affected by 
another signal (which is usually additive noise, or alternatively the local speaker signal in the case of AEC), the goal 
of the adaptive filter is not to bring the error signal to zero, since this introduces noise into the adaptive filter, but 
rather to recover the "disturbing signal in the error  signal of the adaptive filter after it has converged to the correct 
solution. Based on this condition, the algorithm VFF-RLS algorithm is proposed in [4], whose mechanism controlling 
the forgetting factor is very simple and inexpensive in terms of complexity. Moreover, the proposed algorithm has 
good tracking capabilities, stable behavior and is very robust to different variations of the excitation signal. 

The aim of this paper is to use a variant of the RLS algorithm (VFF-RLS), commonly proposed and used in an 
identification context, which we will apply in an AEC that has its peculiarities compared to other systems, in order to 
verify its effectiveness in improving the properties of the adaptive filter, in particular the tracking ability of variations 
in the impulse response of the echo path. 

This paper is organized as follows: section 2 gives the general concept of AEC, section 3 and 4 presents 
mathematical formulation of RLS and VFF-RLS algorithms; and finally, results are discussed in section 5. 
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ACOUSTIC ECHO CANCELLATION 

The principle of acoustic echo cancellation based on adaptive filtering is shown in figure 1. The general concept is to 
estimate the echo signal y(n) from the far-end signal x(n) using an adaptive filter. This is a typical example of system 
identification where the system to be identified is the impulse response of the echo path. 

 

Fig 1. General concept of AEC. 

The microphone signal is obtained as follow: 
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b(n) is the noise signal 
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 =    : impulse response of the echo-path with a tap-length L. 
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L n x n x n x n L = − − +  : vector of L past samples of the far-end signal.  

In simple talk situation, the echo cancellation is simply obtained by subtracting the estimate of echo signal y(n) from 
the microphone signal d(n), the estimated echo signal is a combination of fad -end signal and coefficients of adaptive 
filter w as following: 
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We get the error signal: 

( ) ( ) ( )e n d n y n= −                                                                                                                                                       (3) 

( ) ( ) ( )w x
T

Le n d n n= −                                                                                                                                               (4) 

Ideally, this error is equal to zero in the simple talk situation considered in this paper (v(n) =0). 

 

RLS ALGORITHM 

RLS algorithms are known for their better performance; in particular, they have better convergence on highly 
correlated signals such as audio and video, unlike LMS algorithms, but at the expense of computational complexity. 
[8, 9]. 

Consider the design of an adaptive FIR filter and the search for these coefficients: 
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With 10    is the forgetting factor and e(n) is obtained from (3) [3, 10]. 

 

Table 1. RLS algorithm summary 
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VFF-RLS ALGORITHM 

From the equation of error in table.1 a priori error is: 

( ) ( ) ( ) ( 1)x w
Te n d n n n= − −                                                                                                                                          (6) 

If we consider the context of acoustic echo cancellation, where the microphone signal d(n) contains the echo signal 
y(n) plus the noise signal b(n) (the near-end signal v(n) is not considered, since in a double-talk situation and when 
using an efficient DTD, the update of the coefficients of the adaptive filter is stopped), the a priori error is written: 

 ( ) ( ) ( 1) ( )x h w
Te n n n b n= − − +                                                                                                                                  (7) 

In the same way the a posteriori error of equation (2.46) is written: 

 ( ) ( ) ( ) ( )x h w
Tn n n b n = − +                                                                                                                                        (8) 

using (7) and the last equation in table 1 in (8), we obtain: 

( ) ( ) 1 ( ) ( )x k
Tn e n n n  = − 

                                                                                                                                                 (9) 

in this context of acoustic echo cancellation, it is desirable to restore the additive signal of the error signal, therefore 
we can establish the following condition:    

2 2( ) bE n   = 
                                                                                                                                                         (10) 

where E[.] denotes mathematical expectation and 2 2 ( )b E b n  =  
 is the power of additive noise. Substituting (10) into 

(9) and considering equations of table 1, we can write:  
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Where:  ( ) ( ) ( 1) ( )x Q x
Tn n n n = −  

in equation (11) assumes that the input signal and the error signal are uncorrelated, which is the case when the filter 
begins to converge to the correct solution, and that the forgetting factor is deterministic and a function of time. 
Therefore, by solving the quadratic equation (11), we obtain the expression for the variable forgetting factor: 
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Where :  2 2( ) ( )E n n   = 
 

in practice, the variance of the error signal can be estimated using the following formula: 

2 2 2ˆ ˆ( ) ( 1) (1 ) ( )e en n e n  = − + −                                                                                                                                 (13) 

Where 1 1/ ( )KL = −  , with 1K  .  

The variance of θ(n) is estimated in the same way: 

2 2 2ˆ ˆ( ) ( 1) (1 ) ( )n n n    = − + −                                                                                                                                (14) 

The estimate of noise power 
2ˆ ( )b n   can be determined in several ways [4]. 

Theoretically, ( )e bn   in equation (12). Compared to the NLMS algorithm (where gradient noise is present so that 

( )e bn   ), the RLS algorithm with ( ) 1n    leads to ( )e bn   . 

In practice (when power estimates are used), there are several situations to avoid in equation (12). If  ˆ ˆ( )e bn  , we 

can set  
max( )n = , where λmax is very close to or equal to 1. However, this may be a limitation since in the steady 

state of the algorithm, ˆ ( )e n   varies around ˆb . A more reasonable solution is to set 
max( )n =  if: 
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With 1 2  , otherwise, the forgetting factor of the algorithm VFF-RLS is evaluated as follows:       
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RESULTS AND DISCUSSION 

In this section, we will apply this algorithm in an AEC system to show its effectiveness in improving its overall 
performance, in particular its tracking ability compared to the classical RLS algorithm. For this purpose, we have 
chosen three scenarios, in this case we consider the case of simple Talk and therefore three signals for the near-
end speaker taken from the TIMIT database [11], each consisting of 44000 samples and shown in figure 2. A 
measured acoustic impulse response of a car cockpit is used in this simulation (figure 3). It is sampled at 16 kHz with 
a tap-length of L=512 [12, 13]. 
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Fig 2. Speech signals: (a). far-end signal (Sc1). (b). far-end signal (Sc2). (c). far-end signal (Sc3). 

 

 

Fig 3. Impulse response of car cockpit. 

 

The parameters of the RLS algorithm are set to δ=0.09 for the regularization parameter and two values for the 
forgetting factor λ=0.9991 and λ=1, which represent the two extreme values and were selected after several tests. 
For the algorithm VFF-RLS the parameters are set as follows: α=0.98, β=0.99, ρ=1.2, ς=0.0001, λmax=0.9991. 
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The noise is added directly to the echo signal y(n), it is white Gaussian noise with different SNR values. To simulate 
the change in impulse response of the echo path, we multiplied its coefficients from the 22000 sample by 6. The 
performance evaluation is done using the misalignment and ERLE.  
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Figures 4 and 5 show the results obtained for a signal to noise ratio SNR value of 20dB for the first scenario. The 
SNR is calculated as: 
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Fig 4. Misalignments evaluation. 

 

We notice in this result that in the first period "A" (before the change of the impulse response) the curve of VFF-RLS 
overlaps that of the RLS with λ=1, because in this period the forgetting factor of the VFF -RLS, chosen according to 
equation (4.10), is always λ(n)= λmax=1 and its behavior is identical to that of the RLS, while for the RLS with 
λ=0.9991 we notice that it is less efficient. It is worth remembering that decreasing the forgetting factor decreases 
the convergence, improves the tracking ability and affects the stability of the algorithm. 

In the period "B" and after the change of the impulse response of sample 22000, the RLS algorithm with λ=1 cannot 
follow this change but keeps its stability, the RLS algorithm with λ=0.9991 has a good tracking ability but its stability 
is affected, causing it to deviate at the end of the sequence. The VFF-RLS algorithm provides a good trade-off 
between stability, convergence, and tracking ability, making it the most efficient in this context. 

To confirm the superiority of VFF-RLS compared to classical RLS, we tested these algorithms in three scenarios with 
different SNR values. Table 4.1 summarizes the quantitative results with respect to ERLE. 
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Fig 5. ERLE evaluation. 

 

Table 2 shows that for low SNR values (high noise level), the RLS with λ=1 is more efficient due to its stability than 
the RLS with λ=0.9991, which diverges at the end of the sequence, as we saw in Figure 4.2 for an SNR=20. For high 
SNR values, where the noise does not affect the stability much, the RLS with λ=0.9991 is better than the RLS with 
λ=1. In both cases, the VFF-RLS is always the most efficient because of the trade-off it ensures. 

Figure 6 is a graphical illustration of the previous table, showing the average ERLE obtained between the three 
scenarios for each noise level. 

. 

Table 2. ERLE obtained in a noisy environment. 

SNR 

(dB) 
Sc 

RLS with λ=1 RLS with λ=0.9991 VFF-RLS 

min mean max min mean max min mean max 

10 

Sc1 -0.46 2.88 11.32 -64.95 -0.03 20.88 -0.46 2.88 11.32 

Sc2 -0.74 2.54 11.13 -79.77 -0.13 18.90 -0.78 4.07 19.58 

Sc3 -0.97 1.97 10.00 -65.05 1.70 21.16 -0.93 4.32 21.86 

15 

Sc1 -0.35 4.14 16.23 -60.50 2.69 25.82 -0.35 7.69 23.55 

Sc2 -1.17 3.70 15.89 -77.18 2.72 23.68 -1.58 6.31 23.17 

Sc3 -2.82 2.88 13.85 -62.54 3.91 26.19 -0.92 6.56 26.70 

20 

Sc1 -0.71 5.55 21.24 -55.73 5.86 30.67 -0.43 10.60 27.77 

Sc2 -2.49 5.15 20.62 -73.35 6.04 28.54 -3.08 8.83 27.08 

Sc3 -6.17 3.99 18.65 -58.75 6.57 31.19 -1.02 9.39 31.86 

25 

Sc1 -1.31 7.10 26.26 -50.83 9.35 35.05 -0.26 13.43 29.03 

Sc2 -4.61 6.82 25.22 -68.81 9.63 33.52 -4.15 11.65 31.27 

Sc3 -10.42 5.26 23.07 -54.21 9.59 36.14 -1.47 12.60 36.85 

30 

Sc1 -1.83 8.78 31.29 -45.87 13.05 39.62 -0.27 15.87 32.70 

Sc2 -6.96 8.63 29.39 -63.97 13.36 38.51 -5.42 14.97 39.22 

Sc3 -14.59 6.68 27.01 -49.36 12.88 40.95 -2.73 15.67 40.59 
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Fig 6. Evolution of ERLE average in a noisy environment. 

 

CONCLUSION 

In this paper, the algorithm VFF-RLS has been applied to an AEC system to improve its performance, especially the 
tracking ability in the case of echo path loading, which is common in hands-free communication systems. The 
simulation results with real signals showed a significant performance improvement compared to the classical RLS, 
even in the presence of noise with different SNR values. 
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ABSTRACT  

The growing interest in the potential role of hydrogen in reducing CO2 emissions has significant implications for the 
natural gas industry. Hydrogen is expected to eventually replace natural gas as the most widely used cleaner energy 
carrier. However, due to the challenges of transporting pure hydrogen and its technological immaturity, transporting 
ammonia would be a practical alternative. Furthermore, ammonia's distribution and transportation system has already 
been developed on a wide scale and is adaptable to several novel and promising purposes. Additionally, it is noted 
that ammonia commonly acts as a hydrogen carrier, meaning that the end product is likely to be hydrogen. Hence, 
there is a need to convert ammonia into hydrogen either at the destination port or onboard. To date, existing literature 
mostly focuses on hydrogen production in general; there is a lack of intensive research on hydrogen production from 
ammonia decomposition especially considering the boil-off gas recovery. Therefore, this study aims to provide an 
evaluation of various ammonia decomposition techniques to produce clean hydrogen by recovering the boil-off 
ammonia. Four techniques of ammonia decomposition were investigated, such as thermal decomposition, catalytic 
membrane reactor, electrochemical decomposition, and ammonia cracker integrated Solid Oxide Fuel Cell (SOFC). 
A hybrid of thermal and electrochemical decomposition techniques was the most suitable to decompose ammonia 
into high-purity hydrogen at a relatively lower temperature (2500C at 1 bar, the lower the temperature, the less energy 
required, thus, more efficient), as well as aiming to simultaneously treat the ammonia impurities in the hydrogen 
generated by a typical high-temperature thermal decomposition. In addition, a selection of natural refrigerants was 
studied with respect to their limiting and determining factors to determine the suitable choice for the reliquefication of 
boil-off gas onboard. Nitrogen, as the other non-carbon product from ammonia (with –1470C critical temperature, 
zero global warming potential and ozone depletion potential), is a decent option among other refrigerants as it is 
often used in several reliquefication methods, which are evaluated to treat the boil-off gas on the vessels. 

Keywords: Ammonia, Boil-off, Hydrogen, Refrigerants, Reliquefication 
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ABSTRACT  

In this work, an investigation of the fin’s effect on the improvement of heat transfer in forced convection cooling for an 
electronic component is investigated. Actually, a CFD numerical simulations have been performed for various fins height 
varying from 3mm to 9mm with a step of 2mm, while using numerous models as one, two, and three fins. Therefore, an 
electronic board containing seven heat sources simulating electronic components undergo a forced convection cooling 
air at a variable velocity. When increasing the air-cooling velocity from 0.6m/s to 1.4m/s without using fins, the 
temperature of the surface electronic components becomes lower. Otherwise, when the air-cooling velocity is fixed and 
increasing the height’s rectangular fin, the maximum temperature of the component decreases continually. Additionally, 
using numerous rectangular fins enhances the heat transfer across the electronic component. In addition to the 
maximum temperature, this paper also investigated the effect of previous parameters on the Nusselt number (Nu) and 
the pressure drop. Other criteria of evaluation of the overall thermal performance such as system performance and fin 
effectiveness are applied and some absorbing results are obtained. 

Keywords: Fins, Electronic component, Cooling, CFD, Forced convection 

 

INTRODUCTION 

Electronic devices had crept up and become an important part of our life, our routine everyday activities starting with 
coffeemaker, using computers, or just making phone calls. However, none of the tasks and activities mentioned 
above could happen (or would happen as easily as they do now) without some sort of electrical and electronic 
equipment. Meanwhile, Electronic equipment have continuously grown in functionality and shrunk in size in the last 
few decades. This has been accompanied by the rise in their power consumption and heat dissipation. Still 
schematically, the most important thing today is not to invent new concepts as it was in the 1950s, but to find practical 
ways of using old concepts to make more efficient equipment or less expensive equipment. 

A comparative study was done by Sathe et al. [1] considering two different configurations: a plain fin and slitted fin 
arrangements, the effect of the number of slits and width of slits on convective heat transfer coefficient was studied. 
The experimental and numerical findings reveal that the presence of slits on the surface appreciably improves the 
thermal performance of vertical fin array and the slit width is also playing a key role in augmenting the thermal 
performance of heat sink. 

Zhong et al. [2] designed a series of optimized micro-channel heat sinks via different metal foams attached on copper 
plate, three types of copper foam fins were used including the cube copper foam, column foam, and strip copper 
foam. The enhanced forced convection by architectural design can result in an increase of the heat transfer 
performance and flow characteristics, they concluded that the thermal characteristics and heat dissipation of the strip 
metal foam outperformed the cube and column. 

Bondareva et al. [3] investigated the influence of the geometric shape of the heat sink filled with a phase-changing 
material on heat dissipation. It has been shown that the growth of the length of the transverse fins contributes to a 
decrease in the temperature of the source owing to a rise in the surface area at the initial stages of heating. heat sink 
design changed by adding horizontal fins allows increasing the surface area by 75% and reducing the heater 
temperature by 12 degrees at a heat load of 1600 W/m. 

The physical model investigated in this work is shown in Fig.1. Both plan view and three-dimensional model of this 
vented cavity are illustrated in this figure along with the important geometric parameters. It consists of a 175×175×5 
mm Bakelite substrate board with thermal conductivity (k = 1.4W/mK) and seven aluminum heat sources with thermal 
conductivity (k = 230W/mK) simulating integrated chips (ICs) used in electronic devices. These heat sources have 
different dimensions (dimensions mentioned in Table 1.) and are considered to be of a constant heat flux value of q 
= 2000W/m2. The thickness of the air layer above the board is 17.5 mm. The direction of the fluid flow is parallel to 
the Y − axis. Such a configuration has been the subject of several numerical and experimental works [4–5], thanks 
to the availability of interesting and accurate experimental data that can validate the numerical simulations 
implemented. This study utilized fully 3D conjugate heat transfer analyses and consequent multi-objective design 
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optimizations by using micro fins. Initially, an IC without any fin has been studied to predict the effectiveness and 
thermal performance factor of heat sinks. 

 

It was clearly noticed that one component had a much higher temperature than the other components, hence the 
need to improve configuration in order to lower its temperature. A parametric investigation had been run by placing 
fins made of aluminum on this particular heat source. Then, the fin’s height has been varied to figure out the most 
appropriate configuration of the microchannel heat sink. Hence, four different heat sinks of fin height (Hf ) 3mm, 5mm, 
7mm, and 9mm have been examined. Moreover, the variation of fins number has also been investigated. Therefore, 
a total of thirteen different configurations has been comprehensively examined. 

 

Table 1. Dimensions of heat sources in the present study. 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Top view of the physical model. (b) 3D physical model. 

 

 

 

Heat source N° Dimensions of heat sources (mm) X×Y×Z 

1 or 4  15 × 42 × 5 

5 or 6  15 × 30 × 5 

2 or 7  15 × 15 × 5 

3  15 × 10 × 5 
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MODELING 

Commercial code ANSYS Fluent has been used where geometries are created on workbench and simulations have 
been carried out using fluent module. Throughout the analysis, the air has been used as a coolant. The SIMPLE 
algorithm is adopted for the calculation of the flow field and temperature. Convective terms in momentum and energy 
equations are discretized by the use of a second-order upwind scheme. Table 2 demonstrates the influence of the 
number of elements on the maximum temperature at the outlet for the present configuration. The results show that the 
system of 879604 elements is fine enough to obtain accurate results with a minimum error. 

    

Table 2. Details of mesh size used in grid independence test. 

 

RESULTS AND DISCUSSION 

The present work has been undertaken with the substantial variations of an important operating parameter i.e., inlet 
velocity. Geometrical parameters such as fin’s number and fin’s height have also been studied. These parameters 
have been applied to four different configurations of the heat sink with fin height variation (3–9mm) and a case with 
a heat source without fin. Considered ranges of operating variables are based on the common choice used in the 
literature and it also satisfies the current requirements of electronic cooling [6–7]. Fig.2 represents a 3D Colormap 
Surface Plot. It can be noticed that the temperature varies between 25°C and 61°C, it is minimal at the cavity inlet 
and maximum at the IC chip N°5. Hence the need to improve the cooling of this heat source. 

 

Fig. 2. 3D surface for q = 2000W/m2 and Uin = 0.6m/s (case without fins). 

 

In the case of a finned heat sink with three fins of small height (see Fig.3), the distribution of streamlines can be 
observed. For aerodynamics, an inclusion of fins can be considered as an addition of solid obstacles that break the 
flow structures. The streamlines are considerably distorted at the fifth heat source due to the presence of the fins. In 
the case of three solid fins, the flow is subdivided and the coolant air passes between and through the fins. The 
friction losses increase compared to the case without fins. However, the effect of these fins on heat transfer should 
be analyzed. As the fins are made of aluminum, they retain a higher thermal conductivity than the coolant, resulting 
in a lower temperature gradient and a higher temperature than the coolant, as shown in Fig.4. The temperature of 
the heat sources and fluid continues to increase along the direction of flow, therefore, the temperature difference 
between them decreases.  

Mesh Number of elements Max temperature at the outlet ◦C % change 

1 61976 37.297 − 

2 202835 39.067 4.74 

3 500263 39.947 2.25 

4 879604 39.549 0.99 
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Fig. 3. Streamlines at Uin = 0.6m/s. 

 

 

Fig. 4. Temperature distribution at different planes corresponding to Uin = 0.6m/s and q = 2000W/m2 for Hf = 5mm. 

 

The effect of the fin’s height on the maximum temperature of the chip: 

Figure 11. represents a comparison plot of the effect of fin’s height on the maximum temperature of the fifth chip at 
Uin =0.6m/s for the case of two fins.  It is found that the temperature plot of the fifth heat generating source was 
61.74 ◦C (for the finless chip) and that with the addition of fins became 56.87, 52.94, 49.75, and 46.58 ◦C 
corresponding to fin’s height of 3, 5, 7, and 9mm respectively. There is a significant reduction in temperature using 
fins that ensures heat transfer enhancement. These fins acquire heat from the heat source and help in dissipating 
heat by increasing the heat transfer area. They increase the heat transfer rates, reliability in operation, and thereby 
life of substrate board.    
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Fig.11.  comparison plot, the effect of fin’s height on the maximum temperature of the fifth chip Uin =0.6m/s, Nf=2. 
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(c) Uin= 1.4 m/s 

Fig.12. variation of the maximum temperature with fin’s heights for a different number of fins and different inlet velocities. 

 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

166 

Figure 12. shows the influence of three considered parameters i.e., fin’s height, the number of fins, and the inlet velocity 
on the maximum heated element temperature. The use of several fins leads to decreasing the maximum temperature 
raised in the heat source component. Indeed, for example for case (a) where the Uin=0.6 m/s and Hf = 3mm, the 
temperature decreases from 58 °C to 55 °C when we go from one fin to three fins. By extending the fin’s height, the 
result is further improved; the temperature goes from 52 °C to 43 °C for Hf = 9mm. 

 

CONCLUSIONS 

The current work presents a numerical study of fins effect on electronic component cooling under forced convection 
condition. In order to understand the cooling performance under an air flow, number of fins with different heights were 
used on an electronic component. Results show that:  

- The introduction of multiple fins resulted an important enhancement of heat transfer. 

- The increasing of fin’s height contributed to decrease the temperature from the component surface. 

- The Nusselt number and the pressure drop increased with the increase of the air flow velocity, the fin’s height and 
number. 

- The system performance and the fin effectiveness improved with the increasing of the fin’s number and/or the fin’s 
height.  

 

The most interesting results is that at 1m/s air flow speed, with the use of two fins at 5mm in height, the fin effectiveness 
was increased by 17%, which also could be increased to 24% and 44% with a fin’s height of 7mm and 9mm respectively. 

 

ACKNOWLEDGEMENT 

The authors acknowledge support from L.T.P.M.P. laboratory (Laboratoire de Transports Polyphasiques et Milieux 
Poreux) and U.S.T.H.B (Universit´e des Sciences et de la Technologie Houari Boumediene). 

 

REFERENCES 

1. A. Sathe, S. Sanap, S. Dingare, N. Sane, Investigation of thermal performance of modified vertical rectangular fin array 
in free convection using experimental and numerical method, Materials Today: Proceedings 38 (2021) 2281–2290. 

2. Z. Zhong, L. Meng, X. Li, G. Zhang, Y. Xu, J. Deng, Enhanced heat transfer performance of optimized micro-channel 
heat sink via forced convection in cooling metal foam attached on copper plate, Journal of Energy Storage 30 (2020) 
101501. 

3. N. S. Bondareva, M. Ghalambaz, M. A. Sheremet, Influence of the fin shape on heat transport in phase change material 
heat sink with constant heat loads, Energies 14 (5) (2021) 1389. 

4. S. Durgam, S. Venkateshan, T. Sundararajan, A novel concept of discrete heat source array with dummy components 
cooled by forced convection in a vertical channel, Applied Thermal Engineering 129 (2018) 979–994. 

5. S. Durgam, S. Venkateshan, T. Sundararajan, Experimental and numerical investigations on optimal distribution of heat 
source array under natural and forced convection in a horizontal channel, International Journal of Thermal Sciences 
(2017) 125–138. 

6. C. Nadjahi, H. Louahlia, S. Lemasson, A review of thermal management and innovative cooling strategies for data center, 
Sustainable Computing: Informatics and Systems 19 (2018) 14–28. 

7. S. S. Anandan, V. Ramalingam, Thermal management of electronics: A review of literature, Thermal science 12 (2) 
(2008) 5–26. 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

167 

Paper ID: 3273 

 

THE EFFECT OF COMPOSITIONAL DISORDER ON ZnXCd1-XS ENERGY BAND 
STRUCTURE AND OPTICAL PROPERTIES  

1, 2*Fadila Mezrag, Nadir Bouarissa1, 2  

1Laboratory of Materials Physics and Its Applications, University of M'sila, 28000 M'sila, Algeria 
2University of M'sila, Faculty of Science, Department of Physics, 28000 M'sila, Algeria 

*Corresponding author email: fadila.mezrag@univ-msila.dz 

 

ABSTRACT  

The optical characteristics and energy band structure of the zinc-blende ternary alloy semiconductor ZnxCd1-xS have 
been investigated. The computations were carried out with the help of the empirical pseudopotential model (EPM) 
and the virtual crystal approximation. The calculations show how compositional disorder affects the refractive index, 
dielectric constant, and energy band structure. There are several facets to the refractive index, and our findings 
match well with those in the literature. The new findings should be valuable in determining how to apply this 
understanding in optoelectronics. 

Keywords: Energy band structure, Refractive index, Band gap, Dielectric constant, ZnxCd1-xS  

 

INTRODUCTION  

Semiconductors II–VI are widely used in electronics and optoelectronic devices. These materials have a direct band-
gap [1–3] and crystallize in wurtzite or zinc-blende structures and are regarded as excellent candidates for UV and 
blue applications [4–7]. ZnS and CdS are II-VI semiconductor compounds with wide band gaps that crystallize in 
wurtzite or zinc-blende [8, 9]. One method for practically continuously changing the energy band gap of 
semiconducting materials over a wide variety of energies is to use ternary alloys [10–13]. ZnxCd1-xS can be made by 
combining CdS and ZnS, given the importance of ZnxCd1-xS in technological applications. This work estimates the 
optical characteristics and energy band structure of ZnxCd1-xS using a revised VCA that involves the disorder of the 
alloy. The purpose of this investigation is to determine how much the disorder impact affects the optical characteristics 
and band structure energies of ZnxCd1-xS. 

 

COMPUTATIONAL METHOD 

The (EPM) technique is utilized to compute the energy band structure [14–16], while the alloy's potential is calculated 
using the improved virtual crystal approximation as shown in [17, 18], 

( ) ( ) ( )alloy VCA disV r V r V r= +                                                                                                                                       (1) 

The disorder effect provides a non-periodic potential, namely
( )disV r

 in equation (1). The equation used to calculate 
the pseudopotential form factors is written as follows:    

 ( )   ( )
1

2( ) 1 ( ) ( ) (1 ) ( ) ( )alloy CdS ZnS ZnS CdSV G x V G xV G p x x V G V G= − + − − −
                                                        

(2) 

In this case, G is a reciprocal lattice vector, and p is a factor that can be changed. When the compositional disorder 
is considered, the value of p is -0.045, resulting in a band gap bowing value of roughly 0.83 eV. This number is similar 
to the 0.827 eV found by [19, 20]. The method of a non-linear least-squares is used to change the defined form 
factors. [21-23]. The band-gap energies chosen in the fitting for ZnS and CdS are shown in Table 1. The resulting 
adjusted form factors and lattice parameters for ZnS and CdS are shown in Table 2. 

Table 1. Band gap energies fixed in the fits for ZnS and CdS. 

 

  

 

 

Compound EГ-Г (eV) EГ-X (eV) EГ-L (eV) 

 CdS 2.36 a 3.64 a 3.50 a 

 ZnS 3.66 b 

 

3.698 c 4.82 d 
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                      a[24];b[25]; c [26]; d [27]. 

Table 2. Pseudopotential parameters for ZnS and CdS. 

Compound Form factors (Ry) Lattice  

constant 
(at.units) 

VS(3) VS(8) VS(11) VA(3) VA(4) VA(11) 

CdS -0.231 0.012 0.064 0.134 0.0962 0.0187 11.02461 

 

ZnS -0.312938 0.021263 0.170552 0.030064 0.1159 0.1292684 10.22682 

 

As shown below, the refractive index (n) was calculated using three distinct models, all of which are directly related 
to the energy band-gap. 

(i). Based on an atomic model, the Moss formula [28] is: 

              knE g =4
                                                                                                                                                (3)         

Where Eg
represents the energy band gap and k=108 eV [28]. 

    

 (ii). The Ravindra et al. [29] relation, 

              En g   +=                                                                                                                                          (4)  

Here 4.084   =  and 
1 620-  -eV.=  

(iii). The Hervé and Vandamme [30] empirical equation , 

 

              

2

1














+
+=

BE

A
n

g

                                                                                                                                           (5)                                                                                           

With eVA  6.13=  and  eVB  4.3=   

 

RESULTS AND DISCUSSION 

The calculated electronic band structure of zinc-blende Zn0.50Cd0.50S is shown in Figure 1, with consider or not   the 

compositional disorder. The maximum of the valence bands is at  .The minimum of conduction band can also be 

found at  . As a result, Zn0.50Cd0.50S  is a direct band-gap. It should be noted that the The distribution of the valence  

bands is substantially lower, the condition bands are more delocalized. In terms of quality, the general shapes of 
both are remarkably similar to  the binary compound. It should be underlined that compositional disorder is irrelevant 
on the electronic structure of Zn0.50Cd0.50S. The composition dependency of the refractive index determined using 
the (3-5) relationships is shown in Figure 2 (a) and (b) with and not consider  the effect of disorder. It should be 
observed that the change in n versus x for all models evaluated, has a non-linear tendency. The principal 
consequences of disorder are assumed to be responsible for this non-linearity. The models used show the same 
monotonic declining trend qualitatively. For various compositions x, the high-frequency dielectric constant has been 
approximated utulizing   the equation: 

2n=                                                                                                                                                                     (6)                                      

Figure 3 illustrates our findings, the declines in 
  with rising x during the change from CdS to ZnS, demonstrating 

a definite non-linear tendency for all models examined. When the high-frequency dielectric constants decrease with 
increasing composition x, the material's polarity and capacity decrease to stabilize charges. 
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CONCLUSIONS  

Finally, the energy band structure and optical characteristics of ZnxCd1-xS, ternary semiconductor alloys have been 
examined in terms of composition x. Our results are founded on the EPM, using a revised VCA that consider  the 
effet of compositional disorder. This had no effect on the energy band structure of ZnxCd1-xS, and it was found that 
this semiconductor had a direct-band gap across the full Zn concentrations x in the range (0≤x≤1). Our findings are 
fairly consistent with the available experimental and theoretical data reported in the literature. In all models studied, 
the refractive index and high-frequency dielectric constant

  altered nonlinearly with regard to x, indicating that alloy 

disorder caused a slight but considerable bowing parameter.  
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ABSTRACT  

The performance analysis of the Vapor Compression Refrigeration system (VCRS) of basic configuration is 
investigated from the viewpoint of energy analysis. The system is modeled in Engineering Equation Solver (EES) 
and the performance of the system was represented by Coefficient of Performance (COP). The refrigerants, 
Cyclopentane, R600, R1234yf and R1243zf, are selected and compared to identify suitable working fluid as an 
alternative to R134a which may yield better system performance. The COP of VCRS is evaluated against the 
evaporation and condensation temperature. The parametric study is conducted by changing the evaporation 
temperature varying from -30°C to 15°C at a fixed condensing temperature of 35°C and, the condensing temperature 
varying from 30°C to 60°C at a fixed evaporating temperature of -10° C. The COP of VCRS declines with increasing 
condensation temperature and improves with increasing evaporation temperature. The results show that 
cyclopentane offers the best performance among all other selected refrigerants with Cooling capacity, COP and 
Compressor power of 350.5 kW, 4.136 and 84.75 kW, respectively. 

Keywords: Energy analysis, Vapor compression refrigeration system, Coefficient of Performance, Hydrocarbons, 
Hydroflorooelfins. 

 

INTRODUCTION 

The energy crisis and environmental issues can be reduced by improving the system energy efficiency and using 
environment friendly working fluids. Moreover, The refrigeration is the heat extraction process, one of the effective 
to achieve it is with the vapor compression refrigeration process. The refrigeration systems are now extensively used 
in domestic and commercial applications. About 3 billion refrigeration systems are used worldwide, accounting for 
about 17% of the world's electricity consumption [1]. The Coefficient of Performance (COP) gives the details of 
refrigerating effect per work done. The thermodynamic analysis is carried out using first law of thermodynamics. In a 
Vapor compression refrigeration system (VCRS), the working fluid is the refrigerant and thus the efficiency of the 
system depends solely on it. Various types of research have been carried out to improve the energy efficiency of 
these systems and reduce their impact on the environment. Previously, refrigerants were selected only because of 
their thermodynamic properties. However, the current scenario also takes into account the global warming potential 
(GWP) of the refrigerant and ozone depletion potential (ODP)[2]. R134a, a hydrofluorocarbon (HFC) refrigerant is 
the operating fluid utilized in domestic refrigerators and different refrigeration systems. This refrigerant offers sensible 
thermodynamic and thermophysical properties that build appropriate refrigerant in refrigeration systems. The 
disadvantage associated with this refrigerant is its high value of GWP of 1430[3]. The authorities are forced to remove 
R134a from refrigeration systems as soon as possible, due to the continuous increase in the global warming of the 
earth[4]. Therefore, there is pressing want to take a look at and look for the right low-GWP.The R134a needs to be 
replaced with environment friendly refrigerants. The replacement refrigerant should have zero or low ODP and low 
GWP. The use of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) has long been popular due to 
their excellent thermodynamic properties but eventually they become obsolete due to  high ODP and GWP values 
as suggested by Emani et al.[5]. Kyoto Protocol of the United Nations has put forward restriction on the use of 
substances which are responsible for the increasing global warming and ozone layer depletion [6]. Yataganbaba et 
al.[7]. carried out a study employing first Law analysis of a dual evaporator VCRS using R134a, R1234ze, and 
R1234yf as refrigerants. It was investigated that how evaporator and condenser temperatures affect system COP. 
The key outcome of this study was that R1234ze and R1234yf, which are good substitutes to R134a in terms of their 
ecological qualities. In one of the experimental analyses, R600a has been used to optimize refrigerant to replace the 
R134a, showing better results in the domestic refrigerator system[8]. Kumar et al. [9] presented a study based on 
energetic analysis by comparing simple and two-stage VCRS using fourth-generation HFO refrigerant R1243zf, 
showing that within the specified pressure limits, with the utilization of double-stage VCRS results improvement in 
COP of 14% and a reduction in compression work of 11.49%. Sanchez D. et al. [10] investigated experimentally the 
performance of R600a, R290, R1234ze (E), R1234yf, and R152a as possible substitutes of R134a in VCRS. Based 
on the experimental results, they concluded that R1234yf and R152a can be the possible replacement options of 
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R134a. Bibin et al. [11] numerically investigated the potential of the hydro-fluoro-olefin (HFO) refrigerant mainly 
R1234yf used in the VCRS and investigate its use as an environmentally friendly refrigerant. The results indicate that 
R1234yf has a lower cooling capacity and coefficient of performance than R134a in a VCRS, by 9% and 11%, 
respectively. However, with the use of R1234yf, system power consumption increased by 1.6% to 6.7% in 
comparison to R134a.  

Based on the above mentioned review, there is little or no agreement on use of optimal working fluid for performance 
evaluation of VCRS. This paper presents the energy analysis of VCRS by using multiple refrigerants in VCRS. The 
properties of selected refrigerants are presented in Table 1. [12]. The effect of evaporator and condenser temperature 
on Cooling capacity, COP and compressor Power of the system were also examined. 

 

Table 1. Properties of Refrigerants [5,12] 

Refrigerants Type 
Tcric,  

0C 

Pcric, 

MPa 
ODP GWP 

Cyclopentane HC 238.6 4.57 0 <0.1 

R600 HC 152.0 3.80 0 4- 6.5  

R1234yf HFO 94.7 3.38 0 4 

R1243zf HFO 103.78 3.518 0 <1 

R134a HFC 101.1 4.06 0 1430 

 

MATERIALS AND METHODS 

System description 

The mostly used refrigeration cycle for refrigerators and air conditioners is the vapor-compression cycle. The Fig. 1 
depicts the schematic of VCRS. The evaporator, expansion valve, compressor, and condenser are the four essential 
parts of the system. The various processes may be explained as follows: Process (1-2) involve isentropic 
compression in a compressor, Process (2–3) involves fixed-pressure heat rejection in the condenser, Process (3–4) 
involves isenthalpic expansion through the expansion valve, Process (4–1) involves fixed-pressure heat addition in 
the evaporator. 

 

Fig. 1. Schematic of simple vapor compression refrigeration system (VCRS) 
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Table 2. Constants considered for energy analysis [12] 

Evaporation Temperature -100C 

Condensation Temperature 350C 

Refrigerant mass flow rate 1 kg/s 

Isentropic efficiency of compressor 80% 

 

 

Thermodynamic modelling 

Component  Energy balance 

Evaporator: �̇�4ℎ4 + �̇�𝑒𝑣𝑎 = �̇�1ℎ1                                                                    (1) 

Condenser: �̇�2ℎ2 = �̇�3ℎ3 + �̇�𝑐𝑜𝑛𝑑                                                                  (2) 

Expansion Valve: �̇�3ℎ3 = �̇�4ℎ4                                                                               (3) 

Compressor: �̇�1ℎ1 + �̇�𝑐𝑜𝑚𝑝,𝑠 = �̇�2ℎ2                                                               (4) 

The COP of the system is determined from:  

COP =
�̇�𝑒𝑣𝑎

�̇�𝑐𝑜𝑚𝑝,𝑠

                   (5) 

 

RESULTS AND DISCUSSIONS 

Energy Analysis of VCRS  

A performance comparison of the VCRS using various refrigerants is conducted. The constant parameters 
considered during thermodynamic analysis are mentioned in Table 2. The Cooling Capacity, Compressor power and 
COP of the system are calculated and compared for each refrigerant. Assuming saturated vapor at the exit of the 
evaporator and saturated liquid at the exit of the condenser. The results show that Cyclopentane accomplishes the 
uppermost Cooling capacity of 350.5 kW and compressor Power of 84.75 kW and with the highest COP of the system 
of 4.136 due to its high value of latent heat of vaporization of 429.7 kW at -10°C evaporation temperature in 
comparison to others as depicted in fig. 2,3 and 4 respectively. 

 

 
 

Fig. 2. The Cooling Capacity of VCRS for selected 
refrigerants 

 

Fig. 3. The Compressor Power of VCRS for selected 
refrigerants 
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Fig. 4. The COP of VCRS for selected refrigerants 

Moreover, Fig. 2, 3 and 4 depicts that  R1234yf gives the lowest COP among all investigated refrigerants having 
109.1 kW of Cooling capacity by utilizing 31.05 kW of work. Typically, the COP of the Cyclopentane is 10.13% greater 
than R134a. 

 

Impact of evaporation and condensation temperature on COP of VCRS 

In this section, various hydrocarbons, HFOs, and HFC refrigerants were used to examined the impact of evaporation 
temperature on the COP of the VCRS. The fig. 5 shows the impact on the COP when the evaporation temperature 
changes while using two Hydrocarbon fluids (Cyclopentane and R600,), one HFC fluid (R134a), and two new-
generation HFO fluids (R1234yf and R1243zf). The results show that when evaporation temperature increases, the 
COP increases over the interval [-30°C; 15°C] when the condensation temperature is constant at 35°C for all fluids 
studied. It is observed that the largest increase in COP of 80.3% occurred in R1234yf when the evaporation 
temperature increased from -30°C to 15°C. Cyclopentane gives the smallest increase in COP of 77.4% whereas, 
R134a and R1243zf gives approximately the same increase in COP of 79.25% and 79.1% respectively. The 
cyclopentane shows maximum rise in COP for entire evaporation temperature range. The variation of the COP for 
the investigated refrigerants against the condensation temperature is shown in fig. 6. The evaporation temperature 
is fixed at -100C. It has been found that the COP of the refrigeration system for all used refrigerants increases as the 
condensation temperature drops. It is noted that R1234yf experiences the highest rise in COP of 60.7% when the 
condensation temperature falls from 60℃ to 30℃. Cyclopentane gives the smallest increase in COP of 48.8% 
whereas, R134a and R1243zf gives an approximately the same increase in COP of 56.2% and 57.1% respectively. 
The cyclopentane shows maximum rise in COP for entire condensation temperature range. 

  

Fig.5. Impact of Evaporation temperature on COP of VCRS Fig.6. Impact of condensation temperature on COP of VCRS 

 

CONCLUSIONS 

In this study, performance comparison of Hydrocarbons (cyclopentane and R600) and new-generation HFOs (R1234yf 
and R1243zf) against R134a is carried out to identify suitable working fluid as an alternative of R134a which may yield 
high system efficiency. It is found that Cyclopentane accomplishes the uppermost Cooling capacity of 350.5 kW and 
compressor Power of 84.75 kW and with the highest COP of the system of 4.136 due to its high value of latent heat of 
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vaporization of 429.7 kW at -10°C evaporation temperature in comparison to others. Hence, cyclopentane is found to 
be suitable refrigerant among the refrigerants selected in this study.  
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ABSTRACT 

The energy generated by the combustion of fuels can be used as heat and electrical energy. District heating systems 
are one of the important methods to eliminate the problems and inefficiencies caused by the use of different fuels only 
as electricity or heat energy. The use of both electricity and heat energy can be provided in district heating systems. 
District heating systems are intensively applied in many regions of the world. However, it seems that district heating 
systems have not found much scope of application in Turkey. In this study, the evaluation of district heating systems for 
Turkey was carried out. The analyses and evaluations carried out have revealed that the widespread use of district 
heating systems will be beneficial for Turkey, which imports a significant part of natural gas. 

Keywords: District heating systems, energy efficiency, heating, electricity, natural gas 

 

INTRODUCTION 

The world is experiencing difficult times due to environmental problems, climate change and energy problems. Due to 
these problems, it is thought that the world will experience much more difficult days in the future. For this reason, it is of 
great importance that both the production and consumption of electricity and the heating and cooling processes are 
carried out with high efficiency. The production of electrical energy is mostly carried out by burning fossil fuels. On the 
other hand, renewable energy sources such as solar energy, wind energy, hydro energy, biomass energy and 
geothermal energy are also used in electricity generation. Electricity generation by burning a fuel is generally preferred. 
Coal and natural gas are widely consumed as fuel. The heat energy generated by the burning of the fossil fuels in 
question is used for the purpose of electricity generation.  

The need for heating and cooling is inevitable depending on seasonal conditions. The heating/cooling needs of the 
buildings are met by heating in cold periods and cooling in hot periods. A fossil fuel is mostly burned in the heating 
process. For cooling, electrical energy is usually used. District heating systems are systems that can meet the heating 
and cooling needs together with electrical energy. In regions where there are no district heating systems, electric energy 
is supplied from nearby power plants, while individual or small-scale central heating systems are used for heating needs. 
For cooling, individual cooling systems are usually used. There are many studies on district heating systems in the 
literature. 

In their study, Möller and Lund (2010) evaluated whether it is appropriate to introduce a district heating system to regions 
with natural gas supplied and individual heating systems from technical, economic and environmental points of view [1]. 
They also used the heat energy map method. In their study, Brkic and Tanaskovic (2008) compared the situations of 
individual natural gas systems or district heating systems in a region by developing a simple model [2]. The created 
model divides a region into small regions depending on the number of buildings it has and the heat energy load with a 
unit area approach and makes the placement of the pipeline and other elements necessary for the system, considering 
that the buildings are symmetrically distributed in the region. A sample analysis was carried out, giving the results 
obtained for different cases. In addition, it was examined how the results may vary depending on the insulation condition. 

Difs et al. (2009) examined the availability of district heating system in industry in their study [3]. The change of heat 
energy demand for different types of industries and processes has been analyzed. The results obtained were evaluated 
from environmental, technical and economic points of view and it was emphasized how important they are. Reidhav 
and Werner (2008) analyzed the district heating system for regions with low thermal energy density in their study [4]. It 
is stated that the possible problem is that the distribution costs are too high. It is concluded that district heating may be 
appropriate if there are excessive consumption taxes for natural gas, electricity and fuel oil in such regions. 

Klugman et al. (2008) in their studies, they modeled industrial facilities in terms of electrical and thermal energy and 
established a relationship between them and the district heating system [5]. It is stated that the results do not depend 
on energy costs, so it can be used in any region of the world. In another study conducted for Turkey, technical and 
economic modeling of the district heating system was carried out [6-7]. By applying the model in the desired regions, 
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the suitability of the region in terms of the district heating system can be evaluated. In many cases, it has been stated 
that district heating systems will be appropriate. 

Within the scope of this study, a general assessment of district heating systems has been made with today's conditions. 
Afterwards, the applicability of district heating systems for Turkey was evaluated. District heating systems are seen as 
an important alternative for Turkey, which has a high external dependence rate in energy. 

DISTRICT HEATING SYSTEMS 

District heating systems are systems in which steam or hot water produced at a central power plant is delivered to a 
region by underground pipes and the heating and hot water needs of the buildings in that region are met (Fig. 1). Various 
systems can be used for district heating. In classical district heating, the heat generated in a heat center is transported 
by the pipe network to the buildings to be heated by the primary circuit fluid. In the heat exchangers under each building, 
the heating fluid circulated in the secondary circuit is heated. In the primary circuit, hot water, superheated water or 
steam circulates; in the secondary circuit, hot water usually circulates at 90/70 ° C. The secondary circuit is the central 
heating system with hot water, which was previously focused on. In another system used in district heating; Hot water 
or superheated water produced in the primary circuit is supplied directly to the buildings. There is an automatic mixing 
valve under each building here. In this valve, the high-temperature water taken from the primary circuit and the low-
temperature water returned from the building are mixed at the desired rate and sent to the heaters in the building. In 
smaller applications, it is possible to heat the buildings directly with hot water produced in a central heating system. 
 

 
Fig. 1 District heating system [8] 

 

District heating systems generally appear as a more efficient and economical system in terms of both the heat energy 
source and the region where the heat energy demand is met. For example, while the thermal efficiency of a conventional 
coal-fired thermal power plant that produces only electricity is about 30-40%, if this power plant produces electricity and 
heat together, the utilization rate can reach up to 90%. The heat energy produced in these systems, called cogeneration 
system, can be used in district heating systems. In addition, thanks to cogeneration systems, fuel consumption and 
greenhouse gas amounts are reduced. 

 

Fig. 2 Energy flow graph for discrete and cogeneration production systems [9] 

 

The benefit provided by the cogeneration system, which can also produce heat energy for district heating systems, can 
be examined from the energy flow graphs given in Fig. 2. In a discrete system where thermal energy and electrical 
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energy are produced in equal amounts, and in a cogeneration system, the energy inputs are different from each other. 
In the discrete system given in Fig. 2, it needs 58% more fuel input than the cogeneration system for the same energy 
production. Electricity and heat energy are produced together, providing more benefits than fuel. This analysis can be 
considered for a region just as we can think of it for a residence. 

Fig. 3 can be examined about the effect of the district heating system and the individual systems on the air pollution of 
the two regions. The air quality of a region with individual heating systems is much worse than in a region with a district 
heating system. 

a-  b-  

Fig. 3 The impact of individual systems (a) and district heating systems (b) on the environment [10] 

DISCUSSION AND CONCLUSION 

Turkey provides a significant part of its electricity production with natural gas. According to the data of 2021, the 
share of natural gas in the distribution of resources in electricity generation is about 33% [11]. 21 billion cubic meters 
of approximately 60 billion cubic meters of natural gas consumed in 2021, were used in electricity generation, while 
approximately 17 billion cubic meters were consumed in residential buildings. Approximately 15 billion cubic meters 
of natural gas were consumed in industrial facilities. Although Turkey is a country where natural gas is used so highly, 
its natural gas resource is very limited. 

Turkey's existing use of natural gas and its dependence on foreign resources shows that it is of great importance to 
use natural gas efficiently whenever possible. In the application of district heating, geothermal facilities are used 
more in Turkey. When district heating and natural gas consumption are evaluated together, it has been assessed 
that there is a lot to be done in this regard. In the application of district heating systems, heating load is significant 
for the performance. Therefore, regions with a cold climate should be considered as a priority in terms of district 
heating.  
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ABSTRACT  

The main goal of this paper is to investigate how to dimension the parts of a photovoltaic (PV) electrical installation that 
includes a battery for charging from a detailed specification that expresses the daily electrical energy needs of a 
household considered to be an isolated site. This household is located in the Algerian region of Bouira, and its 
coordinates are "Latitude: 36.37, Longitude: 3.90°. We chose panels and subsequently photovoltaic modules after 
determining the kind and number of batteries needed, and we then moved on to mathematically modeling the selected 
PV module. The approach we took was a reverse path. In fact, this task will continue to be the first in a series of 
steps, with the eventual objective of this megaproject being the comprehensive modeling of the off-grid installation. 

Keywords: PV module, Battery, Modeling, Sizing, Iterative method 

 

INTRODUCTION 

The rising use of renewable energies is displacing fossil fuels. Indeed, the latter are pure and limitless energy. Solar 
energy, both thermal and photovoltaic, is among the most readily available of these sources. Additionally, as "Algeria" 
is a country with an exceptionally high rate of sun irradiation, using photovoltaics can only be beneficial [1-2]. 

Depending on the technical and financial resources available, we have two technologies for producing and operating 
photovoltaic systems: technology for isolated areas and technology for sites connected to the electrical grid. We 
chose the isolated location (off-grid), which includes batteries for charging. Just a friendly reminder that the isolated 
site, which is nothing more than a photovoltaic solar system, typically consists of the elements shown in Fig. 1. The 
battery has a reversible function, which involves storing electrical energy in chemical form and delivering it electrically 
when needed. The inverter performs the basic job of changing direct current (DC) into alternating current (AC). A 
charge controller is used to safeguard the battery from overcharging and deep discharging; this is a crucial function 
because it directly affects the battery's lifecycle. While most loads consist of lighting equipment and appliances for 
the home [3].  

 

Fig. 1. Components of a Typical Solar Photovoltaic System 

 

The district of Bouira is in the north of Algeria and is a nice area to generate PV power due to its good insolation and 
moderate temperature, as shown in Fig. 2. The specification we followed aims to size a photovoltaic installation of a 
dwelling located in this district which is disconnected from the electrical network. 
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Fig. 2. Bouira's insolation and average temperature "Year:2015". 

 

MATERIALS AND METHODS  

We will select a tiny house, as depicted in Fig. 3, as the size of the dwelling. 

 

 

Fig. 3. House plan to size. 

 

Before to begin, we must determine the household's daily usage, which would be outlined in the following table. 

 

Table 1. Daily consumption 

 

The selection of the battery and solar panel is what matters to us in order to prevent the study from being distributed. 
1745Wh/d, which is the average daily consumption, is simply a rough estimate; to get a sense of the true value, we 
must account for losses K; to do this, we multiply the amount by 1.5, which results in 2614.5Wh/Day. In our scenario, 
we require a 24 volt output and a 3 days of autonomy. For this, we need four 12V/350Ah batteries, which we will 
arrange in parallel in two sets of two batteries each. For the solar module that makes up the panel, we use the LG 
mono X/LG295/300S1C-A5 module [4]. This monocrystalline module has a power rating of 300 W, a voltage in open 
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circuit of 38.9V, a current in short circuit of 10.07A, and a voltage in maximum power of 31.7V and 9.47A. Fig. 4 
shows that this panel's efficiency is 17.5. Applying the arrangement in Fig. 4 is necessary to suit our requirements. 

 

Fig. 4. The field of batteries and PV panels. 

 

Our PV module, which is made up of 60 monocrystalline cells, must now be modeled. The 1D-2R (1diode, 2 resistors) 
[5] mathematical model was selected to represent the cell. Fig. 5 shows its schematic. 

 

Fig. 5. The 1D-2R model. 

 

As can be observed, this model's governing equation is [6]: 
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Where, we denote:  photocurrent ‘Ipv’, serial resistance ‘RS’, saturation current ‘I0’, parallel resistance ‘Rsh’, and the 
ideality factor ‘n’. With: v is the cell output voltage; q is the electron charge (1.60217646 x 10−19C); k is the Boltzmann’s 
constant (1.3806503 x 10−23 J/K); T is the temperature in Kelvin. 

We employ an iterative technique [7] to determine the five parameters that define the 1D-2R model in practice: Iph, 
Rs, Rsh, n, and saturation current "I0". 

 

RESULTS AND DISCUSSION 

We obtain the following values after applying the iterative process and using the information provided by the 
manufacturer of the LG mono X/LG295/300S1C-A5 module: Rsh = 11, Rs = 1,15, Ipv = 10,17 V, saturation current 
(I0) = 6,762e-08, and the ideality factor (n) = 1.24. Let's note that the ideality factor was introduced in accordance 
with the findings of [8]. We can get these results using artificial intelligence-based methods, such as genetic 
algorithms, but we have chosen to use iterative methods due to their simplicity. The following figure is the outcome 
of injecting these data into the main program to obtain the Current-Voltage characteristic, which symbolizes the 
primary output curve (Fig.6). 
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Fig. 6. Characteristic Current - Voltage of the Selected Module. 

 

Remember that the Fig. 6 figure from above was plotted under STC (Standard Test Conditions), which means that 
the temperature was 25°C and the irradiance was 1000W/m2. With an average irradiation of 350 W/m2 and a 
temperature of 20°C, we applied data that is most closely related to the meteorological data of our site (Bouira city) 
to estimate the maximum power point of the used module. The maximum power found under these actual conditions 
over the course of an entire year was 65.5 Watts. 

 

CONCLUSIONS 

This paper presents a study on the dimensioning of a solar system with storage batteries based on real-world data. This 
made it possible for us to develop specifications outlining the daily requirements of a "PV -OFFGRID" site, as well as to 
choose the number and, most importantly, the kind of batteries that would be utilized, as well as the kind of module that 
would make up the solar generator. A thorough investigation was conducted to discover the parameters that would 
characterize the mathematical modeling of our module in order to estimate the maximum power that this solar module 
might produce in the context of a practical scenario (that of the city of Bouira). This was accomplished by using the 
iterative method. 

In light of this, we want to continue our work by estimating costs and analyzing the economics of a selected site. 
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ABSTRACT  

Metal based electrochemical hydrogen generation process is an easy and practical way for both the metallic waste 
management and hydrogen production. The principle of metal-water reaction is based on the ability of metal atoms to 
lose electrons. In other way, the lower electronegativity means the material has higher metallicity. For the green 
recycling process of metallic wastes and the production of hydrogen is probable by chemical reaction between metal 
and alkaline solution. The hydrogen production processes include biological, chemical and electrochemical processes. 
Due to lower hydrogen production efficiency of biological processes, high cost of water electrolysis and its importance 
for human life, these two processes are not suitable for the applications of energy production and storage. In the present 
study, the hydrogen production rates were investigated for different commercial aluminum alloys called Al-5083, Al-
5754, Al-6013, Al-6061, Al-6082, Al-7075 and also pure aluminum for comparison. Two different alkaline solutions with 
1N normality were prepared by keeping constant the normality of solution and the aluminum content. According to the 
results, Al-5754 gave the maximum hydrogen yield. Also, 1N NaOH alkaline solution promoted the hydrogen production 
rates compared to 1N KOH solution. The authors believe that the results of this study will be a guide for future hydrogen 
production and create a database for Al-based battery studies.   

Keywords: Al alloys, hydrogen production, electrochemical reaction 

 

INTRODUCTION 

The hydrocarbon based fossil fuels with limited sources are generally used for world energy requirement. The problems 
defined as global climate change and limited sources of fossil fuels motivated the scientist to investigate the clean and 
sustainable energy sources. Hydrogen energy has a considerable heating potential and attract more attention as an 
alternative to the hydrocarbon sources. On the other hand, sustainable sources for energy production have gain more 
importance due to the increase in population and so modern living standards. In the near future, hydrogen will inevitably 
be recommended worldwide owing to its clean energy nature tackling with global climate change. Another problem that 
the world will encounter is the waste management. The issue of a more habitable environment has brought the reuse 
of waste to the agenda. The metallic wastes will be harmful for soil and ground water in the future if the waste 
management is not well controlled. Aluminum and its alloys have superior properties according to the other metals 
emphasized as high corrosion resistance, being light and durable, permeability of heat and electricity, low maintenance 
cost, non-toxic and its easy-to-shape property. Owing to these advantageous properties, aluminum alloys are used for 
different engineering applications. Therefore, it is necessary to carry out studies for recycling of aluminum alloys for the 
good waste management.  

Metal based electrochemical hydrogen generation process is an easy and practical way for both the metallic waste 
management and hydrogen production. The principle of metal-water reaction is based on the ability of metal atoms to 
lose electrons. In other way, the lower electronegativity means the material has higher metallicity. Owing to worse 
metallicity of aluminum, it can only react with water under some prerequisites such as using alkaline solution for 
removing the oxidized surface of aluminum in water [1]. The metallic powders of Al and Mg have high chemical reactivity 
and their recycling process is not economical [2]. For the green recycling process of metalic wastes and the production 
of hydrogen is probable by chemical reaction between metal and alkaline solution. The hydrogen production processes 
include biological, chemical and electrochemical processes. Due to lower hydrogen production efficiency of biological 
processes, high cost of water electrolysis and its importance for human life, these two processes are not suitable for 
the applications of energy production and storage.  
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Photo-electrochemical water splitting method is gaining more attention for the green hydrogen production process but 
this is not commercialized and still being studied by different scientist [3-5]. However, it was emphasized that ionic 
promoters [6] and metallic catalysis [7-9] produced more hydrogen compared to water electrolysis. Metallic catalysis 
should be abundant in nature, economical and easily accesible. Among the metallic catalysis, aluminum provides all 
three properties and is the most likely element to be released into the environment as a waste due to its widespread 
use. Besides, the by-product Al(OH)3 and AlOOH formed after the reaction of the aluminum element with water is used 
in polymer composite production process and provides thermal resistance to the material [10-12]. These by products 
are also used in the production of synthetic rubber. Owing to this feature, aluminum catalysis may play a major role both 
in hydrogen production technology and in reducing the consumption of raw material resources in the future.  

Steam reforming of ethanol and water electrolysis are widely studied topics for hydrogen production. However, scientists 
advocate the production of more practical and economic solutions to increase the hydrogen production efficiency due 
to the carbon emission in steam reforming process of ethanol, the importance of water for human-being and 
environment [13,14]. The use of electrochemical activity potentials of different metals, especially aluminum, is among 
the in-situ hydrogen production methods. This method is based on the mechanism separation of water, but unlike the 
hydrogen production method from pure water metallic catalysis is included the electrochemical system. The advantages 
of such hydrogen production methods is that the metallic catalysis increases the hydrogen production efficiency. 
However, the electrochemical hydrogen production using metallic catalysis is not possible due to the oxidation layer 
formed on the surface of the metal. For this reason, there is a need for activators such as NaOH, KOH, salts, liquid 
metals and mechanical alloying with salt to overcome surface oxidation. Among the activators, alkaline solutions are 
defined as more economical way [15].   

The liquid metals are stated as effective for removing the oxidized layer to increase hydrogen efficiency [16]. Within the 
scope of efforts to improve hydrogen efficiency of liquid metal, a new material was designed by adding 5% Ga-In-Sn 
alloy, 3% bismuth and 3% antimony to metallic aluminum. It was explained that bismuth and antimony caused a 
decrease in hydrolysis rates, but more favorable results were obtained in Al-Ga-In-Sn alloys [17]. The another result is 
that the ratio In/Sn and the changes in microstructure affect the hydrogen production rate [18]. Ga element and other 
metals in liquid form at room temperature are efficient in electrochemical hydrogen production systems at low 
temperatures [19]. Although liquid metals are suitable for hydrogen production even at room temperature, these metals 
would not be suitable due to the high cost and toxic effects. Due to the negative effects of liquid metals, non-toxic and 
economic solutions should be applied and aluminum has a potential for improving hydrogen generation systems but 
oxidized surface of aluminum in water creates a problem. Another way to solve the oxidized layer problem is to produce 
a new alloy or composite material with salts [20-21] and mechanical alloying of aluminum with oxide compounds of 
different metals [22-23]. 

It is generally known that hydrogen is very light element and it cannot be stored easily. In future aluminum metal assisted 
systems have a potential for developing new hydrogen energy technologies. Two commercial aluminum alloys, Al-1060 
and Al-7075, were employed as an anode material to get an Al-air battery. These type of technology can supply 
simultaneous production hydrogen and electricity [24]. For alkaline batteries, alkaline zincate solution effects and 
alloying additives were investigated on the commercial AA1040, AA5083, AA6060, AA7075 aluminum alloys. The study 
emphasized that AA6060 showed the best performance as the galvanic anode in prepared electrolyte owing to higher 
Mg/Zn ratio [25]. On the other hand, commercial Al2024, Al7475, Al1085 alloys were studied as anode material for Al-
air batteries and emphasized that Al 7475 showed the best performance [26]. AA5052 aluminum alloy anode was 
investigated for designing alkaline aluminum-air battery by using hydrogen evolution test, electrochemical 
measurements and surface analysis. The electrolyte solution was prepared by using a combination of amino-acid (L-
cysteine) and rare earth (cerium nitrate). The produced organic rare-earth complex increased the anodic utilization rate 
and decreased the anodic polarization by suppressing hydrogen evolution [27]. The suppressing hydrogen evolution of 
L-cysteine molecules was explained by the hybridization mechanism between carboxyl groups and aluminum alloy 
surface [28]. And finally, dicarboxylic acid compounds were used as an electrolyte additive in the alkaline ethylene glycol 
solution for Al5052-air batteries and it was emphasized that dicarboxylic acid compounds lower the hydrogen gas 
evolution [29].  

In the present study, the hydrogen production rates were investigated for different commercial aluminum alloys called 
Al-5083, Al-5754, Al-6013, Al-6061, Al-6082, Al-7075 and also pure aluminum for comparison. Two different alkaline 
solutions with 1N normality were prepared by keeping constant the normality of solution and the aluminum content. 
According to the literature review, commercial aluminum alloys gain more attention as part of future hydrogen 
technologies and Al-air battery system. The authors believe that the results of this study will be a guide for future 
hydrogen production and create a database for Al-air battery studies.   
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MATERIALS AND METHODS  

Hydrogen generation experimental set up 

The hydrogen production from commercial aluminums were performed by using an electrolysis system designed as 
Fig. 1 including Cu and Zn electrodes, DC power supply, three-necked glass beaker, heating mantle, thermometer, 
condenser and alkaline solution. The applied voltage was adjusted as 5 V owing to the optimum condition as obtained 
in our previous study [13] and the temperature of alkaline solution was kept constant at 65oC±2.The generated hydrogen 
was collected from the top of the condenser to separate it from water vapor. In the next step the produced hydrogen 
gas, separated from the water vapor, was transferred into the glass beaker containing 250 ml of water. Hydrogen 
generation experiments were performed by using a typical and practical water-replacement process in a 250 ml 
graduated cylinder.  

 

Fig.1. A designed electrolysis system in laboratory scale 

 

The electrochemical reaction originated gas content was recorded with time using chronometer every 5 ml depending 
on time until gas output stopped. Using the recorded data, hydrogen yield, hydrogen generation rate and flow rate 
were plotted versus time.   

 

Preparation of materials and aqueous solution 

The commercial ingot aluminum alloys (Fig. 2) were supplied by the Güray Aluminum in Turkey to investigate the 
hydrogen production rate by electrolysis method. Since the ingot form of alloys in which the elemental distributions 
are presented as in Table 1 would make difficult the controlled hydrogen generation, the grinding process was 
applied. Afterwards, the grinded alloys were passed through a 325 mesh sieve to ensure that the particle sizes were 
homogeneous (Fig. 3). Meanwhile, the database for powder form of pure Al was used for the comparison of 
experimental results.  

 

Table 1. The elemental content of studied commercial aluminum alloys. 

Commercial 
Alloys 

Elemental Distribution (%)  

Mg Mn Fe Si Cu Zn Cr Mn+Cr Ti Zr+Ti Others 

Al-5083 4.0-4.9 0.40-0.10 ≤0.40 ≤0.40 0.10 ≤0.25 0.05-0.25 --- ≤0.15  ≤0.05 
Al-5754 2.6-3.6 ≤0.50 ≤0.40 ≤0.40 ≤0.10 ≤0.20 ≤0.30 0.10-0.6 ≤0.15  ≤0.05 
Al-6013 0.8-1.2 0.2-0.8 0.5 0.6-1.0 0.6-1.1 0.25 0.1 --- 0.1  0.15 
Al-6061 0.8-1.2 ≤0.15 ≤0.7 0.40-0.8 0.15-0.40 ≤0.25 0.04-0.35 --- ≤0.15  ≤0.05 
Al-6082 0.6-1.2 0.40-1.0 ≤0.05 0.7-1.3 ≤0.10 ≤0.20 ≤0.25 --- ≤0.10  ≤0.05 
Al-7075 2.1-2.9 ≤0.30 ≤0.50 ≤0.40 1.2-2.0 5.1-6.1 0.18-0.28 --- ≤0.20 ≤0.25 ≤0.05 

 

It is generally known that the oxidative surface of aluminum in water suppresses the hydrogen production and so two 
different alkaline solutions of 250 ml with a normality of 1N, containing NaOH and KOH, were prepared to overcome 
the oxidative surface. The hydroxide promoters are commonly used and they dissociate into its constituent ions when 
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prepared as an aqueous solution. The oxidized surface of aluminum alloys will quickly erode through the chemical 
reaction between the promoter ions and aluminum alloys in aqueous solution. 

After the preparation of alkaline solution, a potential of 5V was applied simultaneously with the addition of pure Al 
and commercial Al alloys specified Al-5083, Al-5754, Al-6013, Al-6061, Al-6082, Al-7075.  

 

 
(a)                                            (b) 

 
(c)                                                 (d) 

 
        (e)                                                  (f) 
Fig. 2. The ingot forms of commercial aluminum alloys. 

 

 

Figure 3. The powder form of pure and commercial aluminum alloys 
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RESULTS AND DISCUSSION 

The results of electrochemical reaction process 
 
Aluminum alloys are widely used in many industries today and these alloys have different mechanical, physical and 
chemical properties according to the elemental distribution.  This wide range of applications in industries will 
corresponds to an increased rate of waste aluminum in future. These materials can be reevaluated by processes 
including grinding, melting in blast furnaces and pressing process. However, the reevaluation processes will cause 
more carbon emissions due to fossil fuel based energy requirement.  The use of waste aluminum alloys in hydrogen 
production may decrease the carbon emission. Based on this opinion, the electrochemical hydrogen production 
performance of Al commercial alloys in different alkaline solutions (NaOH and KOH added separately) having 1N 
normality was investigated. Pure and commercial alloys specified Al-5083, 5754, 6013, 6061, 6082, and 7075 were 
supplied from Güray Aluminum in Turkey and prepared in powder form. In the experiments, the normality of solutions 
(1N NaOH and 1N KOH), solution temperature, applied voltage and the amount of Al alloys were kept constant for 
investigating the electrochemical hydrogen production capacities of Al alloys. Aluminum alloys were used for catalysis 
and alkaline solutions as promoters for hydrogen production to remove the hydroxyl covering when aluminum reacts 
with water according to the reaction written as follows; 
 
2Al(s) + 2NaOH(aq) + 6H2O(l) → 2Na[Al(OH)4](aq) + 3H2(g) 
2Al(s) +2KOH(aq) +6H2O(l)→3H2(g)+2K[Al(OH)4](aq)  

 
In this study, the electrochemical hydrogen production volume from commercial aluminum corrosion reaction in 
alkaline water was recorded versus time and the parameters defined hydrogen yield, hydrogen flow rate and 
hydrogen generation rate were plotted as a function of time (Figs. 4b-g). The maximum hydrogen yield of studied 
commercial alloys is shown in Fig. 4.a as a bar graph. As seen in Fig. 4.a, maximum hydrogen yield values are 
different for different alkaline solution and commercial aluminum alloys.  Besides, the aluminum alloys give higher 
hydrogen yield (ml/g) in 1N NaOH alkaline solution than that of 1N KOH.  The reason of this result may be little pH 
difference between the solutions and different exothermic reaction kinetics. Therefore, 1N NaOH may be more 
corrosive medium for commercial aluminum. Among the commercial alloys studied, Al-5754 has the highest 
maximum hydrogen yield values in both of NaOH and KOH medium. Different elemental distribution of studied 
commercial alloys    
 
According to the plotted curves, the chemical kinetics of the hydrogen evolution reaction of commercial alloys show 
a non-linear curve mechanism. In Figs 4.b and c, it is clear that the plotted curve for hydrogen yields of commercial 
alloys in powder form shows the same trends and pure powder aluminum metal has lowest hydrogen yield compared 
to the other aluminum alloys. Transition metal alloys were reported as second-most active activity for hydrogen 
evolution mechanism [30]. The alkaline solutions were generally used as an activator for removing hydroxyl layer in 
Al-water hydrogen production system. Al and other metal can be used for catalysis to increase the volume of 
hydrogen compared to water electrolysis. In the case of commercial aluminum alloys, the hydrogen production yields 
can show differences according to the different concentrations of transition metal contents. It is also noted that, the 
hydrogen production mechanism using metallic catalysis is related with the synergistic electronic effect [ref a da ref 
40]. Metallic bond is dominant for transition metal and its alloys. The valence shell electrons are free to move 
throughout the alloy’s structure and the alloys surface can easily be covered by hydroxyl ions. In Figs 4.d-g, the 
hydrogen flow rate and generation rate reach a maximum from the beginning of reaction and an exponential decay 
is observed until the reaction terminated due to the thickening hydroxyl surface.  
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       g. 

Fig. 4. a) A comparison of maximum hydrogen yields of Al alloys in different alkaline solutions b) The hydrogen yields of 
different Al alloys in NaOH alkaline solution c) The hydrogen yields of different Al alloys in KOH alkaline solution d) The 

hydrogen flow rate of different Al alloys in NaOH alkaline solution e) The hydrogen flow rate of different Al alloys in KOH alkaline 
solution f) The hydrogen generation rates of different Al alloys in NaOH alkaline solution g) The hydrogen generation rates of 

different Al alloys in KOH alkaline solution 
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For metal-water reaction in alkaline reaction, the reaction rate depends on the concentration of reactants, active 
surface area, solution temperature, ambient pressure of reaction and type of catalyst. In this study the reaction 
temperature (65±2°C), normality of alkaline solution and ambient pressure were kept constant to examine the 
hydrogen production capacity of different aluminum alloys. As seen hydrogen generation and flow rate curves, pure 
aluminum has a highest peak value than aluminum alloys different from the results of hydrogen yield curves in which 
the maximum hydrogen yield was achieved for Al-5754.The area under these flow rate curves is proportional to the 
total hydrogen produced and the integrate operation of these curves give the total yield of hydrogen production. In 
Figs. 4d-g, time interval of the curve which is similar to the Gaussian distribution, differs for each pure and commercial 
alloys. It was observed that Gaussian type curve of pure aluminum is narrower than that of other commercial alloys 
and also, tangent slope of the exponential decay type of curve for pure aluminum is higher compared to others. This 
result can be explained by using corrosion resistant of alloys and pure aluminum. The elemental form of aluminum 
and transition metals has lower corrosion resistance compared to theirs alloy form. In metals and alloys, metallic 
bond is dominant and the strength of the metallic bond may affect the hydroxyl ion binding properties of alloys. 
Aluminum is generally used for the application in many technological areas owing to its economic, machinable and 
abundant properties. However, alloy form is preferred by adding different elements by adding different elements in 
order to improve the mechanical and corrosion resistance properties. For this reason, the better the corrosion 
resistance, the longer electrochemical process may be observed due to the lower bonding rate of hydroxyl ion which 
suppresses the hydrogen production.  The slope of the curve after the maximum peak in the Figs. 4d-g supports the 
above-mentioned statements. Or, each element in aluminum alloys may have contributed to hydrogen production by 
acting as a metallic catalyst in the electrochemical process.  

 

The non-linear curve fit results of hydrogen yield 

The non-linear curve fit of hydrogen yield can give information about the reaction kinetics and Figs 4b and c is a 
measure of the hydrogen production rate during the electrochemical reaction. It is generally known that the chemical 
kinetics of these type of reactions can be fitted exponential decay equation similar to Arrhenius type. In the scope of 
this study, hydrogen generation curves for Al and its alloys were fitted to exponential decay using Origin software 
program. This program is better choice for non-linear curve fit. Figs. 5a-g show the exponential curve fitting results 
obtained two-phase exponential decay function with time constant parameters. The reason of these two phase 
exponential decay functions can be explained by two mechanisms for hydrogen production. One process is 
electrochemical reaction between Aluminum alloys and alkaline water (NaOH added) and second mechanism is the 
galvanic cell formation between Al and other metals due to the different electrode potential of different metals. These 
two mechanisms are responsible for the hydrogen production in which two phase exponential fit curve is obtained. 
Similar to hydrogen production mechanism between NaOH added alkaline solution and aluminum alloys, two 
mechanisms are also responsible for aluminum alloys in KOH added alkaline solution.  
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Fig 5. Two phase exponential curve fits for aluminum materials a. pure aluminum b. Al-5083 c. Al-5754 d. Al-6013 e. Al-6061 f. 
Al-6082 g. Al-7075 
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CONCLUSIONS 

This study was motivated us for generate a data for green energy solution for in-situ usage of hydrogen energy and 
also future Al based batteries. According to the results Al -5754 gave highest hydrogen yield compared to the other 
commercial alloys. But inverse, pure Al gave highest hydrogen generation and flow rate. The reason of this result is that 
the hydrogen yield is proportional with the area under the curve of hydrogen flow and generation rate. And also, it can 
be seen that Al-5754 had best activity for hydrogen generation. The other point is that all commercial alloys showed 
similar tendencies for hydrogen production.  
 
ACKNOWLEDGEMENT  

The authors gratefully acknowledge the commercial alloys support of Güray Aluminum in Turkey. 
 
REFERENCES 

1. Xu, S., and Liu, J. 2019. Metal-based direct hydrogen generation as unconventional high density energy. Frontiers in Energy, 
13: 27–53.  

2. Yavor, Y., Goroshin, S., Bergthorson, J. M., and Frost, D. L. 2015. Comparative reactivity of industrial metal powders with 
water for hydrogen production. International Journal of Hydrogen Energy 40: 1026–1036. 

3. Cardenas-Morcoso, D., Ifraemov, R., Garcia-Tecedor, M., Liberman, I, Gimenez, S. and Hod., I. 2019.  A Metal-Organic 
Framework Converted Catalyst that Boosts Photo-Electrochemical Water Splitting. J. Mater. Chem. A 7: 11143-11149. 

4. Desmukh, P.K., Sohn, Y. and Shin, W.G. 2017. Chemical synthesis of ZnO nanorods: Investigations of electrochemical 
performance and photo-electrochemical water splitting applications. Journal of Alloys and Compounds 711: 573-580. 

5. Rajaitha, P.M., Hajra, S., Mistewicz, K., Panda, S., Sahu, M., Dubal, D., Yamauchi, Y. and Kim, H.J. 2022. Multifunctional 
materials for photo-electrochemical water splitting. J. Mater. Chem. A 10: 15906-15931. 

6. Wallace, A.G., Symes, M.D. 2019. Water-Splitting Electrocatalysts Synthesized Using Ionic Liquids. Trends in Chemistry 1: 
247-258. 

7. Hsieh, C. P., Ho, C. Y., Hsu, L. C. and Chang, Y. J. 2020. Synergistic effect on hydrolytic sodium borohydride adding waste 
Al for hydrogen generation. International Journal of Hydrogen Energy 45: 10334–10341.  

8. Noland, B. M. J.  and Erickson, P. A. 2020. Apparent kinetics of hydrogen production with water-slurried aluminum delivery in 
aqueous sodium hydroxide solutions. International Journal of Hydrogen Energy 45: 24285–24299.  

9. Zhao, Z., Chen, X. and Hao, M. 2011. Hydrogen generation by splitting water with Al-Ca alloy. Energy 36: 2782–2787. 
10. Arzumanova, N. B., Mustafayeva, F. A. and Kakhramanov, N. T. 2020. Rheological Properties of Composites Based on 

Aluminum Hydroxide and Low- and High-Density Polyethylene Blends. Inorganic Materials, Applied Research. 11: 429–434 
11. Bayani, A., Hadi, M., Bahadorikhalili, S. and Ghasemi, A. 2019. Aluminum Hydroxide-Based Flame-Retardant Composite 

Separator for Lithium-Ion Batteries. Journal of Renewable Energy and Environment 6:15–21. 
12. Zhang, L., Li, C. Z., Zhou, Q., Shao, W. 2007. Aluminum hydroxide filled ethylene vinyl acetate (EVA) composites: Effect of 

the interfacial compatibilizer and the particle size. Journal of Materials Science, 42: 4227–4232.  
13. Küp Aylikci, N., Mert, S. O., Aylikci, V., Bahceci, E., Depci, T., Oruç, Ö. 2021. Microhydrogen production with water splitting 

from daily used waste aluminum. International Journal of Hydrogen Energy, xxxx.  
14. Wang, C., Lin, K., Liu, Y., Chen, X., Zou, H., Qiu, C., Yang, S., Liu, X. 2019. Design and fabrication of high activity retention 

Al-based composite powders for mild hydrogen generation. Materials, 12: 3328.  
15. Ambaryan, G. N., Vlaskin, M. S., Dudoladov, A. O., Meshkov, E. A., Zhuk, A. Z., & Shkolnikov, E. I. 2016. Hydrogen generation 

by oxidation of coarse aluminum in low content alkali aqueous solution under intensive mixing. International Journal of 
Hydrogen Energy 41: 17216–17224. 

16. Xu, S., Yang, X. H., Tang, S. S., Liu, J. 2019. Liquid metal activated hydrogen production from waste aluminum for power 
supply and its life cycle assessment. International Journal of Hydrogen Energy 44: 17505–17514.  

17. Manilevich, F. D., Pirskyy, Y. K., Danil’tsev, B. I., Kutsyi, A. V., Yartys, V. A. 2020. Studies of the Hydrolysis of Aluminum 
Activated by Additions of Ga–In–Sn Eutectic Alloy, Bismuth, or Antimony. Materials Science 55: 536–547. 

18. He, T. T., Wang, W., Chen, W., Chen, D. M.,Yang, K. 2017. Influence of In and Sn compositions on the reactivity of Al–Ga–
In–Sn alloys with water. International Journal of Hydrogen Energy. 42: 5627–5637.  

19. Manilevich, F. D., Pirskyy, Y. K., Danil’tsev, B. I., Kutsyi, A. V., Yartys, V. A. 2020. Studies of the Hydrolysis of Aluminum 
Activated by Additions of Ga–In–Sn Eutectic Alloy, Bismuth, or Antimony. Materials Science 55: 536–547.  

20. Fan, M. Q., Xu, F., Sun, L. X., Zhao, J. N., Jiang, T., Li, W. X. 2008. Hydrolysis of ball milling Al-Bi-hydride and Al-Bi-salt 
mixture for hydrogen generation. Journal of Alloys and Compounds 460: 125–129. 

21. Razavi-Tousi, S. S.,Szpunar, J. A. 2016. Effect of addition of water-soluble salts on the hydrogen generation of aluminum in 
reaction with hot water. Journal of Alloys and Compounds 679: 364–374.  

22. Dupiano, P., Stamatis, D., Dreizin, E. L. 2011. Hydrogen production by reacting water with mechanically milled composite 
aluminum-metal oxide powders. International Journal of Hydrogen Energy 36: 4781–4791.  

23. Jia, Y., Shen, J., Meng, H., Dong, Y., Chai, Y.,Wang, N. 2014. Hydrogen generation using a ball-milled Al/Ni/NaCl mixture. 
Journal of Alloys and Compounds 588: 259–264.  

24. Raptis, D., Seferlis, A. K., Mylona, V., Politis, C., and Lianos, P. 2018. Electrochemical hydrogen and electricity production by 
using anodes made of commercial aluminum. International Journal of Hydrogen Energy, 44: 1359–1365. 

25. Rashvand, M., Jafarian, M., Bavil, H. M., Gobal, F., Hosseini, S. M., and Mahjani, M. G. 2013. Study of the alloying additives 
and alkaline zincate solution effects on the commercial aluminum as galvanic anode for use in alkaline batteries. Materials 
Chemistry and Physics 143:133–142. 

26. Pino, M. Chacon, J., Fatas, E. and Ocon, P. 2015. Performance of commercial aluminium alloys as anodes in gelled electrolyte 
aluminium-air batteries. Journal of Power Sources 299: 195-201. 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

192 

27. Wang, D., Li, H., Liu, J., Zhang, D., Gao, L., and Tong, L. 2015. Evaluation of AA5052 alloy anode in alkaline electrolyte with 
organic rare-earth complex additives for aluminium-air batteries. Journal of Power Sources 293: 484–491 

28. Wang, D., Gao, L., Zhang, D., Yang, D., Wang, H., and Lin, T. 2016. Experimental and theoretical investigation on corrosion 
inhibition of AA5052 aluminium alloy by L -cysteine in alkaline solution. Materials Chemistry and Physics. 169: 142–151. 

29. Wang, D., Zhang, D., Lee, K., and Gao, L. 2015. Performance of AA5052 alloy anode in alkaline ethylene glycol electrolyte 
with dicarboxylic acids additives for aluminium-air batteries. Journal of Power Sources 297: 464–471. 

30. Yao, Y. Gao, X. Meng, X. 2021. Recent advances on electrocatalytic and photocatalytic seawater splitting for hydrogen 
evolution. International Journal of Hydrogen Energy 46: 9087-9100.  

 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

193 

Paper ID: 3885 

 

BIODIESEL PRODUCED FROM THE TRANSESTERIFICATION OF A VEGETABLE OIL 
OVER 12-TUNGSTOPHOSPHORIC ACID IN BULK FORM AND SUPPORTED ON SILICA  

 
Yasmina Idrissou1,2, Tassadit Mazari1,3and Chérifa Rabia1* 

1 Laboratoire de Chimie du Gaz Naturel, Faculté de Chimie, Université des Sciences et de Technologie Houari Boumediene 
(USTHB), BP 32, El-Alia, 16111 Bab-Ezzouar, Alger, Algérie 

2Ecole Normale Supérieure Kouba (ENS)-Alger, Algérie 
3Laboratoire de Chimie Appliquée et de Génie Chimique (LCAGC). UMMTO, Tizi Ouzou 15000, Algérie 

(*) corresponding authors: c_rabia@yahoo.fr/ 

ABSTRACT (Renewable energy and alternative fuels) 

H3PW12O40 (HPW) Keggin-type heteropolyacid and (30 wt%) HPW supported on silica were used as catalysts for 
methanolysis and ethanolysis of the sunflower oil with an oil/alcohol ratio of 1/29, a reaction temperature of 60 °C 
and a reaction time of 3 h. The materials were characterized by FT-IR and XRD. The fatty acid methyl (ethyl) esters, 
reaction products constituting the biodiesel, were analyzed and quantified by gas chromatography. The biodiesel 
yield obtained in the presence of methanol is almost double that obtained with ethanol (63 vs. 37%) in the 
homogeneous phase and triple (60 vs. 21%)in the heterogeneous phase. 

Keywords: Biodiesel, Transesterification, Sunflower oil, Heteropolyacid, silica 

 

INTRODUCTION 

Biodiesel is a fuel composed of methyl (or ethyl) esters of fatty acids produced by transesterification of vegetable 
oils, renewable raw materials, which, in addition to being non-toxic and biodegradable and a lower environmental 
impact, has similar physico-chemical characteristics to fossil diesel fuel.  The triglyceride transesterification reaction 
is carried out in the presence of an alcohol, in particularly the methanol and a basic or acid catalyst. Although acid 
catalysts are less active than basic catalysts, they have the advantage of avoiding the saponification reaction that 
takes place at the same time as the triglyceride transesterification reaction when the medium is basic. On the other 
hand, the heterogeneous catalysis has several advantages over homogeneous catalysis, such as easy separation 
of the catalyst from the reaction mixture, reduction of process steps and waste and reduction environmental risks 
such as corrosion, pollution [1-3].Moreover, solid acid catalyst was able to do transesterification and esterification 
reactions simultaneously. 

It is known that among the Keggin-type heteropolyacids,12-tungstophosphoric, H3PW12O40 has the highest acidity 
strength, stronger than conventional mineral acids (H2SO4, HCl…) and in addition, it is less toxic and less polluting.12-
tungstophosphoric acid or salt based catalysts have been shown to be effective for biodiesel production in 
heterogeneous systems [4-7]. 

In this context, the sunflower oil transesterification in the presence of methanol (methanolysis) or ethanol 
(ethanolysis) was carried out using H3PW12O40, as catalyst, in bulk form and supported on silica (30 wt%) under mild 
experimental conditions (60°C, atmospheric pressure, a molar ratio alcohol/oil of 29/1). Ethanol may be an interesting 
candidate, as it can be produced from plant materials and is a renewable resource.The catalytic systems were 
characterized by FTIR spectroscopy and  XRD. 

 

MATERIALS AND METHODS  

The heteropolyacid, HPW, was prepared according to the method described in the literature [8]. Silica supported 30 
wt% HPW catalysts was prepared by wet impregnation of the HPW from aqueous solution and heated under reflux 
at 110 ° C by a drying at 50 °C in a vacuum. The crude sunflower oil methanolysis reaction was carried out at 60°C, 
atmospheric pressure under reflux conditions with a methanol/oil molar ratio of 29/1. In a catalytic test experiment, a 
mass of sunflower oil was taken in the glass reactor with methanol, after heating to 60°C,the catalyst was then added 
to reaction mixture.  The reaction time is of 3h. 
Transmission FT-IR spectra of the prepared catalysts were recorded at room temperature with a Equinox 55 (Bruker) 
spectrometer, in the 1500–500 cm-1, using KBr disks.  

Powder XRD patterns were recorded in the 2θ range between 0.5° and 70° with a CuK radiation ( = 1.5418 A°) 
using a PanalyticalX’pert Pro. 
The methanolysis (ethanolysis) products were identified using a GC-MS (GC 6890 plus, MSD 5973, Hewlett Packard-
5MS) with HP- INNOWAX column (30 m x 0.25 mm x 0.25 µm). The mass analysis is of Quadripôle type (150°C). 
Purified helium was used as the carrier gas with a flow rate of 0.5 ml min-1. The samples were diluted with hexane. 
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Initial oven temperature was set at 90 °C for 5 min, then ramped to 280 °C at 4 °C.min-1 and kept at the highest 
temperature for 5 min.  Injector temperature and injector volume were 250 °C and 0.2 µl, respectively. The split ratio 
was 20:1. The ionization source (electronic impact) temperature was kept at 230 °C and that of the interface at 280 
°C. 
The biodiesel yield was calculated from the content of analyzed  methyl (ethyl) esters using the following equation: 
Biodiesel Yield (%) = mol FAMEs (FAEEs) number × 100/ 3 × mol oil number 
 

RESULTS AND DISCUSSION 

Characterization Material 

The FT-IR spectra of HPW (Fig. 1) exhibits the  following characteristic vibration bands of the Keggin anion: as(P–

Oa), located at 1081 cm-1,as (W–Od), as(W–Ob–W) and as(W–Oc–W)  at 963, 899, and 809 cm-1respectively and δas 
(P–Oa) at 487 cm-1[9].The IR spectrum of the silica exhibits a very strong vibration band in 1200-1000cm-1 range 

assigned to as(Si–O–Si) and a smaller band at 800 cm-1 that can be assigned to s(Si–O–Si) in SiO4 groups. In the 

case of HPW/SiO2, the vibration band corresponding to as(P–Oa) was completely masked by the broad silica 
vibration band while the metal-oxygen ones were observed, indicating that the Keggin structure was preserved during 
the preparation of the silica-supported material(Fig.1). 
Figure 2 shows XRD patterns of silica, HPW and HPW/SiO2. The pattern of SiO2 shows broad peak between 2θ = 
15 and 35° indicating the amorphous nature of the silica and that of HPW is characteristic of the triclinic system 
corresponding to its secondary structure. The pattern of HPW/SiO2 shows predominantly peaks related to the suppor 
and no crystalline phase of HPW is observed. It was also observed that the intensity of the major diffraction peak of 
support decreased with the acid presence.This result suggests that 30 wt% HPW that can occupy the total area of 
the silica. 
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        Fig 1: FT-IR spectra of HPW, SiO2                                            Fig 2: XRD patterns of HPW, SiO2 

                                            and (30wt%) HPW/SiO2                                                       and (30wt%) HPW/SiO2 

 

Catalytic Test 

Sunflower oil is composed of the following fatty acids: palmitic noted C16:0 (7.0 wt.%), stearic noted C18:0 (4.6 
wt.%) oleic noted C18:1 (35.5 wt.%) and linoleic noted C18:2 (52.5 wt.%). After sunflower oil transesterification in 
the presence of methanol or ethanol,  the GC analysis shows peaks corresponding to the following fatty acid 
methyl (ethyl) esters (FAMEs, FAEEs): methyl (ethyl) linoleate, methyl (ethyl) oleate, methyl (ethyl) stearate and 
methyl (ethyl) palmitate.  
Table 1 summarizes the catalytic performances of HPW and silica supported HPW (30 wt.%), evaluated in the 
methanolysis and ethanolysis of sunflower oil at 60°C with a alcohol/oil molar ratio of 29/1. The reaction time is of 
3h.  The obtained results showed that formed mol number of FAMEs, FAEEs and biodiesel yields are sensitive to 
the nature of the alcohol (methanol, ethanol) and to the state of the catalyst (bulk, supported). 
The formation of methyl esters is favoured compared to that of ethyl esters whatever the nature of the fatty acid and 
the state of the catalyst (HPW bulk or HPW/SiO2).The difference is more significant with C18:1 and C18:2 fatty acids. 
Thus, in the presence of the bulk acid, the number of moles of methyl oleate is 11.41 10-4against  0.00 for ethyl 
oleate and 11.7810-4 against 2.39 10-4in the presence of the supported acid. The same observation was made for 
the C18:2 fatty acid; thus 35.37 10-4moles of methyl linoleate versus 24.04 10-4moles of ethyl linoleate were obtained 
using the bulk acid and 34.0110-4 versus 13.45 10-4 respectively in the presence of HPW/SiO2. 
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The biodiesel yield obtained in the presence of methanol is almost double that obtained with ethanol (63 vs. 37%) in 
the homogeneous phase and triple in the heterogeneous phase (60 vs. 21%).The decrease in biodiesel yield could 
be caused by the difference in size of the methanol and ethanol molecules and the difference in polarity, which would 
slow down the reaction rate 
HPW, bulk heteropolyacid and HPW/SiO2, supported heteropolyacid, were found to be effective with similar biodiesel 
yields (60-63%). for sunflower oil methanolysis carried out at 60°C, atmospheric pressure and a reaction time of 3 h. 
These experimental conditions are milder than those reported by other authors who used in the transesterification of 
rapeseed oil catalysed by a sulphated zirconia, a temperature and a pressure of 170°C and 22 bar respectively [10], 
in the transesterification of used vegetable oil catalysed by a Cs-based heteropolysel, 260°C and 20 MPa [11]. 
 

Table 1: Mol number of FAMEs and FAEEs (104mol) and biodiesel yields (%) in homogeneous and heterogeneous phase 
 

Alcohol nature Catalyst C16 :0 C18 :0 C18 :1 C18 :2 Bio. yield (%) 

Methanol HPW 5.63 4.02 11.41 35.37 63 

Ethanol HPW 5.51 3.20 0.00 24.04 37 

Methanol HPW/SiO2 3.80 4.02 11.78 34.01 60 

Ethanol HPW/SiO2 2.47 2.18 2.39 13.45 21 

 

CONCLUSIONS 

The sunflower oil transesterification in the methanol presence is much more favoured than in the ethanol presence  
with biodiesel yields of 63 against  37% in the homogeneous phase and 60 against  21% in the heterogenous phase. 
The obtained results showed that (30 wt%) H3PW12O40/SiO2 has a similar catalytic behavior to that of H3PW12O40  
bulk with a biodiesel yield of 60–63 %. The use of an acid heterogeneous catalysis could to be the future development 
to produce biodiesel thus avoiding problems inherent in homogeneous processes as corrosion and polluting.  
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ABSTRACT  

The structural and electronic properties of SrLiH3 and BaLiH3 compounds in the ideal cubic perovskite structure have 
been studied with density functional theory (DFT). The exchange-correlation potential was calculated using the 
generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) and the local density approximation 
(LDA) of Teter–Pade (TP). The calculated lattice parameters at equilibrium volume and the bulk modulus and 
electronic band structures for SrLiH3 and BaLiH3 are calculated and compared with the available theoretical values. 

Keywords: structural properties, electronic properties, perovskite structure, hydrogen storage materials. 

 

INTRODUCTION 

Perovskites ABX3 represent a very prolific family of inorganic compounds. They are composed of two metal cations 
A and B and anions X from the chalcogen or halogen groups. Ideal perovskites adopt the cubic space group, Pm3¯m, 
where X anions centre the cell edges at 3d (1/2, 0, 0) and A- and B-type cations are located at the cell centre and 
corners, respectively (figure 1). Usually, SrTiO3 is considered as the ideal perovskite structure. Diverse magnetic 
and electric properties make perovskites interesting and important for technological applications [1]. The perovskite 
hydrides are of interest for hydrogen storage at high temperature. There are five reported perovskite hydrides with 
the ideal Pm3¯m structure: CsCaH3, RbCaH3, KMgH3, BaLiH3 and SrLiH3 [2–5]. 

 

 

 

Fig. 1. The ideal cubic perovskite structure 

 

RESULTS AND DISCUSSIONS  

Computational Method 

The calculations were performed within GGA and LDA for density functional theory (DFT), using the PP-PW method 
as implemented in the ABINIT computer code (http://www.abinit.org).  

mailto:bahloul_1985@yahoo.fr
http://www.abinit.org/
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The ABINIT code is a common project of the Catholic University of Louvain, Corning Inc. and other contributors. Only 
the outermost electrons of each atom were explicitly considered in the calculation. The effect of the inner electrons 
and the nucleus (the frozen core) was described within a pseudopotential scheme. 

These results are highly transferable and optimally smooth pseudopotentials. A plane-wave basis set was used to 
solve the Kohn–Sham equations in the pseudopotential implementation of DFT. 

A plane-wave basis set was used to solve the Kohn–Sham equations in the pseudopotential implementation of DFT. 
The Brillouin zone integrations were replaced by discrete summations over a special set of k-points, using the 
standard k-point technique of Monkhorst and Pack [10], where the k-point mesh used is (8 × 8 × 8). The plane-wave 
energy cutoff to expand the wave functions is set to 80 Hartree (1 Hartree = 27.211 396 eV). 

 

Structural properties  

SrLiH3 and BaLiH3 compounds have ideal cubic structure (SG: Pm3¯m), where the atomic positions in the elementary 
cell are Ba or Sr: (1/2, 1/2, 1/2), Li: (0, 0, 0) and H: (1/2, 0, 0). The calculated lattice parameters, bulk modulus and 
pressure derivative of SrLiH3 and BaLiH3 compounds within GGA and LDA, using the PP-PW method, are 
summarized in table 1. 

The bulk modulus and pressure derivative are determined by fitting the total energy as a function of normalized 
volume to the Murnaghan EOS (equation of state) 

 

Table 1. Calculated lattice parameter a, bulk modulus B0 and its pressure derivative B0 for BaSrLiH3 alloys at equilibrium volume. 

aThe present work by LDA.  

bThe present work by GGA.  

cCalculation [6].  

dCalculation [7]. 

 

Electronic properties  

In this section, we discuss our results on the electronic properties of perovskites SrLiH3 and BaLiH3 compounds in 
the basis of the energy band study. The calculated band structure along the higher-symmetry directions M, R,  and 
X in the Brillouin zone using the GGA approach is given in figure 2. It seen that there is an indirect band gap at the 
Fermi level because the bottom of the conduction band and the top of the valence band are found to be at M and X, 
respectively.  

The value of band gap for pure SrLiH3 is 1.851 eV and 2.359 eV for BaLiH3. 

 a (Å)  B0 (GPa)  B’ 

SrLiH3 
3.7026a , 3.8044b , 3.696c , 

3.788c , 3.833d 
50.31a , 42.955b , 50.625c , 

34.15c , 42.8d 
3.681a , 3.805b, 3.721c , 3.717c 

BaLiH3 
3.8930a , 4.0003b , 3.892c ,  

3.989c , 4.023d  
45.014a , 37.953b , 45.916c , 

37.83c , 38.2d 
3.653a , 3.654b, 3.893c , 3.848c 
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Fig. 2. Band structures of: (a) SrLiH3 and (b) BaLiH3 

 

CONCLUSIONS 

The structural and electronic properties of SrLiH3 and BaLiH3 compounds have been calculated using the pseudo-
potential plane-waves (PP-PW) approach based on the density functional theory, within the general gradient 
approximation (GGA) and the local density approximation (LDA). The calculated lattice constants a0 and bulk 
modulus B of SrLiH3 and BaLiH3 compounds are in good agreement with the existing theoretical data. 

Indeed, we have calculated the band energy. It seen that there is an indirect band gap at the Fermi level because 
the bottom of the conduction band and the top of the valence band are found to be at X and M. The value of band 
gap for pure SrLiH3 is 1.851 eV and 2.359 eV for BaLiH3. 
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ABSTRACT  

In the pilot Battery Energy Storage System (BESS) projects completed in Turkey together with multiple Distribution 
Service Operators (DSO) several use cases have been utilized including Peak Limiting, Reactive Support, Active Power, 
Volt-Watt mode and Volt-Var mode. Use cases vary based on the application and the end user. Aside from the use 
cases, storage technology also varies based on the local requirements. In the case where high power and long duration 
energy storage is required it is critical to study hybrid solutions including Lithium Ion as well as Green-Hydrogen 
technologies. Together with an cloud based Energy Management System (EMS) multiple sources can be used as one 
as Hybrid Energy Storage Systems (HESS) where the optimization is made by the EMS.  

Keywords: Energy Management System, Lithium-Ion, Hybrid Energy Storage Systems. 

 

INTRODUCTION 

HESS are critical in addressing the varying needs of customers. For instance Frequency response applications power 
applications with shorter duration is required however, for back up applications longer duration energy applications 
will be required. In terms of the DSO several applications are required to increase the quality and also provide supply 
security. These cases require shorter duration lithium-ion applications while providing longer term stability with 
Hydrogen applications. 

The BESS project already generates valuable data as it is connected to the grid. The main application utilized in the 
system installed by a substation in Istanbul is peak limiting for investment deferral and power factor correction.  

Bogazici Electricity Distribution Company started researches for use in the distribution network and started to 
examine different energy storage systems. These investigations have addressed the focus on battery energy storage 
systems. For this purpose, an energy management software was prepared with Inovat company in the study carried 
out in the pilot region. 

 

MATERIALS AND METHODS  

In electricity distribution, besides providing electricity supply, it is important that the electricity offered is within certain 
quality standards. Voltage drop in long lines and malfunctions due to overloading of the network are among the liabilities 
of electricity distribution companies. As a result of negative effects on technical quality such as reactive power, 
harmonics and flicker originating from electricity subscribers, technical quality limits can be exceeded. Due to such 
reasons, increases in technical losses, malfunctions in network elements, malfunctions in electrical appliances used by 
electricity customers, etc. effects may occur. 

In addition, the production of distributed generation power plants, which have started to be connected from the 
distribution network and whose number is increasing, varies considerably during the day, and cannot produce at peak 
hours, which is the main need of the electricity network, due to the decrease/stopping of their production -especially in 
SPPs- in the evening hours when the consumption is high. Especially in the feeders with distributed power plants with 
more installed power than consumption, the production-consumption imbalance brings with it some operational 
problems and causes energy consumption to be met from fossil fuels instead of renewable energy sources. 

The main objective of this study is to make energy management software, analyzes and comparisons suitable for the 
purposes of establishing storage systems for the purposes of electricity distribution companies. It is aimed to eliminate 
the technical problems and limitations of the electricity distribution grid. 
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Fig. 4. Energy Storage System Main Interface 

 

RESULTS AND DISCUSSION 

The gray line in this graph shows the total transformer load (kW), the blue line shows the battery charge-discharge 
amount (kW), the yellow line shows the limit value for transformer loading (kW), and the orange graph shows the 
battery charge rate (%) (on the second axis). The charge rate is set because it shows the behavior of the battery. 

As can be seen from the graphic above and the Energy Management System interfaces given in the section above, 
the loading of the transformer can be actively limited according to the limit value determined by the user. It is 
considered that if the user changes the limit parameter by monitoring the transformer loading profile according to 
seasonal changes, the investment offset will be parallel to the analysis results. For this, the load increase rate in the 
table should be followed. 

The results of the studies carried out in this context will become clearer by monitoring the results of the batteries, 
which will be monitored in real time through the Energy Management Systems, in the medium term. However, the 
operations carried out and monitored during the test phase show that the batteries can be operated in accordance 
with the purposes determined by the electricity distribution companies. 

However, as a result of the analysis, it is thought that more cost-effective results will be obtained if current problems 
are tried to be solved other than battery technologies. Transformer capacity increase for investment offset, 
compensation facility for reactive energy control, diesel generator for microgrid management. However, considering 
the difficulty of managing the complexity of the system to be achieved if all these are met together, the total cost of 
battery systems is considered to be bearable in areas where more than one usage scenario can be applied. 
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Fig. 5. Bogazici Pilot Region Performance Evaluation Graph 

 

CONCLUSIONS 

In order to develop the peak load management algorithm, a transformer load limit had to be determined by the users, 
and historical data were used for this. It is thought that this algorithm also needs a lower charge limit for the battery to 
be managed sustainably, and a minimum limit has been set to ensure that the battery is charged when the transformer 
loading falls below a certain value. 

Along with the threshold value determined in constant power management, a tolerance ratio to be determined in case 
of deviation from the threshold value had to be determined. In this way, small power variations are tolerated. Such a 
restriction is needed due to the nature of control algorithms. 

Power factors are handled in two ways in reactive power management. The first of these was the user to determine the 
amount of reactive energy at the inverter output independently of other loads, while the other was to determine the 
reactive power output according to the reactive power value at the reference point. Here, both approaches differ in 
terms of installation point and prominent Usage Scenario. 
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ABSTRACT 

In this research, a new design solar-assisted combined plant that combines a parabolic dish collector, an Organic 
Rankine plant, and a supercritical Brayton cycle with a thermoelectric generator is proposed and analyzed. The 
comprehensive thermodynamic performance investigation is conducted by using energetic, and exergetic efficiency 
approaches. Additionally, parametric work is performed to examine the influence of some critical variables on the 
system efficiency. The study outcomes specify that the energy and exergy efficiency of the entire cycle is determined 
as 0.5448 and 0.5032, respectively. This plant's total power production capacity is also computed as 5825 kW. 
Furthermore, the total exergy destruction rate of this paper is 5976 kW. 

Keywords: Thermodynamic analysis, power, solar energy, multigeneration plant. 

 

INTRODUCTION 

Effective usage of energy generation practices in meeting the world's energy sustainability is a critical issue both 
from an ecological and engineering point of sight (Hogerwaard et al. 2017). Especially the importance of renewable 
energy sources is obvious to meet the energy desired in the fight against environmental problems. From the 
standpoint of the environment, one of the most important methods to combat global warming is the usage of 
renewable energy sources, while the other is the energy efficiency method. In light of this view, solar energy-based 
multigeneration systems have many advantages, such as high performance, low irreversibility, low maintenance cost, 
low emission, etc. (Ozturk and Dincer, 2013). Most recently, many studies have been presented in the literature on 
variable combined multigeneration cycles supported by solar energy. 

Tukenmez et al. (2022) proposed a newly designed solar dish-based combined multigeneration plant integrated with 
SOFC that investigated thermodynamic performance examination. For the entire plant, energy efficiency is 
determined as 56.48%, and exergy efficiency is 54.06%, respectively. Lonie et al. (2021) offered a detailed review 
study of the solar-motivated ORC. They said that a promising approach is the creation of trigenerational and 
multigenerational systems incorporating ORC components. Basem et al. (2022) examined the energetic and 
exergetic efficiency of the combined solar cycle. Their analysis results show that the steam temperature reached 
400.1 ℃. Yuksel et al. (2022) designed a solar energy-based combined plant to generate power, ammonia, methane, 
and urea. Their proposed study's energetic and exergetic efficiency is 66.125 and 61.56%, respectively. 

In this research, a newly designed solar dish-based combined plant that integrated supercritical 𝐂𝐎𝟐-based (𝐬 − 𝐂𝐎𝟐) 
power plant and ORC is proposed and analyzed. A parametric examination of the influence of some important 
variables such as reference temperature and solar radiation, is employed to determine the proposed model 
performance. The key motivation of this research is the proposal of the new design 𝐬 − 𝐂𝐎𝟐 power cycle and adding 
TEG to it to obtain more power. 

 

SYSTEM DEFINITION AND ANALYSIS 

This designed work, as illustrated in figure 1, generally consists of a parabolic dish collector with a working fluid of 
60 wt% NaNO3 40 wt% KNO3, an orc with isopentane, and a thermoelectric integrated (𝐬 − 𝐂𝐎𝟐) power cycle. The 
proposed integrated system is solar-motivated and includes hot and cold thermal storage for uninterrupted operation. 
In short, the solar working fluid comes out of a point at 500 °C at point 1 and delivers the necessary thermal energy 
for running other systems with heat exchangers. Power generation occurs from the system with two sub-cycles. 
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Fig.1 Schematic layout of the proposed combined plant 

 
The thermodynamic examination is conducted on this integrated system that is above-mentioned. Mass, energy, 
entropy, and exergy equilibrium formulations can be written for each component and then modeled with the EES 
package program for thermodynamic modeling. This equilibrium equation can be expressed as (Kotas, 1986; Dincer, 
2020); 
 
∑ ṁi = ∑ṁe                                            (1) 

∑ ṁihi +∑ Q̇i + ∑Ẇi = ∑ṁe he + ∑ Q̇e + ∑Ẇe                                                   (2)  

Ṡgen = ∑ṁe se −∑ṁi si −∑
Q̇cv

T
                                                             (3) 

ĖxDes = ∑ṁeėxe + ∑ Ėxe
Q
+ ∑ Ėxe

W − (∑ ṁiėxi + ∑ Ėxi
Q
+ ∑ Ėxi

W)                                     (4) 

 

where i and e subscripts determine the inlet and output streams. Q̇ and Ẇ display the heat power and power transfer 
rate, respectively. For the overall plant, the performance ratio of the whole system should be specified as follows; 

 

ηOP =
Ẇnet

Q̇solar
                                                                                          (5) 

ψOP =
Ẇnet

Ex,Q̇ solar
                                                                              (6) 

 

After conducting the thermodynamic analysis above-mentioned, the net power production rate of the suggested model 
can be formulated as follows; 

 

Ẇnet = ẆsCO2−Turbine + ẆORC_Turbine + ẆTEG − Ẇcompressor − ∑Ẇpumps         (7) 

 

 

 

In this research work, a detailed thermodynamic performance examination is carried out with the EES package 
program, and the variables that affect the system efficiency are investigated parametrically. Basically, the exergy 
destruction rates are investigated as well as the energy and exergy efficiency. Table 1 includes the assumptions 
made for the analysis and the values obtained. 

 

 

 

 

 

RESULTS AND DISCUSSION 
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Table 1. Inputs and system design parameters of the examined study 

Constant indicators Value  Constant indicators Value 

Solar radiation, 𝐼𝑠  750 W/m2 The exit temperature of solar salt, 𝑇1  500 C  

Solar temperature, 𝑇𝑠  5770 K Exit pressure of solar salt, 𝑃1 1342 kPa 

Reference temperature, 𝑇𝑜 25C The inlet temperature of the s-CO2 turbine, 

𝑇16  
 280 C  

Reference pressure, 𝑃𝑜 101.3 kPa Inlet pressure of s-CO2 turbine, 𝑃16   27320 kPa  

Effectiveness of HEXs, 휀𝐻𝐸𝑋 0.75 The exit temperature of the s-CO2 turbine, 
𝑇17  

 174 C  

Isentropic efficiencies of s-CO2 turbine, 𝑛𝑖𝑠,𝐶𝑂2−𝑇 0.87 Exit pressure of s-CO2 turbine, 𝑃17   9000 kPa  

Isentropic efficiencies of ORC turbine, 𝑛𝑖𝑠,𝑂𝑅𝐶−𝑇 0.85 The inlet temperature of the s-CO2 
compressor, 𝑇9  

 42 C  

Isentropic efficiencies of pumps, 𝜂𝑖𝑠,𝑃 0.85 Inlet pressure of s-CO2 compressor, 𝑃9   8651 kPa  

Isentropic efficiency of s-CO2 compressor, 𝑛𝑖𝑠,𝐶𝑂2−𝐶𝑚𝑝 0.85 The exit temperature of the s-CO2 
compressor, 𝑇10  

 120 C  

Thermal losses coefficient of the tank, 𝑈𝑇 0.5 W/m2K Exit pressure of s-CO2 compressor, 𝑃10  28420 kPa  

Working fluid of ORC Isopentane Inlet temperature of ORC turbine, 𝑇23   145 C  

Total power production 5825 kW Inlet pressure of ORC turbine, 𝑃23   1800 kPa  

 

In light of the assumptions here, the results of the thermodynamic modeling, i.e., energy performance (𝜼), exergy 

performance (𝝍), and irreversibility of each system, are presented in Table 2. The highest reversibility among the 
subsystems is in the solar dish system, with 3862 kW, as expected. 

 

Table 2. Thermodynamic results for the examined plant and subsystems 

Subsystems and overall 
system 

𝛈 𝛙 𝐄�̇�𝐃 (kW) 

Solar plant (SP) 0.5964 0.5413 3862 

s-CO2 power cycle (CPC) 0.1916 0.1652 893 

ORC plant (ORCP) 0.1728 0.1427 1221 

Overall plant (OP) 0.5448 0.5032 5976 

 

According to the parametric analysis performed in Figs. 2 and 3, the efficiency of the suggested plant and subsystems 
rises with growing ambient temperature from 0 to 50 ℃. Irreversibility is inversely (decreasing) related to power 

generation and exergy efficiency. The 𝐓𝟎 has a positive impact on the system's performance, it is noticed. 

 

     

 

 

 

 
Figs. 4 and 5 inspect the influence of solar flux (G) variation on the modeled system performance and its effects on 

power production and exergy destruction. As can be realized here, an increase in radiation value from 350 to 1000 
W

m2 

increases system performance as well as net power output. The exergetic destruction of the examined model and 
sub-cycles decreases linearly. 
 

Fig. 3. Exergy destruction rates and net power 
generation of subsystem and overall plant 

versus 𝑇0 

 

Fig. 2. Performance rates of the subsystems 
and overall system versus 𝑇0 
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CONCLUSIONS 

In this research study, a solar energy-supported combined cycle is proposed, planned, and analyzed. This combined 
plant includes a solar dish cycle, an orc, and 𝐬 − 𝐂𝐎𝟐 to generate power. Also, to achieve more electrical power, the 
teg unit is integrated. A detailed thermodynamic investigation is employed with energetic and exergetic efficiency 
strategies. Referring analysis findings show that the power generation capacity of this paper is 5825 kW. Also, some 
significant results can be drawn below; 

1) The solar dish outlet temperature is calculated as 500 ℃. The solar dish cycle irreversibility rate is 3862 𝐤𝐖, 
which is the maximum rate among subsystems. 

2) Energetic and exergetic performance of 𝐬 − 𝐂𝐎𝟐 plant is 0.1916 and 0.1652, respectively. 

3) Energetic and exergetic efficiency of the ORC subsystem is figured as 0.1728 and 0.1427. Also, the ORC 
plant exergy destruction rate is 1221 𝐤𝐖. 

4) The planned overall system's energetic and exergetic efficiency are determined as 0.54148 and 0.5032, 
respectively. The amount of the total exergetic destruction is computed as 5976 𝐤𝐖. 
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Fig. 4. Performance of the examined system 

and sub-cycles with the variable of G. 

Fig. 5. Impact of G on 𝐄�̇�𝐃 of the subsystems and 

overall plant, as well as the net power rate 
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ABSTRACT  

In this work, photocatalytic degradation of cationic dyes namely Methyl green (MG) and Crystal violet (CV) by 
ZnFe2O4 nanoparticles under sun light was   investigated.  The catalyst was synthesized by   coprecipitation 
method and then characterized using XRD, SEM-EDS, FTIR, BET and UV-vis spectroscopy. The point of zero 
charge pHPZC was also evaluated.   Firstly, the study focused on the   dyes adsorption on ZnFe2O4.  The 
experiment was carried out in batch system in the dark.  In both single and binary system, the results showed a 
better affinity of the catalyst towards MG. The photodegradation study showed that Zn-ferrites exhibited a better 
catalytic activity for MG. In a single component system the removal efficiency of the dyes was 81 and 47% 
respectively for MG and CV.  Furthermore the photodegradation of the dyes followed a first order kinetic model. 
The results of photocatalytic degradation   in binary system   revealed that the phenomenon depends on the initial 
dyes concentration and the removal rate of MG was higher than that of CV.   The kinetic of MG decoloration was 
well described by the second order model; however the CV kinetic order changed from 2 to 0 by increasing the 
initial concentration.  

Keywords: Solar photocatalysis, Adsorption, ZnFe2O4, Methyl green, Crystal violet 
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ABSTRACT  

Renewable energy sources such as solar energy, wind energy, geothermal, etc. have recently become much more 
important for green hydrogen production, green ammonia production and green electricity storage for electric 
vehicles. In this regard, many policies were developed. In this study, a policy on integrated green energy storage is 
presented, which discusses the solar and wind energy supported fast electric vehicle charging station, green 
hydrogen storage and green ammonia production. Green electricity generated from solar and wind power plant is 
considered to be stored by li-Ion batteries in fast electricity charging station. For practical applications, a strategic 
approach is briefly evaluated.  
Keywords: renewable energy, hydrogen, electricity, storage, policy  

 

INTRODUCTION 

Energy storage is one of the oldest methods to run the systems safely and to supply the uninterrupted green energy 
for practical applications and to ensure the energy sustainability and thus to accelerate the sustainable development. 
Today, approximately 80% of the energy need originates from carbon and it is estimated that this need will increase 
by 50% until 2030, therefore reducing the carbon ratio of the fuels used gains importance [1].  

Internal combustion engine technology and their fuels that have been used today cause global warming and toxic 
emissions for living beings. In this respect, the perspective of the electric vehicle has started to change with the 
developing technology in the last 20 years [2].  

Today, especially with the development of lithium-based battery and electric motor technology, the increase in 
charging time, range, cost per km and acceleration times have increased the interest in electric vehicles.  

Fuel cell vehicles have started to be used today with the ability to fill vehicles with hydrogen in a very short time and 
with high efficiency fuel cell technology, and will be preferred even more in the coming years, especially with the 
increase in hydrogen stations and the decrease in fuel cell costs.  

Ammonia, which can be used by making minor changes to today's diesel engines with its carbon-free content, may 
be used in the near future. Hydrogen has great importance to benefit from renewable and sustainable energy at the 
highest level [3].  

There have been developments in hydrogen technologies recently [3]. These technologies, which are related to the 
storage of hydrogen produced from biomass and renewable energy sources by various methods and to converting it 
into electricity, will be even more important in the future [3]. In the future, energy systems will be solar, and wind-
oriented [4].  

 

MATERIALS AND METHODS 

The system consists of an electric vehicle charging station, ammonia production unit, hydrogen production for storage, 
and solar and wind power plant sub-units as shown in Fig. 1. 

For high-speed charging of vehicles, charging units with a capacity of 22 kW, 44 kW, 60 kW, 120 kW, 175 kW DC and 
22 kW, 44 kW AC are envisaged. The highest total power that can be drawn from the electric charging station here is 
450 kW. When the power drawn by the vehicles arriving at the station reaches 450  kW, even if there is an idle charging 
unit, they will be out of use momentarily. The energy required here is obtained in a green way, independently of carbon 
(carbon-free) by using electrical energy supplied entirely from PV and wind turbines. 
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Fig. 1. Schematic illustration of green energy storage system 

 

Nitrogen (N2) and hydrogen (H2) react in the Haber-Bosch reactor to produce green ammonia (NH3). A catalyst is used 
in the reactor for this reaction. In the Haber-Bosch method, high-purity hydrogen and nitrogen gas must be used for the 
effectiveness of the catalysts to last longer. For this, the current system uses PEM electrolyzer for hydrogen production 
and Pressure Swing Adsorption (PSA) technology for nitrogen production. Here, a PEM electrolyzer was chosen that 
can respond to the total capacity of the hydrogen needed for ammonia production and the hydrogen used in the 
hydrogen station. 5 kg of hydrogen tank specifications shown in Table 1. as below.  

 

Table 1. Hydrogen storage for different pressures 

Temperature 
(oC) 

Pressure 
(bar) 

Density 
(kg/m3) 

Volume 
(m3/kg) 

5 kg H2 inner tank 
volume (litre) 

25 350 23.315 0.042890 214.45 

25 450 28.441 0.035161 175.805 

25 700 39.223 0.025495 127.475 

25 900 46.285 0.021605 108.025 

 

The power consumed by the system is calculated by using the following equation. 
 

�̇�𝑠 = �̇�𝑎 + �̇�ℎ + �̇�𝑒           (1) 
 

Here, �̇�𝑠 is the total energy consumption of the system, �̇�𝑎 is the power required for ammonia production, �̇�ℎ is the 

power required for hydrogen production, and �̇�𝑒 is the power required for electric vehicle charging. 

 

RESULTS AND DISCUSSION 

A new policy was considered for hydrogen energy system containing ammonia production unit, hydrogen fueling 
station and electricity charging station.  

The calculations were performed by taking the appropriate assumptions related to the processes [5, 6, 7]. The 
required electricity was generated from solar and wind power plant. The green hydrogen produced was used for 
ammonia production and the compressed hydrogen storage process integrated hydrogen station. The electricity is 
stored by means of battery system integrated electricity charging station for sustainable operation of the system.  

Energy consumption of ammonia, hydrogen fueling station and EV charging stations shown in Table 2. As below.  
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Table 2. Energy consumption of Ammonia, Hydrogen and EV charging stations 

Station 
type 

Installed 
Power 
(kW) 

Percentage 
Amount of 

Power 

(%) 

Ammonia 
Station 

546 31 

Hydrogen 
Station 

746 43 

EV 
charging 
Station 

450 26 

Total 1742 100 

 

 

CONCLUSIONS 

In this study, a policy on integrated green energy storage was developed. As a result, it was noticed that the hydrogen 
station, ammonia production unit and EV charging station are quite compatible with renewable energy. It was estimated 
that 746 kW is required for a 12 kg/h hydrogen station and 546 kW is required for a 45 kg/h ammonia production unit. 
EV charging station was chosen 450 kW. The total energy provided by renewable energy sources is 1742 kW. 

 

NOMENCLATURE  

�̇�  Power consumption, kW 

Subscripts 

s System 
a Ammonia production 
h Hydrogen production 
e EV charging 
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ABSTRACT 

This article summarized the introduction to hydrogen energy and its production. Also, other researchers and companies 
and their decisions and works about hydrogen production by solar energy were mentioned, and then it discussed 
physics, principles, materials, and systems to produce hydrogen as fuel. In the end, some general and detailed 
conclusions were made for now and the future of this fuel and its production method from the engineering and political 
point of view. 

Keywords: Hydrogen energy, Green energy, Solar energy, Hydrogen production, Solar cells 

 

INTRODUCTION 

Green hydrogen (GH2 or GH2) is hydrogen generated by renewable energy [1] or from low-carbon power [2]. Green 
hydrogen has significantly lower carbon emissions than grey hydrogen, which is produced by steam reforming of 
natural gas, which makes up the bulk of the hydrogen market. Green hydrogen produced by the electrolysis of water 
is less than 0.1% of total hydrogen production [3]. It may be used to decarbonize sectors which are hard to electrify, 
such as steel and cement production, and thus help to limit climate change. 

Over 125 years ago, Jules Verne told us about green hydrogen. He mentioned it in his novel The Mysterious Island… 
"And what will they burn instead of coal?… Water!...Water decomposed into its primitive elements by electricity… will 
one day be employed as fuel.”[3] 

 

Fig. 5. Proposed hydrogen production cases using solar energy [9] 

 

Molecular hydrogen as an energy vector helps in decarbonizing our energy system in order to achieve the emission 
reduction goals, for example as stated in the Paris Agreement. To make a meaningful difference and achieve net 
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zero emissions, hydrogen will have to be produced via water splitting using renewable electricity. Solar photovoltaic 
(PV) power represents one of the cheapest and most widely deployed sources of renewable electricity with over 520 
GW of cumulative installed capacity worldwide as of 2018 [4], [5]. 

For that reason, it is considered as the prime vector of energy to power green hydrogen production. While there are 
other methods of solar hydrogen production such as photocatalytic reactions [6] and direct photo-electrochemical 
water splitting [7], [8], present day technology is only available for decoupled PV-electrolysis (PV-E) systems. 

  

MATERIALS AND METHODS 

Silicon based PV cells dominate the market with ∼95% share of current production, and have seen their cost dropping 
significantly in the last few years. Nonetheless, the estimated cost of green H2 from silicon-based PV-E is still very high 
for sustainable production. It varies widely depending on the nature and level of studies: $3–17 kg−1,[10] $12 kg−1,[11] 
and $12–16 kg−1,[12], [13] among others. The cost of green H2 produced depends on several factors such as module 
and tracker cost, electrolyser stack cost, balance of system (BOS) and balance of plant (BOP) cost, operation and 
maintenance (O & M) cost and system efficiency.[11], [14], [15] Out of all these factors the system efficiency or in other 
words the solar to hydrogen (STH) efficiency directly influences all the other factors and can lead to significant reduction 
in size of PV and electrolyser plants [16]. Silicon PV cells are close to reaching their theoretical efficiencies of ∼30% 
which means that there is not much scope of increasing the STH efficiency with silicon PV [17]. Unlike silicon PV, 
concentrator photovoltaic cells (CPV) based on III–V group elements have already reached a much higher efficiency of 
∼47% (4J cell) and theoretically can reach over 80% efficiency [18], [19]. At a modular level, 43.4% [18] and 43% [20] 
efficient CPV modules have been demonstrated with a projected modular efficiency of 47% by 2035 [9]. Moreover they 
can operate at high light concentrations (>1000 suns) largely compensating for the higher manufacturing cost [21]. 

 

Fig. 6. Schematic diagram of an electrolyzer [10]. 

 

The high efficiency of CPV cells has encouraged researchers to explore CPV-electrolysis (CPV-E) setups in recent 
years. For instance, Chang and co-workers reported a STH efficiency of ∼20.6% using a single junction GaAs PV cell 
coupled to a proton-exchange-membrane (PEM) electrolyser using a DC–DC convertor [22]. Nakamura and co-workers 
reported a STH efficiency of 24.4% using a CPV-E system, without the use of power electronics [23]. The power 
matching was done by optimizing the ratio of the number of electrolysers to CPV cells. The highest STH efficiency 
(∼31%) was reported on a laboratory scale through direct coupling of two PEM electrolysers with one CPV cell, 
operating at 42 suns [24]. All these previous reports coupled CPV cells with PEM electrolysers which are expensive 
with high stack and BOP costs [10]. 
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Fig. 7. Distribution of the modes of hydrogen production in the world 

 

Photoelectrode material selection is the most important design aspect of PEC systems since efficient water splitting 
requires an appropriate semiconductor to convert photon energy to hydrogen. For efficient, clean, and economically 
feasible PEC based hydrogen production, a semiconductor photoelectrode should meet at least the following 
requirements: 

• Conversion efficiency: 10% 

• Current density (Jpc): 10e15 mA/cm2 

• Material durability: > 2000 h 

• Economically feasible 
 

Since hydrogen production performance of a PEC system is greatly affected by the type of semiconductor 
photoelectrode, there are many studies focusing on the design, preparation, processing, and modification of photoactive 
semiconductors. Electron transfer process, band gap energy, and band structure of semiconductors are the factors 
which significantly affect the efficiency of a photoelectrode [11]. The existing photoelectrodes can be modified to  

• enhance their response to visible light by band gap altering,  

• increase electron transfer rates,  

• modify VB/CB energy levels.  
 

Some of the available photoelectrode modification techniques are doping, dye sensitization, swift heavy ion irradiation 
(SHI), metal ion loading, electrodeposition, etc. Some of the benefits of using modified photoelectrodes are listed as: 

• Harnessing a wider part of the solar spectrum including the visible light region 

• Efficient e--h+ generation and separation 

• Prevention of e--h+ recombination 

• Increased lifetime 
 

RESULTS AND DISCUSSION 

Hydrogen energy is a clean source of energy that can play a significant role in meeting the future energy demands 
of the world in an environmentally friendly manner. Thus, recent environmentally viable approaches for hydrogen 
production that can allow for a smooth transition to hydrogen economy have been under intensive research for 
feasibility and cost-effectiveness compared with polluting fossil-based hydrogen production approaches. 

It is clear that all renewable energy-based approaches for hydrogen production are more environmentally friendly 
than fossil-fuel-based hydrogen generation approaches. However, the cost of hydrogen production using renewable 
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energy needs to be further reduced in order to be applied on a large scale. Among the hydrogen production 
technologies based on renewable energy, hydrogen production technology based on biomass has certain 
advantages over others both economically and environmentally. In particular, under the same evaluation conditions 
as other studies, the environmental impact of hydrogen production via biomass electrolysis is smaller than the other 
approaches, making it a potential candidate for an environmentally friendly hydrogen energy production technique 
with low energy consumption. 

So many experimental works show that a stable system with a STH efficiency of 28% can be obtained upon optimising 
the configuration of CPV cells (40.7% efficient) and available alkaline electrolysers (70% efficient). Detailed TEA 
analysis showed that despite the high cost of these CPV cells, the LCOH with CPV solar farms, today, can approach 
that obtained using c-Si solar farms. Because commercial c-Si solar cells have neared saturation, we have carried 
out a sensitivity analysis of several factors affecting both CPV and alkaline electrolyser systems. These included the 
CPV module efficiency, installed capacity, electrolyser stack lifetime and operating current density. Results indicate 
that when the installed capacity of CPV technology matches that of silicon and when electrolyser's operating current 
density reaches ∼0.7 A cm−2, the levelized cost of H2 from CPV-electrolysis systems can drop below $2 kg−1. The 
2021 cost of hydrogen from steam methane reformers with CO2 sequestration is between $1.2 and $2.8 kg−1.6 

Hydrogen can be produced from water with high efficiency and production rates. The considerable increase in 
efficiency as seen in this work puts STH efficiency at par with other practical engines. Like any technology, the one 
presented here will see its cost dropping down with time once in use and like any breakthrough technology; it can 
only be brought to life with strong incentives. In recent years, the silicon PV industry experienced a large price drop 
of more than 80% mostly from subsidized industries that could sell products with little to no profit. On the other hand, 
CPV has suffered from a lack of a dedicated supply chain, which has forced many companies to develop and produce 
most of the components (trackers, modules, etc.) themselves. We hope that these results and cost analysis will 
encourage researchers, governments, and companies to explore CPV-electrolysis for commercial H2 production. 
The main incentive, in the short term, may not be wealth but the environment; and this would bring with time the 
needed ingredients for progress and prosperity. 

 

CONCLUSIONS 

The various advantages and disadvantages are compared in terms of exergy efficiency, sustainability factor and 
economic efficiency. If perhaps the cracking and steam reforming of hydrocarbons have additional attributes, yet they 
remain limited by their non renewable fossil energy character and their environmental impacts. Electrolysis of water for 
tropical countries with strong solar radiations potential is an interesting option which assumes much development with 
high temperature electrolyzers commercialization. 

The solar-to-electricity conversion efficiency is the main limitation in the improvement of the overall hydrogen production 
efficiency. By comparison, solar powered electrolysis, photoelectrochemical and photochemical technologies can be 
more advantageous for hydrogen fueling stations because fewer processes are needed, external power sources can 
be avoided, and extra hydrogen distribution systems can be avoided as well. 

High temperature processes need further materials development which focuses on high temperature membranes and 
heat exchangers for solar thermal processes. Therefore the world’s solar hydrogen utilization systems consist mainly 
of photovoltaic hydrogen systems for transportation and stationary applications. 

Ecofriendly hydrogen production via solar is very important to save environment as it does not emit any greenhouse 
gases during operation. At present it is a challenging task for researchers and scientists as the exergy efficiency of the 
PV array is low and hence, the overall exergy efficiency of a solar hydrogen system. 

Many of the renewables have sitting, social, or environmental concerns which also must be overcome. However, all 
these barriers are being addressed aggressively by government and industry, and it is worth considering whether the 
benefits warrant greater investment today. 
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ABSTRACT  

In this paper we investigate the Constant False Alarm Rate (CFAR) detection for the statistical Multi Input Multi Output 
(MIMO) radar for the Weibull distributed clutter. We generalized the Ordered Statistic Greatest Of (OSGO CFAR) 
detector for the statistical MIMO radars. We derive closed form expression of the probability of false alarm (PFA) for 
the OSGO CFAR detector in homogeneous environment for the MIMO radar. In homogeneous environment the 
detection performance is carried out using the analytical expression of the probability of false alarm (the detection 
threshold T is calculated directly from the expression). In non homogeneous background (presence of clutter edge 
in the reference window), Monte Carlo simulations are used to evaluate the detection performance of the considered 
CFAR detector. The obtained results show that the OSGO CFAR detector has the best false alarm regulation 
compared to that of the Cell Averaging (CA CFAR), the Cell Averaging Greatest Of (CAGO CFAR) and the Cell 
Averaging Smallest Of (CASO CFAR) detectors.  

Keywords: MIMO radars, OSGO-CFAR detector, Weibull distributed clutter 

 

INTRODUCTION 

In statistical Multi Input Multi Output (MIMO) radar system multiple antennas are used both in transmission and 
reception and each receiver can sense the echoes of all transmitted signals and then information about the presence 
or absence of a target in the cell under test (CUT) are send to the fusion center. In the statistical MIMO, antennas 
are spaced enough, thus, signals at the fusion center are independent [1]. 

Constant false-alarm rate (CFAR) processing is often used in radar systems to detect targets against a background 
of noise, clutter and interference, by adapting the detection threshold to the changing clutter background [1]. Based 
on this concept, the Cell Averaging CFAR (CA CFAR) detector was the first proposed CFAR detector [2]. This 
detector uses the sum or the mean of the reference cells, the detection performance of this detector are tested for 
different clutter and for different architectures. 

In non-homogeneous clutter (the presence of interfering targets or clutter edge in the reference window), the 
performance of the CA CFAR detector degrades seriously. Various CFAR detectors have been proposed to 
overcome the problem of non-homogeneous clutter: mean level CFAR detectors such as the GO-CFAR detector, the 
SO-CFAR detector [3, 4] and order CFAR detectors such as the OS-CFAR detector and its variants; the OSGO-
CFAR and the OSSO-CFAR detectors [5, 6]. 

These detectors have been analyzed in different clutter distributions for statistical MIMO radar system: in Gaussian 
clutter [1] analyzed the OS-CFAR, the GOSCA-CFAR, the OSGO-CFAR and the OSSO-CFAR detectors in 
homogeneous and non homogeneous. In [7] the authors generalized the CA-CFAR, the SO-CFAR, the OS-CFAR 
and the ACMLD-CFAR detectors for the same system and for the same clutter model. The CA-CFAR, GO-CFAR 
and SO-CFAR detectors have been analyzed considering homogeneous and non homogeneous Weibull clutter for 
statistical MIMO radar in [8]. 

In this paper, we analyze the performance of the OSGO-CFAR detector in homogeneous and non-homogeneous 
Weibull clutter for statistical MIMO radar. The rest of the paper is organized as follows. In Section 2, we derive closed 
form expression for the probability of false alarm (PFA) of the OSGO-CFAR detector in homogeneous Weibull 
distributed clutter. In Section 3, we analyze the performance of the OSGO-CFAR detector in non-homogeneous 
Weibull clutter using Monte Carlo simulations. Conclusions are finally drawn in Section 4. 
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MATHEMATICAL MODEL 

We consider a statistical MIMO radar system that contains N receivers and M transmitters. Each receiver sense the 
echoes of all transmitters, so in the fusion center, we have MN nodes and the structure is formed by a matrix where 
columns are nodes and lines are the (2L+1) reference cells (Fig. 1).  

 

Fig. 1. The statistical MIMO radar data organization 

 

The MN*(2L+1) cells are assumed to be independent and identically distributed according to the Weibull distribution 
with shape parameter α and scale parameter β. The probability density function (PDF) and the cumulative distribution 
function (CDF) of the square-law samples output are given by 

 

𝑓(𝑡) = 𝛽𝛼𝑡𝛼−1exp (−𝛽𝑡𝛼)                                              (1) 

𝐹(𝑧) = 1 − exp (−𝛽𝑡𝛼)                                               (2) 

 

In the OSGO-CFAR detector (Fig. 2.) for a MIMO radar system, first, all leading cells V and lagging ones U (Fig. 1) 
are ranked separately in an ascending order and the two kth largest samples are selected, the clutter power level 
estimation uses the MAXIMUM of two local estimators z=min(x, y). x and y are independent and have the following 
PDF and CDF [9] 

 

𝑓𝑥(𝑡) = 𝑘(𝑀𝑁𝐿
𝑘
)𝛽𝛼𝑡𝛼−1[exp (−𝛽𝑡𝛼)]𝑀𝑁𝐿−𝑘+1                                        (3) 

𝐹𝑥(𝑡) = ∑ (𝑀𝑁𝐿
𝑖
)[exp (−𝛽𝑡𝛼)]𝑀𝑁𝐿−𝑖[1 − exp (−𝛽𝑡𝛼)]𝑖𝑀𝑁𝐿

𝑖=𝑘                           (4) 

 

The PDF of z is given by 

 

𝑓𝑧(𝑧) = 2𝑓𝑥(𝑧)𝐹𝑥(𝑧)                               (5) 

 

The PFA is given by 

 

𝑃𝐹𝐴 = ∫ 𝑓𝑧(𝑧)
∞

0
𝑃𝑟(𝑄0 ≥ 𝑇𝑧 𝐻0⁄ )𝑑𝑧                             (6) 

 

Where z is the clutter level estimation, Tz is the detection threshold and Q0 is the sum of the CUT of MN nodes. In 
the case of a Weibull distributed clutter, Q0 has a Generalized Gamma distribution [10]. 
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Fig. 2. The OSGO-CFAR detector 

 

The PDF and CDF of Q0 are, respectively, given by 

 

fQ0(t) =
𝑟𝛼𝛽𝑀𝑁

Γ(𝑀𝑁)
(𝑟𝑡)𝑀𝑁𝛼−1exp (−β(𝑟𝑡)𝛼)                            (7) 

FQ0(t) =
γ(MN,β(𝑟𝑡)𝛼)

Γ(MN)
                               (8) 

Where  is the incomplete gamma function lower and  𝑟 =
Γ(𝑀𝑁)+

1

𝛼

Γ(𝑀𝑁+1)Γ(1+
1

𝛼
)
 

 

Pr(Q0 ≥ Tz H0⁄ ) = ∫ fQ0(t)
∞

Tz
dt = 1 − FQ0(Tz) = 1 −

γ(MN,β(𝑟𝑡)𝛼)

Γ(MN)
                         (9) 

 

Replacing (5) and (9) in (6) and making the change t = βtα, the PFA is then given by 

 

𝑃𝐹𝐴 = 2𝑘(
𝑀𝑁𝐿
𝑘
)∑ (𝑀𝑁𝐿

𝑖
)𝑀𝑁𝐿

𝑖=𝑘 ∫ [exp(−𝑡)]2𝑀𝑁𝐿−𝑘−𝑖+1[1 − exp(−𝑡)]𝑘+𝑖−1
∞

0
Γ(MN, β(𝑟𝑡)𝛼)𝑑𝑧            (10) 

 

𝑃𝐹𝐴 =
2𝑘

Γ(MN)
(𝑀𝑁𝐿𝑘 )∑ (𝑀𝑁𝐿𝑖 )

𝑀𝑁𝐿
𝑖=𝑘 ∑ (𝑘+𝑖−1

𝑗
)𝑘+𝑖−1

𝑗=0 (−1)𝑗 ∫ exp(−(2𝑀𝑁𝐿 − 𝑘 − 𝑖 + 𝑗 + 1)𝑡)
∞

0
Γ(MN, β(𝑟𝑡)𝛼)𝑑𝑧          (11) 

 

Using the following integral [11] 

 

∫ exp(−𝑐𝑥)
∞

0
Γ(a, bx)𝑑𝑥 =

1

𝑐
Γ(𝑎) [1 − (

𝑏

𝑏+𝑐
)
𝑎

]                            (12) 

 

The PFA of the OSGO-CFAR detector is finally given by 

 

𝑃𝐹𝐴 = 2𝑘 (
𝑀𝑁𝐿
𝑘 )∑ (𝑀𝑁𝐿𝑖 )𝑀𝑁𝐿

𝑖=𝑘 ∑ (𝑘+𝑖−1𝑗 )𝑘+𝑖−1
𝑗=0 (−1)𝑗 1

2𝑀𝑁𝐿−𝑘−𝑖+𝑗+1
[1− (

(𝑟𝑇)𝛼

(𝑟𝑇)𝛼+2𝑀𝑁𝐿−𝑘−𝑖+𝑗+1
)
𝑀𝑁

]           (13) 

 

Eq. (13) shows that this detector has the CFAR propriety with respect to the scale parameter β. 
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RESULTS AND DESCUSSION 

In this section, we present the performance of the OSGO-CFAR detector in homogenous and Non-Homogeneous 
(clutter edge) Weibull background with shape parameter α=0.4 considering a statistical MIMO radar system. Monte 
Carlo simulations are used to evaluate the detection performance for a design PFA of 10-4 and for a number of nodes 
MN=2, 4 and a number of reference cells 2L equal to 16. 

In homogeneous case, we plotted the probability of detection PD of the OSGO-CFAR detector versus SCR for MN=2 
and MN=4 (Fig. 3.). From this figure we can observe that best performance is obtained when high number of nodes 
MN is used.  

 

 

In comparison with mean level CFAR detectors (CA, CAGO and CASO) [8], the OSGO has the worst detection 
performance in homogeneous background. 

In non-homogeneous case (presence of clutter edge in the reference window), in terms of false alarm regulation, Fig. 
4. shows the probability of false alarm of the OSGO, CA, CAGO and OSSO CFAR detectors versus the number of 
cells immersed in clutter for MN=2. From this figure we can observe that the OSGO CFAR detector has the best false 
alarm control in leading or lagging window. 

 

 

Fig. 4. False alarm regulation of OSGO, CA, CAGO and CASO (MN=2) 

 

 

(b) 
(a) 

Fig. 3. PD of OSGO, CA, CAGO and CASO in homogeneous clutter for MN=2 (a) and MN=4 (b) 
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CONCLUSIONS 

In this paper we have analyzed the detection performance of the OSGO-CFAR detector in homogeneous and non 
homogeneous Weibull clutter for the statistical MIMO radar. Compared to the CA, CAGO and CASO CFAR detectors, 
the obtained results have shown that the OSGO CFAR detector has the best false alarm regulation in the presence 
of clutter edge in the reference window.  
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ABSTRACT 

The temperature control of the lithium-ion batteries is one of the main difficulties for their application. In the present 
work, an experimental investigation of li-ion battery thermal management based on the liquid-vapor phase change in 
direct contact with the cells has been performed. The heat transfer with the environment was studied in four different 
modes.  The first mode is free convection in the heat sink, the second mode is forced convection, the third mode is 
using hydrogel between the fins of the heatsink with an initial temperature of 10℃, and the fourth mode is the use of 
hydrogel with an initial temperature of 24℃. The results showed that the final pressure and the maximum temperature 
of the pack used by a fan did not differ significantly from the mode of free convection. But, the use of hydrogel with 
an initial temperature of 10 ℃, reduced the final pressure and the maximum temperature of the pack by 44.4 and 
10.1%, respectively. 

Keywords: Lithium-ion battery, Liquid-vapor phase change, Battery thermal management 

 

INTRODUCTION 

Lithium-ion batteries have been extensively applied in electric vehicles in the past decade because of their lifetime, 
high energy density, and power [1]. Lithium-ion batteries' heat generates during charging and discharging. The 
amount of heat generation depends on the ambient temperature and discharge rate [2, 3]. An increase in temperature 
has a harmful effect on the efficiency, security, function, and lifetime of lithium-ion batteries [4]. Hence, a battery 
thermal management system is required. Battery thermal management systems are divided into two types passive 
and active. In the active method, energy is consumed in order to circulate the cooling fluid; However, in the passive 
method, the heat is removed naturally through the surrounding environment of the battery [5]. The phase change is 
a constant temperature process with high energy absorption. Phase change can be solid to liquid or liquid to vapor 
[5]. Wu et al. [6] investigated the use of solid to liquid phase change for battery thermal management systems. They 
indicated that the phase change was completed because of the low thermal conductivity of the liquid produced, and 
the temperature of batteries increased sharply. Therefore, to solve this problem, Scholars combined this battery 
thermal management method with other active and passive methods [7, 8]. 

Besides solid to liquid phase change, the liquid to vapor phase change is also used in battery thermal supervision 
systems. Giles et al. [9] used the phenomenon of boiling to absorb heat generated by the battery. In the following, 
the boiling phenomenon was indirectly used in battery thermal management. Heat pipe was an example of this use 
[10, 11]. Al-Zareer et al. [12, 13]   simulated the cooling of the battery pack used in a hybrid vehicle. In their study, 
the fuel before consumed entre the battery pack. The fuel, after absorbing heat, change to vapor. In this method, due 
to the high potential of heat absorption during the phase change process, the maximum temperature was reduced. 
Of course, the proposed plan can only be used in the hybrid vehicle. Al-Zareer et al. [14], in another study, designed 
and simulated a system in which batteries were immersed in R134a refrigerant. Throughout the charging and 
discharging process, the produced heat by the battery was absorbed by the refrigerant and caused its phase change. 
They proved that the performance of the battery thermal control system would be improved through the immersion 
level increase. 

Although Al-Zareer et al. [14] studied the direct use of liquid to vapor phase change in the battery temperature 
management system. They only simulated the effects of immersion depth on the suggested scheme performance. 
In the present work, the battery thermal management system has been experimentally investigated by direct using 
liquid to vapor phase change. In this study, the system's performance has been evaluated in four different modes of 
heat exchange with the environment. The first mode is free convection in the heatsink, the second mode is forced 
convection with the fan, the third mode is the use of hydrogel between the fins of the heatsink with an initial 
temperature of 10℃, and the fourth mode is the use of hydrogel with an initial temperature 24℃. 
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SYSTEM DESCRIPTION 

In current study, the thermal management system of the battery has been investigated experimentally by direct using 
liquid-to-vapor phase change. Fig 1 shows a schematic of the designed system. 

 

d

c

b

a

 

Fig. 1. The proposed schematic including a) battery b) refrigerant c) compartment d) heatsink. 

 

Twelve 18650 lithium-ion cells were used in this research. These cells were placed together in three rows of four 
columns. According to the symmetries in the arrangement of the cells, four k-type thermocouples were applied for 
recording the surface temperature of cells. The temperature was recorded and stored by the data logger. The packing 
compartment is made of a Teflon block. A rectangular cube hole was created in this compartment. The cells were 
vertically placed in this hole. The aluminum heatsink is placed on the compartment. To seal the compartment after 
connecting the heatsink, O-rings are used at the junction of the compartment and the heatsink. There is a steel plate 
under the pack compartment. This plate is connected to the heatsink with ten screws. These screws provide the 
necessary pressure to seal the O-ring. 

Due to suitable phase change temperature, dielectric, and non-toxicity, 1-Dichloro-1-Fluoroethan (R141-b) refrigerant 
was used in this work. After the cells were placed in a compartment, the compartment was filled with R141-b 
refrigerant. The cells were fully immersed in the refrigerant. The height of the pack compartment was designed so 
that the gap between the highest point of the cells and the bottom surface of the heatsink was 15 mm, which was 
filled with air. 

During the discharge battery process, the refrigerant absorbs the produced heat. According to the boiling temperature 
of the refrigerant (i.e., 32℃), the boiling process occurs for the refrigerant, which comes in contact with the cells. The 
produced steam moves up and collides with the bottom surface of the heatsink. The outer surface of the heatsink 
has fins. Therefore, it has good heat transfer with the environment. The steam in contact with the heatsink is distilled, 
and subsequently falls. The proposed system operates similarly to a heat pipe. The cells are the evaporator, and the 
heatsink is the distiller. The pressure of the pack compartment has been measured using a pressure gauge. The 
tests started with zero relative pressure. At the last stage of the discharge process, the compartment relative pressure 
has increased due to the higher rate of the evaporation process compared to the distillation. 

 

EXPERIMENTAL RESULTS 

This study investigated different methods for transferring heat between the heatsink and the environment. Four 
different modes are chosen. The first mode is free convection in the heatsink. The second mode is forced convection. 
In this mode, the fan was used. The fan provided 1.5 m/s of air flow between the fins of the heatsink. The third mode 
used the hydrogel between the fins of the heatsink. The initial temperature of the hydrogel was 10℃. Also, the fourth 

mode used hydrogel, but the initial temperature of the hydrogel was 24℃. The Potassium polyacrylate polymer was 
dissolved in water to  produce hydrogel. The granular hydrogels data sheet has been shown by table 1. 
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Table 1. The granular hydrogels data sheet [15] 

Chemical title Potassium polyacrylate 

Base Cross-linked polyacrylic acid (PAA) partly neutralized by potassium 

Size of particle 800-2000µm 

Appearance Powder, white 

Phase Solid 

Vapor pressure  

(mm Hg at 20℃) 

15  

Density 0.66 g/cm3 

PH 7.7 (1g/1 in water) 

 

 

At the beginning of the third mode test, the space between the heatsink fins was filled with hydrogel. The initial 
temperature of the hydrogel was 10℃. The initial temperature of the hydrogel in the fourth mode was 24℃. During 
these two tests, the temperature of the hydrogel was measured and recorded. Fig. 2 shows hydrogen temperature 
as a function of time during the third and fourth modes. 

 

 

Fig. 2. Hydrogen temperature versus time during the test 

 

At the beginning of the third mode test, the temperature was different between the initial temperature of the hydrogel 
and the heatsink. Therefore, in Fig. 2, severe changes in the temperature of the hydrogel were observed. Then, the 
graph becomes flat. In the fourth mode, there was a temperature balance between the heatsink and the hydrogel 
from the beginning of the experiment. Therefore, the hydrogel temperature graph is almost flat in this case. According 
to Fig. 2, the average temperature of the hydrogel in the third mode is lower compared to the fourth mode. 

In all tests, the rate of battery discharge was 4℃. In all the tests, the initial temperature of the cells was the same and 

equal to 24℃. Also, the relative pressure of the compartment was zero. Using the temperatures recorded by the data 
logger, the maximum temperature of the cells in each test was determined. Also, with a pressure gauge, the final 
pressure of the compartment was recorded. Table 2 shows the results of these investigations for different modes.  

 

Table 2. The maximum temperature of the cells and the final pressure of the compartment in four modes 

 Maximum temperature of cells (℃) The final pressure of the compartment (bar) 

The first mode 39.5 0.45 

The second mode 39.5 0.45 

The third mode 35.5 0.25 

The fourth mode 38 0.35 
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In these experiments, the temperature gap between the battery compartment and the environment was not large. 
The peak temperature difference was about 15.5℃. In this range of temperature difference, fan use was not valuable. 
Therefore, the peak temperature of the cells and the final compartment pressure were equal in the first and second 
modes. The use of hydrogel reduced the surface contact between the heatsink and the environment. But, the high 
hydrogel-specific heat capacity increased heat dissipation from the heatsink. Therefore, the cell's peak temperature 
was reduced. In the third mode, due to the lower average temperature of the hydrogel (Fig. 2), the absorption of heat 
was better, and the maximum temperature of the cells was reduced. Dissipating more heat through the heatsink 
means more condensation in the battery compartment. Finally, it reduced the final chamber pressure. In the third and 
fourth modes, the final pressure of the compartment decreased by 44.4 and 22.2%, respectively. 

 

CONCLUSIONS  

The temperature gap between the battery compartment and the environment was not large. The peak temperature 
gap was 15.5℃. In this range of temperature difference, fan use was not valuable. Therefore, the peak temperature 
of the cells and the final pressure of the compartment were equal in the first and second modes. The hydrogel has a 
high specific heat capacity. This heat capacity increases the potential for absorbing heat. Therefore, by using 
hydrogel, the heat transfer rate through the heat sink has increased. The distillation rate on the battery compartment 
was increased by enhancement of the heat transfer through the heatsink. Increasing the distillation process reduced 
the final pressure of the battery compartment. The results have shown that in the third and fourth modes, using 
hydrogel, the final pressure of the battery compartment has decreased by 44.4 and 22.2 percent, respectively. 
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ABSTRACT 

Solar thermal energy, one of the renewable energy sources, is widely preferred as a clean energy source for domestic 
or commercial heating, food drying, absorption cooling, and power generation. It is quite practical to access solar thermal 
energy and convert it into useful energy through the solar energy system created by selecting the appropriate system 
components. However, the critical point is the storage of thermal energy to meet and/or support the demand side when 
solar energy is not accessible. For this reason, the main system components, such as the solar collector, storage tank, 
pump, and system control algorithm that will determine the operation, should be selected to make the best use of solar 
radiation, which varies instantaneously during the day, depending on the geographical location. In this study, the 
charging performance of the solar-based sensible thermal energy storage system with a flat plate solar collector for 
Izmir, Turkiye, is evaluated using TRNSYS v18 software, considering the average tank temperature, thermal energy, 
and exergy efficiency of the system for each day over one year. 

Keywords: Solar energy, Thermal energy storage, Energy Analysis, Exergy Analysis, TRNSYS  

 

INTRODUCTION 

Countries with limited fossil-fuel resources, such as European countries, seriously encounter problems caused by 
the dependency on energy imports, and this situation has deliberately led the countries to focus on their natural 
resources. As a result, renewable energy resources, such as solar, wind, and geothermal, have become much more 
valuable. The most important disadvantage of solar energy from other renewable energy resources is that it is not 
always available, and there can be a significant time difference between supply and demand. Thermal energy storage 
techniques are the most commonly used method to overcome this situation. In this way, the peak loads of energy 
demand of a space or power generation system can be greatly reduced [1].   

Solar energy-integrated hot water production methods are widely used both individually for household applications 
and on large-scale commercial or industrial systems [2]. The hot water obtained by solar energy can be used directly 
or generally stored when it is produced more than necessary. The useful heat that the storage tank supplies increase 
by designing thermally enhanced hot water storage tanks [2]. One of the most important performance criteria for a 
hot water thermal energy storage tank is thermal stratification [3]. A hot-water storage system basically consists of 
thermal collectors and a thermal energy storage tank. The energy efficiency of the integrated system, which is related 
to the amount of stored thermal energy, and the exergy efficiency, which includes the quality of this stored energy, 
are two performance criteria that should be examined together [1]. 

TRNSYS is one of the most widely used software to simulate the transient thermal system. It has various validated 
components, and lets users link them and define controllers to build integrated systems. The hot water storage tank 
model in TRNSYS, Type 156, is used in heat pump and undersoil heating integrated systems [4], heat and power 
generation systems (photovoltaic thermal collector [5], organic Rankine cycle [6]). Lizana et al. [4] tried to obtain a 
novel smart low-carbon heating system. According to their results, on-peak electricity consumption can be shifted to 
off-peak hours by the proposed integrated system, and the authors stated that the design criteria of the storage tank 
would be focused on to achieve better performances in future studies. In another study, Lizana et al. [5] investigated 
a thermal collector and water storage tank integrated thermal system under three different operation modes (energy 
storage – direct usage – indirect usage) work according to certain conditions. The authors concluded that the phase 
change material integrated thermal energy storage tank shows better performance than other alternatives. Pater [6] 
examines four different photovoltaic thermal hybrid systems. The results showed that the models with the heat pump 
integrated hot water storage tanks can generate more heat and electricity. 

In this study, a solar-assisted water storage tank is modeled in TRNSYS to obtain the annual charging performance 
of the thermal system. The number of solar collectors and the mass flow rate of the heat transfer fluid are selected 
as two main variables, and the design parameters of the tank are not changed. The charging performance of the 
integrated system is evaluated in terms of storage domain average fluid temperature, integrated energy, and exergy 
efficiencies. 

mailto:gok.okan@ogr.deu.edu.tr


The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

226 

MATERIAL & METHOD 

Definition of the Problem 

In this study, a solar-based sensible thermal energy storage system is modeled in TRNSYS v18 (Transient System 
Simulation Tool) software. In the built-in TRNSYS library, there are different models (which are called “Type”) for 
simulating various thermal systems and their components [7]. This study considers a solar-assisted sensible heat 
thermal energy storage system for charging mode. The system consists of a flat-plate solar collector, a cylindrical 
water storage tank, and a pump. The schematic of the simulation created in the TRNSYS interface to examine the 
charging performance of the system for one year is shown in Fig. 1.  

 

 

Fig. 8. The TRNSYS schematic of the solar-based sensible thermal energy storage system 

 

In Fig. 1, the schematic of the TRNSYS model is given. The model includes three lines: the red line for the hot fluid 
circuit, blue lines for the cold fluid circuits, and gray dashed lines for transferring weather data and system control 
information. Type 15-3 is the weather data processor used to import EnergyPlus weather files. Izmir province is chosen 
as the location where the charging performance of the solar-based sensible thermal energy storage system is analyzed, 
and the required weather data for Izmir is defined as EnergyPlus weather file format through Type 15-3 [8]. Type 73 is 
a flat-plate solar collector model and operates based on the weather data provided by Type 15-3. Type 73 defines the 
required parameters, such as the number of solar collectors, series and/or parallel connections, surface area, and slope 
angle. For Izmir, the collector slope angle was chosen as 30.3° [9]. Type 156 is a sensible heat storage tank model in 
which the hot water flows through a heat exchanger immersed inside the water. Type 114 is a single-speed pump model 
that drives the water in the system. Type 114 is controlled by Type 911, which is called the differential controller with 
lock-out. The charging system model created in TRNSYS software was run for a total of 8760 hours, i.e., one year, with 
a time step size of 1 minute, and the charging performance of the solar-based sensible thermal energy storage system 
was analyzed. 

 

System Operation Strategy and Parameters 

The charging performance of the solar-based sensible thermal energy storage system is evaluated daily-basis 
throughout the year. At the beginning of each day, it is assumed that the water storage tank temperature is to be the 
same as the ambient temperature. Control statements are defined for initiating and terminating the charging process. 
The outlet temperature of the flat-plate solar collector should be higher than the return temperature to the collector, i.e., 
the tank outlet temperature, to initiate the charging process. The charge termination statement, i.e., stopping the pump, 
depends on two situations. As a first controller, the temperature at the collector outlet should be lower than the return 
temperature, i.e., the tank outlet temperature. The second controller for termination is defined due to safety concerns. 
When the water temperature at the collector outlet reaches 95°C, the process is terminated to guarantee that the water 
circulating in the closed loop does not exceed the boiling point at standard conditions. Type 911 controls on/off 
statements in the solar-based sensible thermal energy storage system throughout the simulation to initiate and 
terminate the charging process.   

The flow rate of the working fluid and the number of collectors were selected as the key variables. It is assumed that 
flat-plate solar collectors are connected in parallel, and the total number of collectors is chosen to be 2, 4, and 8. The 
total mass flow rate of the water is selected as 600, 1200, and 2400 kg/h. The parameters of the water storage tank are 
kept constant and given in Table 1. A total of 9 parametric simulations were performed, and outputs were reduced in 
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terms of monthly average temperatures and efficiencies. Energy consumption associated with the pump is included in 
the energetic and exergetic efficiencies. Pump power consumption is calculated considering a piping network 
between the solar collector and the water tank. Pressure drops inside the collector, and immersed coil inside the tank 
are also considered.  

 

Table 1. Main Parameters of the Solar-Based Sensible Thermal Energy Storage System 

Type Name Parameter Value 

Type 73 

Flat Plate 
Collector 

Collector Area (each) 2 m2 

Collector Slope 30.3° 

Bottom, edge loss coefficient 0.5 W/m2⋅K 

Collector connection type Parallel 

Type 156  

Water Storage 
Tank 

Tank Volume (Storing Water Side) 0.1878 m3 

Tank Height 1.1640 m 

Heat Exchanger Tube Length 9.9920 m 

Heat Exchanger Tube Diameter 0.0285 m 

Heat Exchanger Coil Diameter 0.2863 m 

Heat Exchanger Coil Pitch 0.0464 m 

Heat Exchanger Inlet Height 0.7470 m 

Heat Exchanger Outlet Height 0.2370 m 

Heat Exchanger Material Thermal Conductivity 400 W/m⋅K 

Fluid Density 1000 kg/m3 

Fluid Specific Heat 4190 j/kg⋅K 

Fluid Thermal Conductivity 0.4 W/m⋅K 

Total Heat Loss Coefficient 0.5 W/m2⋅K 

Tank Volume (Storing Water Side) 0.1878 m3 

 

 

Energetic and Exergetic Calculations  

In order to analyze the charging performance of the solar-based sensible thermal energy storage system, thermal 
energy efficiency and exergy efficiency were selected as performance criteria in the simulations. Energy and exergy 
efficiencies are calculated based on the total energy stored in the tank (Estored,tank), the total energy consumption of the 
pump, and total solar radiation for each day of the year (IsolarAcol). The energy efficiency of the solar-based sensible 
thermal energy storage system is defined as, 

 

𝜂𝑠𝑦𝑠 =
𝐸𝑠𝑡𝑜𝑟𝑒𝑑,𝑡𝑎𝑛𝑘

∫(𝐼𝑠𝑜𝑙𝑎𝑟(𝑡)𝐴𝑐𝑜𝑙 + �̇�𝑝𝑢𝑚𝑝) 𝑑𝑡
 (1) 

 

The exergy efficiency of the solar-based sensible thermal energy storage system is defined as, 

 

𝜑𝑠𝑦𝑠 =
𝐸𝑠𝑡𝑜𝑟𝑒𝑑,𝑡𝑎𝑛𝑘

∫(𝐼𝑠𝑜𝑙𝑎𝑟(𝑡)𝐴𝑐𝑜𝑙 (1 −
𝑇𝑎𝑚𝑏(𝑡)
(3 4⁄ )𝑇𝑠𝑢𝑛

) + �̇�𝑝𝑢𝑚𝑝) 𝑑𝑡
 

(2) 

 

where Tsun is the apparent blackbody temperature of the sun and is approximately equal to 6000 K. 
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RESULTS AND DISCUSSION 

The average temperature of the water storage tank, energy and exergy efficiencies were obtained at the end of each 
day of the year using TRNSYS v18. Due to the limited space in this short paper, only the monthly average results are 
tabulated in Table 2. Here the influences of the number of collectors and mass flow rate of working fluid could be seen 
clearly. It is interesting to note that the influence of mass flow rate on the average tank temperature differs when the 
number of collectors is varied from 2 to 8. The average tank temperature decreases with the increasing mass flow rate 
for two collectors, but the effect is the opposite for eight collectors. Besides, the dependency of average tank 
temperature on the mass flow rate becomes quite different for the four-collectors case. Increasing the mass flow rate 
reduces the average temperature of water for relatively cold months, i.e., November, December, January, and February, 
in which the incoming solar radiation is limited. For the rest of the year, the relationship between the flow rate and the 
tank temperature becomes opposite; increasing the mass flow rate has a favorable effect on the average temperature 
of the water. Considering the thermal efficiency of the integrated system, regardless of the number of collectors, the 
energy efficiency reduces as the flow rate increases. The highest energetic efficiencies are obtained for the two-
collectors case with a mass flow rate of 600 kg/h. 

 

Table 2. Monthly averaged results of parametric simulation 

  Ncol ṁ Month 
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600 33.06 41.41 50.09 59.50 66.07 71.99 75.68 75.66 67.45 55.22 43.03 32.21 

1200 32.73 40.96 49.50 58.76 65.24 71.09 74.84 74.75 66.64 54.57 42.58 31.91 

2400 31.99 39.94 48.19 57.14 63.38 68.92 72.61 72.47 64.74 53.17 41.54 31.22 

4 

600 51.68 61.30 68.24 70.63 71.98 72.39 72.38 72.30 72.32 71.76 64.53 49.68 

1200 51.32 61.42 68.90 71.86 73.52 73.95 73.94 73.87 73.96 73.13 64.48 49.35 

2400 50.39 60.96 68.84 72.46 74.64 74.97 74.99 74.91 74.94 73.99 63.51 48.50 

8 

600 63.68 64.77 64.97 65.93 66.63 67.56 67.69 67.45 66.87 66.71 67.95 60.46 

1200 64.91 66.26 66.98 68.25 69.01 69.86 69.99 69.84 69.28 68.92 69.65 61.58 

2400 65.30 66.92 68.03 69.55 70.23 71.08 71.22 71.05 70.55 70.19 70.61 62.20 
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600 40.66 40.07 39.84 39.60 39.33 39.08 39.35 39.66 40.13 40.64 41.07 41.21 

1200 39.91 39.29 39.07 38.79 38.51 38.24 38.49 38.82 39.30 39.82 40.29 40.39 

2400 37.61 37.02 36.89 36.64 36.30 35.88 36.04 36.41 37.02 37.62 38.03 37.88 

4 

600 35.44 35.44 36.34 37.85 38.60 38.82 39.17 39.71 39.32 38.08 36.00 35.90 

1200 34.99 34.93 35.75 37.32 38.09 38.36 38.73 39.22 38.75 37.36 35.37 35.44 

2400 33.71 33.55 34.36 35.90 36.54 36.92 37.31 37.82 37.27 35.58 34.00 34.11 

8 

600 31.53 32.16 33.60 34.56 34.70 34.34 34.59 35.41 35.46 35.16 33.65 31.81 

1200 31.13 31.90 33.37 34.33 34.49 34.12 34.36 35.17 35.23 34.91 33.34 31.50 

2400 30.29 31.13 32.66 33.55 33.82 33.43 33.69 34.48 34.55 34.22 32.41 30.52 
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600 1.92 2.33 2.78 3.16 3.29 3.32 3.41 3.40 3.23 2.79 2.29 1.82 

1200 1.86 2.26 2.69 3.06 3.17 3.20 3.29 3.28 3.11 2.69 2.22 1.76 

2400 1.71 2.08 2.47 2.80 2.89 2.88 2.96 2.95 2.82 2.46 2.03 1.62 

4 

600 2.74 3.18 3.55 3.66 3.56 3.32 3.20 3.21 3.44 3.57 3.22 2.60 

1200 2.68 3.14 3.53 3.67 3.60 3.37 3.26 3.26 3.48 3.57 3.15 2.55 

2400 2.54 3.00 3.39 3.57 3.51 3.30 3.19 3.20 3.40 3.45 2.98 2.42 

8 

600 3.04 3.05 3.12 3.09 2.93 2.69 2.59 2.60 2.82 3.03 3.18 2.88 

1200 3.06 3.11 3.20 3.19 3.03 2.79 2.69 2.71 2.93 3.12 3.23 2.91 

2400 3.00 3.07 3.19 3.18 3.03 2.79 2.70 2.72 2.93 3.12 3.19 2.85 
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Due to its definition, the exergy efficiency of the solar-based sensible thermal energy storage system is significantly 
lower than the energy efficiency. Still, the exergetic point of view enables making a comparison regarding the 
utilization of the available solar energy potential depending on various parameters. It is seen that although the 
maximum thermal efficiency is observed when the number of collectors is 2, the maximum exergy efficiencies are 
obtained for the four-collectors design. 

 

CONCLUSIONS 

The charging performance of a solar-based sensible thermal energy storage system has been obtained for Izmir, 
Turkiye, depending on the working fluid flow rate and the number of parallel-connected solar collectors. The results of 
the conducted parametric study are listed below: 

• It is found that energetic and exergetic results show non-linear patterns considering the design/working 
parameters and seasons. One should keep in mind that the global “best” conditions cannot be achieved when 
exergetic aspects are disregarded. This study concludes that for the current charging process, solar energy 
potential is best utilized with four collectors when the mass flow rate is 1200 kg/h. 

 

• Current work aims to investigate the charging performance of the solar-based sensible thermal energy storage 
system, and the effect of the selected parameters on the total stored energy is analyzed. The effect of the 
parameters should be examined considering the heating and cooling loads depending on the variable weather 
conditions. 
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ABSTRACT 
In this study, the effect of multiwalled CNT addition to the cooling water at different rates (0%, 0.2% and 0.4%) on 
heat transfer was investigated experimentally. First, nanofluids were prepared by mixing CNT with cooling water in 
an ultrasonic bath for 8 hours. After making sure that the macro-stability time of the mixture was longer than the 
experiment period, tests were carried out in the experimental setup established by our team. In the last stage, the 
effect of nanofluid with CNT on heat transfer was investigated experimentally. From the results obtained, it was 
concluded that a significant improvement in heat transfer occurred with the addition of CNT even in very small 
amounts (0.2% and 0.4%). 
 
Keywords: CNT, nanoparticle, nanofluid, heat transfer 
 
INTRODUCTION 
Today, as it is known, the importance of nanoparticles is increasing day by day. Because nanoparticles are used in different fields 
such as chemistry, health, energy and defense industry. One of the usage areas of nanoparticles is their heat transfer 
enhancing effects. In recent years, different studies have been carried out on the usability of nanoparticles, both in 
the cooling of thermal machines, especially in internal combustion engines, and in the cooling of batteries. In this 
context, multiwalled CNT is one of the most prominent nanoparticle types with its high heat transfer performance. In 
this context, there are different studies on nanoparticles in the literature. Among these studies, those related to the 
effect of nanoparticles on heat transfer are summarized in the following paragraph. 
Ijaz et al. [1] simulated the thermal properties of graphene oxide doped water based nanofluid with a CFD study. The 
temperature drop increased with the increase of the volume fraction. According to the calculations, the percent 
effectiveness showed a maximum increase of 97.49% at the 10% volume fraction. 
Muruganandam and Kumar [2] investigated multi-walled carbon nanotube (MWCNT) nanofluids with distilled water 
at different volume concentrations. The mechanical efficiency of the 0.3% volume nanofluid in the internal combustion 
engine was found to be higher than the other fluids according to the load. Mukherjee et al. [3] investigated the thermal 
properties of nanofluids formed by the addition of SiO2 nanoparticles to engine cooling-based commercial fluid. The 
thermal conductivity increased with increasing nanoparticle concentration and temperature.  
Li et al. [4] prepared hybrid nanofluids of ethylene glycol-based silicon carbide-multi-walled carbon nanotubes at 
different concentrations. Viscosity increased with increasing volume concentration and also decreased with 
increasing temperature. Ahmad et al. [5] investigated the heat and mass transfer properties of Al2O3-Cu/water hybrid 
nanofluid and Cu/water nanofluid. It was stated that the mass transfer rate increased with the chemical reaction and 
the heat transfer rate decreased with the effect of viscous dissipation. Abbas et al. [6] determined the thermal 
properties of the Fe2O3-TiO2 (50:50)/distilled water hybrid nanofluid at different volume concentrations. The 
maximum heat transfer rate and Nusselt improvements were found to be 26.7% and approximately 21%, respectively.  
In the conducted study, the effect of multi-walled CNT doped water-CNT mixture nanofluid on the heat transfer 
performance was investigated experimentally. In this context, the effect of the addition of 3 different rates (0%, 0.2% 
and 0.4%) multiwalled CNT on the heat transfer performance was investigated. 
 
 

RESULTS AND DISCUSSION 
First, the CNT – pure water mixtures were mixed in an ultrasonic bath for 8 hours. From the results obtained, it has 
been observed that the mixture can remain stable for at least half an hour at the macro level. Three different multi-
walled CNT ratios (0%, 0.2% and 0.4%) were investigated experimentally. The experiments were carried out at a 
constant pump speed of 60% at a flow rate of 0.0113 kg/s. During the experiments, a mini radiator, a mini fan, a pwm 
controlled pump, electric heater and power supply were used. Radiator inlet and outlet temperatures were measured 
with a PT100 thermometer. Again, with the help of a fan to the radiator, the inlet and outlet temperature and velocity 
of the air were measured with a miniature anemometer. Finally, the flow rate of the cooling water was measured with 
a miniature turbine type flow meter. The photograph of the experimental set is given in Figure 1. 
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Fig. 1 Picture of the test set-up 

 
The effect of CNT added cooling water on heat transfer in 3 different mixing ratios (0%, 0.2% and 0.4%) was 
investigated experimentally. As can be seen in Figure 2, it is concluded from the obtained results that the product of 
the heat transfer by the surface area increases in parallel with the increasing amount of CNT. According to the results, 
with the addition of 0.2% and 0.4% CNT, 17.6% and 30.9% improvements were achieved, respectively, compared 
to the water-only operating condition. 
 
  

 
Fig. 2 Effect of CNT addition on heat transfer performance of coolant 

 

CONCLUSIONS 
 

The effect of CNT added cooling water at different rates (0%, 0.2% and 0.4%) on heat transfer was investigated 
experimentally. As a result of the study, the effect of the heat given by the heater on the heat transfer was 
experimentally investigated under the 60% pump speed and 0.0113 kg/s flow condition. From the results obtained, 
the effect of heat transfer was examined in the measurements performed with the LMTD method and it was 
concluded that the heat transfer increased significantly with the increasing multi-walled CNT contribution. With the 
addition of 0.2% and 0.4% CNT, it was observed that the thermal conductance (UxA) values improved by 17.6% 
and 30.9%, respectively, compared to the water-only operating condition. 
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ABSTRACT  

The melting heat transfer of Al2O3-N-eicosane embedded in a uniform aluminum metal foam was addressed. Aluminum 
foam is placed in a rectangular shaped. Thermal Energy Storage (TES) unit heated from one side. The finite volume 
method was applied to simulate natural convection flow and phase change heat transfer in the TES unit. The results 
showed that the best porosity of the metal foam is for ε=0.8, which leads to a decrease in melting time of 22.8%. The 
presence of Al2O3 nanoparticles decrease the charging time up to 7.54%. Moreover, the variation of inclination angle 
induces minimal impact on the phase change rate.  

Keywords: Phase change material; Metal foam; Inclination angle; Melting process; Nanoparticles.  

 

INTRODUCTION 

The phase change materials (PCMs) with high latent heat are considered to be one of the most potential energy 
storage mediums of the thermal management system. The temperature of the latent heat storage system can 
maintain in a constant range when the PCMs absorb or release the energy. The main disadvantage that limits its 
devel-opment is its low thermal conductivity. There are many research studies about the improvement of the PCM 
low thermal conductivity in recent years [1-5]. The most remarkable of these studies is the use of porous media such 
as metal foam. The literature has shown that PCM metal foam composite can have substantially higher thermal 
conductivity compared to pure PCM systems [6]. The study of PCM-metal foam composite for thermal systems has 
been performed both experimentally and numeri-cally. The study of Zhao et al. [7] show that the metal foam 
suppresses natural convection, but greatly promote the effective thermal conductivity of PCM by more than 220 %. 
It is also a bracing structure with good mechanical strength for the thermal storage unit. Deng et al. [8] performed a 
numerical and experimental study on the melting process of Lauric acid (C12H24O2) embedded in aluminum foam 
with an emphasis on the effect of pore distribution. The results revealed that PCM melting heat transfer with metal 
foam is significantly enhanced compared to pure PCM, particularly, metal foams with small fractal. Al-Jethelah et al. 
[9] conducted an experimental study on the melting of Nanoenhanced PCMs (coconut oil based CuO nanoparticles) 
within aluminum foam with various porosities and pore density of 5 PPI. It is observed that adding nanoparticles or 
metal foam accelerated the melting rate. However, the metal foam has a greater impact on the melting process than 
the pure PCM or NEPCM. 46.6% and 33% of PCM is melted for the case of pure PCM with and with-out metal foam, 
respectively. Duan and Li [10] experimentally and numerically studied the effect of embedding PCM (coconut oil) in 
copper foam. The experimental results showed that the porosity influences the melting and heat transfer processes 
much more than the pore density of the metal foam.  

For numerical studies, the artifi-cial neural network method (ANN) was used. they found that the ANN method give a 
high predicts  the parameters of the PCM-porous system during the melting process. Guo et al. [11] experimentally 
and numerically examined the phase change process in a vertical storage unit filled with compressed metal foam. It 
was found that compressed foam with compression ratio of 0.1 can significantly shorten the total melting time by 13.9 
%. However, for compression ratio greater than 0.1, the total melting time is higher than 129.4 % compared to the 
uncompressed foam. It was also shown that higher compression ratio may lead to non-uniform features in the melting 
process at different zones. A numerical study was carried by Iachachene et al. [12] to examine the melting inside a 
wavy cavity under partial heating. They found that the thermal equilibrium model has proven accuracy in predicting 
the melting process within a wavy cavity. A maximum deviation of 3 % is observed between the predictive and 
experimental data. Their results revealed that lower porosity of the metal foam resulted in a higher melt rate and 
lower thermal storage capacity. However, pore density indicated no effect on melting performance for porosity 
between 80 and 96%. They concluded that higher energy storage and melting rate can be achieved by increasing 
the number of undulations. 

The aim of this study is to investigate numerically the phenomenon of phase change of PCMs inside high thermal 
conductivity foams. Aluminum foams with different physical properties were infiltrated with N-eicosane. Effect of 
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different parameters like foam porosity, nanoparticles concentration and the inclination on the melting of PCM was 
analyzed. The practical use of the current study could appear in a number of thermal management applications, such 
as energy harvesting, active and passive cooling of electronic devices, and energy storage systems. 

 

PHYSICAL PROBLEM 

Figure 1 depicts a schematic of the physical model under consideration. The thermal storage unit is a rectangular cavity 
width L and height H, filled with n-eicosane as a PCM,  and aluminum as a metal foam. Al2O3 nanoparticles are 
dispersed into pure PCM to explore their effects. The left wall is subjected to a uniform and constant heat flux(q``=3000 
W/m2) , while the other walls are considered adiabatic. 

The proprieties of PCM, a metal foam and nanoparticles used for the present study are given in Table1. The liquid is 
considered as incompressible and the flow is laminar. The natural convection caused by buoyancy is subject to the 
Boussinesq approximation. The thermal radiation is neglected in the metal foam during melting. The metal foam is 
considered as isotropic and homogeneous. The metal foam and NEPCM are in local thermodynamic equilibrium 

 

Fig. 1. Physical model 

 

       Table1.Thermophysical properties of the PCM, metal foam and nanoparticles  

Properties N-eicosane AL Al2O3 

Solid Liquid 

Tm, C° 36.4  – – 

cp, J/Kg.K 1926 2400 871 765 

ρ, Kg/m3 910 769 2719 3600 

Lf , J/kg – 248000 – – 

, Kg/m.s – 3,845×10-3 – – 

k, W/m.K 0.423 0.146 202.4 36 

β, K-1 - 8.161 10-4 - 7.8 10-6 

                            

MODELING MELTING PROCESS OF A PCM 

MATHEMATICAL MODEL 

Based on the above assumptions, the mathematical model for the present problem can be expressed by the following 
equations [12]: 
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S represents source terms illustrate the mushy zone, and are defined as follows [12] 
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− −
                                                                                                            (4) 

where  is a very small positive number, Amushy  is the mushy zone constant and f is the liquid volume fraction is 

defined as follows 
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The source terms 
xS   and 

yS  in Eq. (2-3) illustrate the Darcy and non-Darcy effect (Forchheimer-extended Darcy 

effect), where C is the inertial coefficient and K is the permeability.  

In case of high porosity metal foams, the inertial coefficient and the permeability can be expressed, respectively, as 
follows [12] 
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where the pore diameter (dp) and the fiber diameter (df) can be calculated using the following expressions: 
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where ω is the pore density. 

The energy equation for PCM–metal foam when the local thermal equilibrium is assumed between the PCM and 
metal foam is reduced to the one temperature equation, and it can be written as [12] 

 

( ) ( )
( )           

 +  + = + −    
           

PCM f

p p eff effeff eff

fLH UT VT T T
c c k k

t x y x x y y t
                                                              (10) 

 

where Lf is the latent heat of fusion of NEPCM, and keff and (ρcp)eff are effective parameters generally defined as [12] 

 

( ) ( ) ( )( )1 =   + −  p p peff NEPCM Al
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The following expressions are used to compute the specific heat capacity, density, and thermal expansion of NEPCM: 

 

( )1=  + −   
NEPCM np PCM

                                                                              (13) 

( ) ( ) ( )( )1=  + −   
NEPCM np

p p p PCM
c c c                                                                                          (14) 

( ) ( ) ( )( )1=  + −   
NEPCM np PCM                                                                                          (15) 

 

The Maxwell model is used to evaluate the NEPCM thermal conductivity, while the Brinkman model is used to 
estimate the viscosity of NEPCM and they are expressed, respectively, as follows[4]: 
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Finally, the latent heat of fusion of NEPCM is calculated as: 

 

( )( )1−  
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f NEPCM PCM
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NUMERICAL METHOD AND VALIDATION 

The present thermal storage problems are solved using the finite volume method. The SIMPLE algorithm is adopted for 
solving the coupled velocity and the energy and momentum equations were solved using a second-order upwind 
scheme. The pressure correction equation was solved using the PRESTO scheme. The convergence criterion is set so 
that the residual values are less than 10-6, while for the energy equation; they are less that 10-9. To incorporate 
temperature and phase dependent thermophysical properties of NEPCM, a User Defined Function (UDF) code is 
developed. 

The grid independence investigation was conducted with different grid sizes of 30×70, 350×120, 80×150, and 180×100 
elements. The results are displayed in Fig. 2 in terms of liquid fraction evolution. Taking into account these results, a 
grid size of 80×150 elements was chosen for numerical simulations.  

 

Fig. 2 Mesh independence test for liquid fraction. 

 

The validation of our results is conducted by comparing the results of the present numerical method, with the 
experimental data from Al-Jethelah et al. [9]. The variation of the melting fraction and stored energy of NEPCM inside 
a metal foam rectangular cavity is shown in Fig.3 (a) and (b) respectively. It can be seen that that the obtained results 
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are in good agreement with the experimental results. As a result, the present numerical method is shown to be reliable 
in the investigation of the phase change characteristics within metal foam. 

 

Fig. 3 Comparison between the published experimental data and the obtained present numerical results: 

(a) liquid fraction (b) The energy storage evolution. 

 

RESULTS AND DISCUSSION 

Optimization Of Metal Foam Porosity 

This part is devoted to analysis of metal foam porosity influence on charging intensity for thermal storage unit. Fig.4 
depict the evolution of the melting front for different porosities (0.8, 0.88 and 0.96) and time intervals. It is clearly seen 
that the evolution of the melting front is affected by the increase of porosity from 0.8 to 0.96. At the early melting stage, 
the melting fronts at different porosities moved almost at the same rate and are nearly parallel owing the dominant 
conductive regime. The melting front moves further as the porosity decreases, which indicates a fast-melting process 
at low porosities. 

 

Fig. 4 The temporal evolution of the melting front at various porosities, 20 PPI, and  = 0%. 

 

Figs. 5 demonstrates an influence of the metal foam porosity on the liquid fraction evolution and melting time. As it has 
been mentioned above, a rise of porosity characterizes an increase in the melting time, as shown in Fig. 5(a). The 
complete melting time at different porosities is presented in Fig.5(b). When the porosity is reduced of 4.35% (i.e., from 
ε=0.96 to ε=0.92) could lead to a reduction in melting time of 8.86%. A reduction of 16.7% (i.e., from ε=0.96 to ε=0.8), 
the melting time is reduced up to 22.8%, In fact, when the porosity is reduced, the convective resistance and effective 
thermal conductivity of the PCM/metal foam composite is increased, while the conductive resistance is decreased, 
resulting in rapid melting. Although low porosities can significantly decrease the melting time, and hence an increase in 
the thermal performance of the system. 
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Fig. 5 (a) Liquid fraction evolution and (b) melting time reduction for various porosities at 20 PPI, and  = 0 %. 

 

Fig. 6 shows the total stored energy in the system at the final melting stage. It is noticed that a growth of the porosity 
conducted to incise the stored energy. For example, at the final melting stage, the energy stored at ε = 0.8 and ε = 0.96 
is 549.26 kJ and 659.11 kJ respectively, an increase of about 20%. Because the growth of the porosity leads to reduction 
of the solid volume and as a result the stored energy is increased.                                                                                                                                               

 

 

                                                                            Fig. 6 Stored energy at various porosities. 

 

Optimization of Nanoparticle Fraction 

In this part, we are interested to study the effect of the addition of Al2O3 nanoparticles on the process of fusion in a PCM 
composite. Figs. 7(a) and (b) present the liquid fraction evolution and melting time respectively at different concentration 
of nanoparticles. Fig.7 (a) reveals that at the early melting stage (t˂680s) and given that the conductive regime is the 
predominant mechanism of heat transfer, the liquid fraction profiles overlap. As time elapses, the convective heat 
transfer is increased and hence the liquid fraction is increased with both nanoparticle volume fraction and time. To 
analyze the effect of dispersing nanoparticles into the PCM, the total melting time for different nanoparticle volume 
fraction is illustrated in Fig.7 (b). It can be seen that the melting time is improved by 2.62%, 5.24% and 7.54% for a 
volume fraction  = 2%, = 4% and = 6% respectively. Therefore, an increase in nanoparticle volume fraction 
improves the melting time. 
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 Fig.7 (a) Liquid fraction evolution and (b) melting time reduction for various nanoparticle volume fractions at ε = 0.8, and 20 PPI. 

 

EFFECT OF INCLINATION ANGLE ON THE MELTING PROCESS OF METAL FOAM-PCM 

In this section, we are interested to investigate the effect of tilt angle on melting time improvement in a storage unit 
containing a NEPCM and an aluminum foam. The aluminum foam is characterized by a porosity ε=0.8 which presents 
the optimal case and a nanoparticle concentration of 6% which also represents an optimal value with respect to melting 
time improvement. 

The evolution of the solid-liquid interface during melting processes under different angles of inclination α of the enclosure 
is presented in in figs.8 (a) and (b) at t=1000s and 2000s respectively. Three zones with different colors constitute the 
progression of the physical state of NPCM.  

NEPCM in its solid state "blue color" transforms into a semisolid  (represented by multicolor) and the red color indicates 
the liquid region. 

From these figures, we can see that there is an apparent symmetry of the solid-liquid interface distributions with respect 
to the axis (oy), except for the cases α=90° and α=270° which represent heating from below and above respectively.  

For the case α=90°, we notice undulations of the liquid-solid interface due to the appearance of convective rolls, these 
are the cells of Bénard, which indicates that the transfer mode is governed by natural convection.  

On the other hand, for α=180°, the heating is done from above, the liquid-solid interface presents a line parallel to the 
heated wall, then prevailing heat transfer mechanism is conduction. 

 

 

(a) t=1000s 
 

 

(b) t=2000s 
 

Fig 8. Evolution of the melting front for different inclination angles at ɛ=0.8 and =6% 
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Fig.9 shows the variation of the liquid fraction with time for different values of α. We notice that all the curves are 
superimposed. At the end of the fusion a slight difference between the final time of fusion. 

 

 

Fig.9 Effect of inclination angle on the liquid fraction. 

The complete melting time of NEPCM-filled metal foam for various inclinations at ε = 0.8 and  = 6% is given in the table 

2. It is clear that the optimal value is obtained for =90° and =270° wich the melting is reduced by 1.41%. 

 

Table 2 The complete melting time for various inclinations 

  

 

 

 

CONCLUSION 

Numerical optimization of a thermal energy storage unit, filled with a phase change material under an influence of 
alumina nanoparticles and metal foam layer position has been performed. In the current study, the effect of porosity, 
nanoparticle and the inclination angle on the melting performance of a PCM-filled metal foam in a rectangular cavity is 
investigated numerically. The main conclusions are as follows: 

(1) The melting time is decreased with the decreasing porosity. When the porosity is reduced from 0.96 to 0.8, the 
melting time is reduced by 22.8 %. 

(2) Dispersion of solid nanoparticles into the PCM also have a positive impact on the melting performance. An increase 

in nanoparticle volume fraction up to   = 6% improves the melting time by 7.54%. 

(3) Inclination of the storage unit has an insignificant impact on the melting performance, the maximum is 1.41%   
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ABSTRACT 

The global energy demand for heating and cooling is rising, particularly in regions with very high solar intensity due 
to the increase in comfort demands. Besides, comfort cooling systems have a wide range of applications, from the 
agricultural sector to preserving medicines. Cooling and heating systems consume a huge amount of energy, 
adversely affecting the climate because of carbon dioxide emissions and other pollutants. To reduce this problem, 
attention should be focused on using solar energy to run cooling and heating systems. This work presents a literature 
review of three different cooling systems: A photovoltaic vapour compression system, solar thermal-based absorption 
cooling system, and a solar ejector cooling system based on techno-economic performance, and the best system is 
suggested based on the result. 

Keywords: Solar Energy, Photovoltaic, Cooling System, Technical Analysis, Economic Analysis 

 

INTRODUCTION 

The continuous development of countries has led to a massive demand for energy, making renewable energy crucial 
and addressing the scarcity of fossil fuels. In recent years, scientists and researchers have focused on renewable 
energy sources like solar power. Solar energy is useful for power generation, refrigeration, heating water, space 
cooling, and heating [1]. Another main reason to use solar energy apart from energy shortage is the CO2 issue. 
Increasing CO2 levels is one of the main reasons for global warming. To overcome this problem, many researchers 
have introduced technologies that can be implemented to use renewable energies. Due to its low cost and availability, 
solar energy is a viable energy source that requires further investigation. According to their findings, solar energy 
may be one of the most suitable energy sources for assisting in the reduction of carbon emissions and global warming 
[2]. Furthermore, solar energy can be combined with refrigeration systems to meet the cooling energy demand, 
allowing for a more accurate comparison. Furthermore, solar combined cooling cycles are analysed and reviewed. 

 

PV-Based Cooling System 

A PV cell is a device made up of a semiconductor that converts solar energy into electrical energy. In addition to 
conventional power plants, the PV-based system has been expanding rapidly worldwide over the last two decades 
to meet the high electricity demand [3]. Although the output from the PV cells is direct current (DC) electricity, 
practically all electrical equipment runs on alternating current (AC). As a result, the essential components of a PV-
based Vapour Compression Refrigeration (VCR) system are PV modules, an inverter, a storage system (such as a 
battery), and a vapour compression chiller. 

 

Fig. 1 Schematic representation of vapour compression system. 
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SOLAR THERMAL COOLING 

Solar thermal cooling supplies the cooling system with heat rather than electricity from the sun. A solar collector and 
a storage system make up solar thermal systems. A type of heat exchanger that converts solar energy into thermal 
energy (heat) is called a solar collector. The solar collector has a black absorber plate that absorbs incident solar 
energy, a glazing cover above the absorber plate that transmits the incoming radiation to the absorber but prevents 
heat loss from the surface, and tubes contain hot fluid which absorbs heat from the collector. After that, a thermal 
storage tank is used to store the fluid. The thermal cooling system is powered by hot refrigerant circulating throughout 
the entire system. The hot fluid stored in the tank is used to provide the refrigerant by exchanging heat with the 
generator. The efficiency of solar collectors mainly depends on their working temperature. The efficiency of the 
collector is given by Eq. (1). Q is the output energy, and it is given by Eq. (2). Ac, Tpm, and Ta are the collector area, 
mean temperature of the plate, and ambient temperature, respectively.  

collector

C

Q

IA
 =  

                                
(1) 

( )C pm aQ A T T= −  

 

                                
(2) 

 

Table 1. Different Cooling Systems 

Particulars VCR VAR Ejector refrigeration 

Working Method Refrigerant vapour is 
compressed using a 
compressor 

Refrigerant is absorbed 
and heated using an 
absorber and generator 

Compression of working 
fluid is achieved by 
combining stream flows 
through the mixing 
chamber and diffuser 

Type of Energy Supplied Electricity is supplied to 
the compressor using a 
PV system 

Heat is supplied using a 
solar thermal system 

Heat is supplied using a 
solar thermal system 

Input Work Required More compression is 
used 

Less mechanical energy 
is required to run the 
pump 

Less mechanical energy 
is required to run the 
pump 

COP High (Approx. 3) Low (Approx. 0.6) Very low (Approx. 0.3) 

Noise More Very less due to the 
absence of moving parts 

Very less due to the 
absence of moving parts 

Leakage More leakage due to high 
pressure 

Very little to no leakage Very little to no leakage 

  

 

Fig. 2 Schematic representation of vapour absorption system and solar ejector cooling system [4] 

 

TECHNICAL COMPARISON 

PV-VCR system 

Vapour Compression system efficiency and PV System efficiency are given by Eq. (3) and Eq. (4), respectively. 
Since the input electricity to the system is the output electricity of the PV system, Eq. (3) and Eq. (4) can be combined 
to obtain overall efficiency, as mentioned in Eq. (5). 
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cooling

VCR

electricity

Output
COP

Input
=                               (3) 

cooling

overall

solar radiation

Output

Input


−

=                               (4) 

electricity

PV

solar radiation

Output

Input


−

=                               (5) 

 

From the above literature review, it is evident that the VCR system’s COP of the VCR lies in the range of 2.5-3.5 [5], 
and the efficiency of photovoltaic cells is around 16-22% [6]. Assuming the COP to be 3 and PV system efficiency to 
be 18%. From the above equation, the overall efficiency of PV-VCR will be 36% (0.18 3=0.54).  

 

Thermal System  

Vapour absorption chiller efficiency and solar collector efficiency are similar to the above system. The input to the 
cooling system is heat, as given by Eq. (6). Since the input electricity to the chiller is output heat from the collector 
system as in Eq. (7) can be combined to obtain overall efficiency, as mentioned in Eq. (5) above. 

 

cooling

VAR

heat

Output
COP

Input
=  (6) 

heat
collector

solar radiation

Output

Input


−

=  (7) 

 

For the absorption system, the COP lies between 0.6-0.8 [7], Taking the COP to be 0.7 and collector efficiency to be 
50% [8]. From the above equation, the overall efficiency of Solar Thermal VAR will be 35% (0.5  0.7=0.35). The solar 
ejector cooling system has COP between 0.3-0.4 and considers the collector efficiency as 50% and assumes COP 
of 0.4 [4]. The overall efficiency of the solar ejector system will be 17.5% (0.5 0.4=0.2) 

 

Economic Analysis 

Gao et al. [9] compared different cooling systems with and without the use of solar PV, focusing primarily on cost. 
They considered three types of systems: PV-based VCR, solar thermal-based VAR, and conventional VCR, in three 
cities in China. The economic analysis showed that the equipment cost of solar thermal-based VAR was the highest 
among the three systems as it was 2.2 times more than the cost of PV-based VCR and more than nine times the 
cost of conventional VCR.  

 

Table 2. Equipment cost [9]. 

Equipment Price (USD) Capacity 

Absorption system (EBARA REW025) 107,406 879 kW 

Absorption System (Carrier 16JLR024A) 80,692 844 kW 

Solar collector (Evacuated type) 105 per m2  - 

Compression system (Carrier 30XW0902) 57,835 856 kW 

Tank (for storing heat) 90 per m3  - 

Pressure-bearing tank (for storing heat) 550 per m3  - 

PV system (includes cells, inverter, and controller) 550 per kWp - 
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Fig. 3 Cost distribution of VCR and VAR system [10] 

 

CONCLUSION 

Solar energy is one of the best renewable sources of heat and electricity. The availability of solar energy makes it 
more feasible to use, particularly in places where there is scarce electricity. Refrigeration is used in many applications, 
from space cooling to storing food and medicines. Due to this broad range of applications, there are many options 
for converting solar energy into a cooling effect, so it is important to find the best way to power the cooling systems. 
An overview of the technological and financial performance of various cooling systems is provided in this paper. From 
the above-detailed review, it is evident that the absorption system performs much worse than the VCR system. and 
ejector cooling system. As mentioned in one of the above sections, the overall efficiency of the PV-VCR system is 
higher than that of solar thermal-based VAR and solar ejector cooling cycle. The last section of this paper compares 
compression and absorption systems based on their economic performance. PV-based VCR systems can be more 
economical than solar thermal-based VAR systems. Overall, it can be concluded that the best cooling method is a 
PV system integrated with a VCR. 
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ABSTRACT  

The principle aim of this paper is to design a real-life solar Photovoltaic/thermal system (PVT) system for the Delhi 
region, India. In this analysis, a novel thermal model for a PV/T system is designed for the month of January, April and 
August in Delhi region. The designed numerical model is quite detailed accounting for the impact of contact resistance 
between the layers of a PV/T system and variation of wind speed, solar irradiation and ambient temperature which are 
very crucial to mimic the actual conditions. To protect the panel from getting heated especially during the summer 
season, a coolant is circulated to enhance the electrical efficiency. Water is being used as coolant as its specific heat 
is higher and also it is easily available. In the present study, the proposed model is assessed for its performance through 
key parameters such as thermal energy and electrical efficiency. It was observed from the present study that the 
electrical efficiency, thermal energy varies between 15-17%, 10.2 MJ -16.8 MJ respectively. 

Keywords: Electrical efficiency, Delhi, PV/T Collector, Solar energy, Thermal energy  

 

INTRODUCTION 

Various organizations have predicted that the global energy demand will increase in the upcoming years due to the 
economic development and population growth. Currently, in India, the electricity is mainly produced by using coal, 
petrol, diesel, natural gas etc., which contributes to one-third of the greenhouse gas emissions. Although the above 
mentioned fuels are abundantly available at present, they are exhaustive in nature and cannot meet the future needs 
[1]. As a result, both, the governments and researchers from different countries are shifting towards renewable energy 
sources as an alternate to the depleting fossil fuels. Various technologies that permit collection of existing renewable 
resources have been created in the wake of this. Among all the accessible environmentally friendly power sources, 
solar energy is considered to be the most reliable choice. 

Solar energy has a great potential in Delhi and it is accessible in abundant amount. At present in India, 13% of the 
electricity generation is through the inexhaustible sources of energy; however, around the world it is 22%. To provide 
an alternative to the fossil fuels and traditional methods of electricity generation, State Government of Delhi in 
collaboration with Government of India has set up a target to generate 2.0 GW (2000 MW) of solar based energy by 
2025 i.e., 6.6 % of total energy consumed. Seeing an ample amount of scope for solar energy in Delhi, a Solar PVT 
for the Delhi region is designed by taking into consideration the actual solar irradiation, ambient temperature & wind 
velocity which varies throughout the day. 

A photovoltaic thermal (PV/T) system is basically a combination of PV cells and a collector. Whenever solar radiation 
is incident on a solar cell, it converts the irradiation directly into DC electricity. PV cells are made of semiconductor 
materials which emit electrons to generate electricity when exposed to solar radiation [2]. However, the efficiency of 
a solar cell is around 10-20%. The low effectiveness of the PV module is because 80-90% of the sun oriented 
radiation is changed over to heat, which increases the temperature inside the module [3]. The increased temperature 
increases the energy of free electrons and results in reduced band gap in semiconductors. Hence the energy required 
by the free electrons to break the bond lowers. This results in more short out current and lessening in the open circuit 
voltage. So, overall there happens to be a decrease in the maximum power output. It was reported that each Kelvin 
of increased cell temperature reduces the PV cell module efficiency by 0.2 – 0.5 % [4]. To avoid the overheating of 
PV cells, a solar collector is employed to absorb the excess heat and convert it into thermal energy through fluid 
convection. So, the entire idea is to combine these two technologies and make an integrated PVT system [5]. The 
incorporated thermal system retains remaining heat energy from the cells and thus reduces their temperature for 
enhanced efficiency. 

To the best of authors’ knowledge, in most of the previous analyses the wind speed and the ambient temperature 
were assumed to be constant. Very few studies have accounted for varying ambient temperature and considered the 
effect of contact resistance. But in almost every analyses wind speed was kept constant. In the present study, hourly 
variation of the wind speed and the ambient temperature are accounted throughout the day to improve the accuracy 
of the predictions. The heat conduction loss from the absorber plate to the tube as well as the effect of contact 
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resistance between the layers of PV/T are also considered in this investigation. The fluid stored in the tank circulates 
through the Collector and again come back to the tank due to which higher fluid temperature is obtained for a 100 
litres capacity tank. All the six conservation equations for the glass, cell, absorber plate, tube, fluid  and tank fluid are 
solved as coupled system of ODEs using Runge-Kutta fourth order method. 

 

MODELING AND ANALYSIS  

In this model, water is being used as fluid. The peak layer of the PV/T model is the glass cover upon which the solar 
radiation falls. When solar irradiation falls, some part of the radiation is absorbed by it while the rest is transmitted to the 
lower layers of the PV/T. Also, there is a continuous radiation loss happening from the glass to the ambience. 
Furthermore, there is convection loss happening to the ambience. Next layer is the EVA which represents Ethylene-
Vinyl acetate which is a copolymer of ethylene and vinyl acetate. In a PV/T system, PV cells are covered with two slight 
layers of EVA to bind the layers together. 

  

(a) (b) 

Fig. 1. (a) Section View of a Solar PVT schematic, (b) Set-up of Solar PVT schematic 

 

METHODOLOGY 

In the present study, the thermal resistance analysis is employed analogous to electric circuits. The equations are 
developed for each layer based on the conservation of energy and the contact thermal resistance is accounted 
between the adjacent layers. The developed coupled system of ODEs are solved using Runge-Kutta fourth order 
method. The detailed methodology is discussed in the forthcoming sub-sections. 

 

RESULTS AND DISCUSSION 

This study was performed by accounting the actual solar radiations, wind speed and ambient temperature in Delhi 
region between 9 AM to 4 PM on 1st January, 1st April and 1st August for Delhi region as shown fig. 2. 

 

 

Fig. 2. Solar irradiation and ambient temperature  
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Fig. 3. Variation in Temperature of different layers of PVT at flow rate 0.045 kg/s  

Fig.3 depict the variation in temperatures of different layers of solar PV/T in Delhi after the passage of water on 1st 
April at a flow rate of 0.045 kg/s. On 1st April cell temperature varies in the range of 303.07 K-329.81 K. Cell 
temperature is an important parameter because as it increases, the electrical efficiency starts decreasing. So, it is 
necessary to predict an optimum cell temperature. Glass temperature varies between 303.04 K-327.34 K, absorber 
plate temperature varies between 303.07 K- 329.23 K. It can be inferred from the presented results that the after 
passage of fluid, there is a dip in the absorber plate temperature. It is due to the fact that the tube that carries the 
fluid is attached with the absorber plate and it constantly absorbs heat from the plate and is transferred to the fluid. 
Due to decrease in the temperature of absorber plate, the temperature of cell and glass also reduced. However, the 
temperature of fluid stored in the tank is increasing because thermal energy is added to the tank continuously which 
results in its increased temperature. The temperature of different layers of PVT keeps increasing till 3 pm after that 
it starts decreasing as the solar radiation decreases after this time. 

 

Fig. 4. Variation in Temperature of fluid stored in tank at flow rate 0.045 kg/s  

Fig. 4 shows the variation in temperature of fluid i.e., water that is stored in tank of 100 Litres capacity on 1st April. It 
can be conferred from the graph that the fluid temperature is monotonically increasing. It is happening because 
thermal energy is added to the fluid continuously and the same fluid is again circulated which results in its increased 
temperature. 

 

Fig. 5. Variation of increase in electrical efficiency after fluid flow  

Fig. 5 shows the increase in electrical efficiency due to fluid flow. On 1st April, without fluid flow, the electrical efficiency 
varies between 14.6%-16.6%. After the flow of water the electrical efficiency varies between 14.84%-16.69%. As the 
day progresses, the solar radiation increases due to which panel gets heated. The property of PV panel is that as its 
temperature increases, the energy of free electrons also increases and results in reduced band gap in 
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semiconductors due to which its electrical efficiency starts decreasing.  An increase in temperature of 1 K can cause 
a reduction of 0.2-0.5% electrical efficiency. The loss in electrical efficiency has been recovered by the flow of fluid. 

 

Fig. 6. Thermal energy added to the fluid stored in tank. 

Fig. 6 show the thermal energy that is being added to the fluid stored in the tank for different day of the month in 
Delhi region. It can be inferred from the presented results that the higher thermal energy has been added to the fluid 
in April followed by August and January month in Delhi. It is because the higher ambient temperature and solar 
radiations in April results in higher temperature variation. 

 

CONCLUSIONS 

The present study focusses on the development of a solar PV/T System for the Delhi region, India. This analysis shows 
the variation of temperatures of different layers of PVT, variation in thermal energy and electrical efficiency for the 
months of January, April and August in Delhi region. In this analysis, wind speed, ambient temperature and solar 
radiation are varied hourly throughout the day and water is used as a coolant to extract heat. Earlier in most of the 
analyses, the ambient conditions were assumed to be constant. In the present model, the set of coupled ODEs are 
solved using Runge-Kutta fourth order method. After the fluid circulation, electrical efficiency improves by 1-2 %. An 
increase of 23-40 ℃ fluid temperature has been observed for different months. 10.1 MJ- 16.8 MJ of thermal energy has 
been added to the tank fluid, whereas overall efficiency varies between 53-56% for different months .This model is very 
useful in winter as well as in summer season. Higher thermal energy is obtained which means it can be used for space 
heating purposes during winter season while it can be used for bathing during summer season. 
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ABSTRACT  

In the current study, a solar and geothermal fed integrated multigeneration energy system is developed and 
comprehensively analyzed. The developed system is integrated with multiple sub-system to provide the useful outputs 
of electricity, hydrogen, heating, and potable water in a sustainable manner.  In this regard, the system comprises a 
parabolic through collector (PTC) concentrated solar power (CSP) system with molten salt thermal energy storage, a 
geothermal power system, a multi-effect distillation (MED) desalination system, and a proton exchange membrane 
(PEM) electrolyzer. The system’s performance is evaluated thermodynamically by using energy and exergy methods. 
The impact of the considered design and operational parameters on the performance is evaluated through sensitivity 
analyses. A hypothetical community located in Brawley; California is considered a specific case in the evaluation.  The 
system provides 44.64 MWh of electricity to grid, 209,814 tons freshwater, 319.72 tons green hydrogen, and 652.6 
GWh heat annually. The highest energy and exergy efficiencies of the system are evaluated as 58.84% and 39.01%, 
respectively, which is obtained in month of June. 

Keywords: Sustainability, Solar, Geothermal, Hydrogen, Energy storage, Energy, Exergy, Efficiency. 

 

INTRODUCTION 

Solar and geothermal are two important renewable energy resources that can be employed to accomplish cleaner 
environment and establish more sustainable societies [1]. Use of these sources within an integrated system is a 
viable method for addressing intermittency with energy storage and efficiency with multigeneration. Along with 
producing multiple commodities like electricity and heat, renewable-based, so-called green, hydrogen production is 
also practicable within the integrated renewable energy system approach. Energy produced from solar or geothermal 
can be utilized to generate hydrogen by using proper H2 production methods in accordance with the type of available 
energy like electrical or thermal. Hydrogen is already an essential substance for the mass production of multiple 
substances including chemicals, steel, fertilizer, and many others. Further, technically proven, and commercially 
available mature technologies allow the use of hydrogen as a fuel for energy production and transportation sectors, 
making hydrogen a fundamental substance for achieving a sustainable energy infrastructure [2]. Like energy, fresh 
water is a vital commodity for sustaining life. In this regard, seawater desalination, considered the lifeblood in many 
regions, is an important method that uses low-grade thermal energy to generate freshwater [3]. With respect to 
regional and geographical characteristics, integrated system with multi-effect distillation (MED) using waste heat 
occurring in the system’s power cycle can be economically and energetically effective solution for the mass 
production of fresh water.  

The current study undertakes the development and comprehensive performance investigation of a new integrated 
energy system to provide the multiple useful outputs of electricity, heating, freshwater and hydrogen from solar and 
geothermal energy in Brawley, California. The system’s performance is evaluated by using thermodynamic 
techniques, and the potential impact of critical design and operational parameters on the system performance is 
evaluated through parametric studies. Energetic and exergetic efficiencies for overall system and sub-cycles in the 
system are investigated.  

 

SYSTEM DESCRIPTION  

A new solar and geothermal based multigeneration system is developed and analyzed within the scope of this study. 
A parabolic through collector (PTC) concentrated solar power (CSP) system with molten salt thermal energy storage, 
and a geothermal power system are utilized as primary energy provider in the integrated system. The steam 
generated by flashing the saturated geothermal fluid is utilized to produce electrical power by a steam turbine, and 
thermal energy in the geothermal brine is further utilized to produce power by an Organic Rankine Cycle (ORC) using 
isobutane as working fluid. The excess thermal energy in the geothermal brine is used for potable water production 
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via a MED unit. Thermal energy for space heating is obtained from the air-cooled condenser taking place in the ORC 
cycle. The excess electrical power is utilized to generate hydrogen from electrical water decomposition technique by 
using a PEM electrolyzer. Fig. 1 presents the developed integrated system for multiple useful outputs from solar and 
geothermal energy available in Brawley, California.  The system is configurated to provide 8 MW of electrical power to 
grid from 10.00 am to 18 pm and 4 MW of electrical power from 19.00 pm to 09.00 am. Any excess electrical power 
occurring throughout a day is utilized to produce hydrogen by a PEM electrolyzer, for which a detailed electrochemical 
analysis is conducted. The produced green hydrogen is promoted to be used for transportation in the region.  

 

 

Fig. 1. Schematic of the developed multigeneration energy system.  

 

ANALYSIS 

Table 1 presents some design and operational characteristics of the system depicted in Fig. 1. The following equations 
are some of the related ones utilized in the energetic and exergetic efficiency analyses of the developed system. 

 

�̇�𝑛𝑒𝑡 = �̇�𝑆𝑇1 + �̇�𝑆𝑇2 + �̇�𝐼𝑇 − �̇�𝑃𝐸𝑀 − �̇�𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 (1) 

�̇�𝐻𝑒𝑎𝑡 = �̇�10 × (ℎ10 − ℎ11),�̇�𝑥�̇�ℎ𝑒𝑎𝑡 = �̇�𝐻𝑒𝑎𝑡 × (1 −
𝑇0

𝑇10
) (2) 

�̇�𝐷𝑖𝑠 = �̇�12 × (ℎ12 − ℎ13), �̇�𝑥�̇�𝐷𝑖𝑠 = �̇�𝐷𝑖𝑠 × (1 −
𝑇0

𝑇12
) (3) 

�̇�𝐻2 = �̇�𝐻2 × 𝐿𝐻𝑉𝐻2, �̇�𝑥𝐻2 = �̇�𝐻2 × 𝑒𝑥𝐻2
𝑐  (4) 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
(�̇�𝑁𝑒𝑡 + �̇�𝐻𝑒𝑎𝑡 + �̇�𝐻2 + �̇�𝐷𝑖𝑠)

�̇�𝑆𝑜𝑙𝑎𝑟 + �̇�𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙
 

(5) 

𝜓𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
(�̇�𝑁𝑒𝑡 + �̇�𝑥𝐻𝑒𝑎𝑡𝑖𝑛𝑔 + �̇�𝑥𝐻2 + �̇�𝑥𝐷𝑖𝑠)

�̇�𝑥𝑆𝑜𝑙𝑎𝑟 + �̇�𝑥𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙
 

(6) 

�̇�𝑆𝑜𝑙𝑎𝑟 = 𝐼𝑅 × 𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 × 𝜂𝑃𝑇𝐶, �̇�𝑥𝑆𝑜𝑙𝑎𝑟 = �̇�𝑆𝑜𝑙𝑎𝑟 × (1 −
𝑇0

𝑇𝑠
) (7) 

�̇�𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = �̇�𝑓 × 𝐶𝑝 × Δ𝑇, �̇�𝑥𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = �̇�𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 × (1 −
𝑇0

𝑇𝑠𝑜𝑢𝑟𝑐𝑒
) (8) 
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Table 1: Design and operational characteristics o the integrated system. 

Parameter Value 

Location chosen Brawley, California 

Capacity of PTC-CSP system  50 MW 

Design point DNI  950 W/m2 

Hours of thermal storage at design point 6 

Capacity of geothermal system  50  

Geothermal fluid flow rate 74.69 kg/s 

Geothermal fluid inlet temperature  240 oC 

Geothermal fluid inlet pressure  3500 kPa 

Geothermal fluid flashing pressure 1000 kPa 

PEM electrolyzer electrical efficiency 55% 

PEM electrolyzer electricity consumption 60 kWh/kg H2 

 

RESULTS AND DISCUSSION 

The system is configurated to provide 8 MW electricity to grid from 10.00 am to 6.00 pm and 4 MW from 7.00 pm to 
9.00 am. According to this, the system is capable of delivering 44.64 GWh of electricity grid annually. The total 
electricity production from solar and geothermal based system is evaluated as around 67.20 GWh, thus the excess 
electricity from the system can be evaluated by subtracting the electricity sent to grid from the gross annual electricity 
production corresponding to about 22.56 GWh. The excess electricity is utilized to generate hydrogen via PEM 
electrolyzer operating with an electrical efficiency of 55% (corresponding to 60 kWh of electricity consumption per kg 
of H2 produced). The annual hydrogen production of the system from a 2.5 MW PEM electrolyzer stack is evaluated 
to be 319.72 tons. Further, the integrated system comprises a MED unit to generate freshwater from seawater by 
low-grade excess heat provided from the geothermal brine at state point 12. The integrated system provides 209,814 
tons of fresh water annually. The system is designed to provide useful heat, which can be used for space heating, 
greenhouses, hot water, or other heating-related applications. The useful heat is obtained from the ORC cycle’s 
condenser. The system is capable of providing 652.6 GWh heat annually. The system’s overall energy and exergy 
efficiencies are evaluated as 58.84% and 39.01%, respectively. It should be noted that the most productive period of 
the year is considered in the efficiency analysis of the system. Fig. 2 presents the monthly electricity production of 
the system from CSP and geothermal cycles as well as monthly hydrogen production ratios. In this regard, June 
appears to be the most productive month in a year, whereas the month of December becomes the least productive 
month.  

 

Fig. 2 Electricity and hydrogen production rates of the system throughout a year. 
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CONCLUSIONS 

In the current study, a new solar and geothermal based integrated energy system is developed and thermodynamically 
analyzed to provide the useful outputs of electricity, hydrogen, heat, and freshwater in a sustainable manner in Brawley, 
California. While providing the corresponding useful outputs effectively throughout a year, the overall integrated system 
can operate with energetic and exergetic efficiencies of 58.84% and 39.01%, respectively. The developed system 
provides multiple useful outputs from sustainable resources of solar and geothermal without any external energy 
resource like fossil fuels; thus, it contributes to efforts for achieving more sustainable societies. 
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ABSTRACT  

In this study, firstly, an internal combustion engine was converted to run on hydrogen fuel. Then, the effects of late 
ignition advance and excess air coefficient on NOx emissions were investigated. All experiments were carried out at a 
constant engine speed of 1500 rpm and an engine load of 3.5 kW. Two different ignition advances, 10oBTDC and 
OoBTDC, were studied. In addition, three different excess air coefficients, 1.05, 2.15 and 3.75, were studied. From the 
results obtained, it is concluded that NOx emissions can be significantly controlled under both late ignition (OoBTDC - 
cold combustion) and extreme lean combustion (3.75 excess air coefficient) operating conditions. 

Keywords: Hydrogen, Extreme Lean Combustion, Cold Combustion  

 

INTRODUCTION 

Today, the use of alternative fuels in internal combustion engines is increasing. On the other hand, both 
environmental concerns and increasing oil prices have made it necessary to use new fuels in internal combustion 
engines. For this reason, hydrogen is a prominent fuel among alternative fuels for internal combustion engines [1]. 
Hydrogen is a clean and environmentally friendly fuel that does not contain carbon atoms [2]. On the other hand, 
there are different studies in the literature on the use of hydrogen in internal combustion engines [3 - 5]. 

It has been concluded that there are not enough publications on the control of high NOx emissions resulting from the 
use of hydrogen in internal combustion engines. In this study, the effects of both cold combustion and low excess air 
coefficient on NOx emissions were experimentally investigated. 

 

MATERIALS AND METHODS 

Experiments were carried out on a single-cylinder, naturally aspirated, 4-stroke, water-cooled, 1.16 L Erin Motor brand 
SI engine. On the other hand, it is directly connected with an AC generator connected to the single cylinder motor. Tests 
were carried out by connecting ohmic load units to the output of the AC generator. The schematic view of the test 
system is given in Fig. 1. Tests were carried out by placing the ECU, which is seen in Fig. 2 and developed by Promech, 
on the engine. In addition, exhaust gas emissions were measured with the MRU Spectra 1600 L emission measuring 
device. Hydrogen fuel consumption was measured with a New-Flow brand and hotwire type flowmeter. On the other 
hand, the fuel line was established by placing the high pressure hydrogen cylinder outside the laboratory. The fuel is 
safely delivered to the engine as can be seen in Fig. 3, with 316 stainless steel seamless pipes, special hydrogen 
connections with double ferrule (front and back ferrule), check valve, relief valve, line regulator, ball valve and other 
control equipment. 

mailto:yasin.karagoz@medeniyet.edu
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Fig. 1. Engine Test System 

 

 

Fig. 2. Engine ECU 
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Fig. 3. Hydrogen Line 

 

RESULTS AND DISCUSSION 

In this study, a single-cylinder, 4-stroke, naturally aspirated engine was made compatible with hydrogen fuel by 
installing a gas line. Then, studies with hydrogen fuel were carried out with open source programmable ECU. There 
is an electronic throttle and electronic ignition system on the engine. In addition, hydrogen fuel is sent via row type 
gas injectors. Again, all tests were performed at a constant engine speed of 1500 rpm and a constant engine load of 
3.5 kW. Obtained results are given below. 
 
As can be seen from Fig. 4, the effect of different excess air coefficient on NOx emissions at 10oBTDC ignition 
advance was investigated. From the results obtained, it was concluded that NOx emissions decreased significantly 
with the increase of the excess air coefficient. In the results obtained, it was observed that CO, HC and CO2 
emissions were not released by the combustion of hydrogen fuel in the engine. On the other hand, it is concluded 
that even at the excess air coefficient of 3.75, which is accepted as extreme lean combustion for the spark ignition 
engine, ignition can be achieved thanks to the wide flammability limits of hydrogen. 
 

 
Fig. 4. NOx emissions at 10oBTDC ignition advance and different excess air ratio ratios 

 

As can be seen in Fig. 5, the effect of NOx emissions at 0oBTDC (i.e. TDC), late ignition method and different excess 
air coefficient ratios were investigated. From the results obtained, it was concluded that a significant improvement 
was observed in NOx emissions compared to the 10oBTDC ignition advance with the effect of late ignition. On the 
other hand, it is concluded that NOx emissions will improve further with the increasing excess air coefficient. 
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Fig. 5. NOx emissions at 0oBTDC (at TDC) ignition advance and different excess air ratio ratios 

 

CONCLUSIONS 

NOx emissions were investigated at a fixed engine speed of 1500 rpm and a fixed engine load of 3.5 kW in a single 
cylinder, naturally aspirated, 1.16 L engine – generator group. From the results obtained, it was found that NOx 
emissions were significantly reduced at 0oBTDC (TDC) ignition advance. On the other hand, it has been concluded that 
a significant improvement in NOx emissions can be achieved with increasing excess air coefficient. From the results, it 
is concluded that NOx emissions can be significantly improved and controlled with both 0oBTDC (TDC) late ignition and 
3.75 excess air latency extreme lean combustion. 
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ABSTRACT 

The inherent intermittency of renewable energy sources (solar and wind energy)  is a major hindrance for achieving 
power reliability and technical feasibilty in stand-alone/off-grid microgrid systems. To tackle this, Energy Storage 
Systems (ESS) are being used. Battery Energy Storage systems (BESS) are commonly employed as ESS. However, 
with Hydrogen emerging as an energy storage and energy-carrying medium, the integration of Hydrogen energy 
storage systems (HESS) with BESS in realisaton of stand-alone microgrids has gained massive interest lately. This 
paper introduces a hybridization of the energy storage system in off-grid mode and evaluates the viability of the 
hybrid energy storage system (HyESS) by performing a techno-economic optimization. HOMER PRO is used to carry 
out the modelling, simulation, and optimization of the proposed system. The base case namely PV/Wind stand-alone 
hybrid microgrid with battery energy storage is compared to the proposed Hybrid energy storage system. The 
simulation results depict that the proposed system is the optimal system with least Net Present Cost (NPC),  
Operation and maintenance cost (O&M cost), and  Cost of Electricity (COE). The proposed system has an NPC of 
$274,470 and COE of $0.289/kWh. The Internal Rate of Return (IRR) is 6.1% and the Simple Payback Period is 8.7 
years which is decent for a 25-year project. 

Keywords: Hybrid Energy System, Hydrogen Energy Storage System, Microgrid, Net Present Cost( NPC), Cost of 
Electricity (COE). 

 

INTRODUCTION 

According to International Energy Agency (IEA), India is the third largest consumer of primary energy in the world[1] 
with a per capita consumption of 1255kWh and an installed capacity of 407.796GW [2]. This high energy demand is 
attributed due to the increasing population, industrialization and urbanisation demands. The conventional methods 
for power generation result in increase of environmental impact assesment indicators like global warming potential, 
acidificationa potential etc,  which is against the policy of IEA. So, renewable energy source is to be greatly utilized 
in the power generation sector for maintaining susitanble index. India vigorously supports to increase the renewable-
based installed capacity to reduce the carbon footprint for a greener future. Neverthless, the major limitation of 
renewable energy sources is its intermittency. Globally available renewable sources like Solar irradiance and wind 
speed are site-specific. To ensure the continuous availability of power supply energy storage setup should be 
incorporated with the system. The conventionally used battery energy storage systems have merits as well as 
demerits. Battery manufacturing processes like chemical vapour deposition and liquid-phase exfoliation are energy-
intensive and are generally not ecologically friendly because they employ a lot of strong acids and release 𝐶𝑂2 into 
the atmosphere[3]. Hence, an alternative pathway for storing energy from renewable generator is necessary. An 
energy carrier like hydrogen that is usable, transportable, and can be stored has recently sparked interest across the 
globe.  

A microgrid is a small-scale decentralized energy system containing different distributed renewable energy sources 
to supply local electrical loads [4]. As microgrids possess higher concentration of renewable fraction, storage systems 
are an integral component to ensure power supply reliability. In this paper, a stand-alone microgrid consisting of Solar 
photovoltaic panels, Wind turbine generator( main power generation unit) coupled with an electrolyser- hydrogen 
storage tank- fuel cell and a battery pack as a hybrid energy storage system. A microgrid can be operated in grid-
connected and stand-alone modes. Introducing renewable energy systems into the conventional grid poses many 
challenges in terms of voltage quality and current quality. These problems should be mitigated through power quality 
improvement techniques[5] 

Colbertaldo et al. [6] discussed the possibility of generating hydrogen through electrolysis and turning it into power 
through fuel cells as a means of energy storage. Zhang et al. [7] presents the key technologies for hydrogen 
production, storage and power generation through hydrogen. Nojavan et al. [8] introduce plug-in electric vehicles and 
hydrogen energy storage system to determine the electricity selling price for a smart grid including renewable energy 
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sources. Tarasov et al. [9] suggest an energy storage system incorporating hydrogen and metal hydride that also 
focuses on various multimetallic compounds for hydrogen compression and storage. Though micro-grid is an 
alternative solution having advantages like sustianability, reduced conventional grid dependency, continuos power 
supply etc, optimal sizing of the micro-grid components ensuring economic feasibility of the system should be priorly 
known. So, the present paper proposes a design methodology for micro-grid embedded with energy storage. 

 
PROPOSED SYSTEM 

A stand-alone microgrid system is under study, which is powered by solar photovoltaic (PV) panels and wind turbine 
generators (WTG). An energy storage system with a hybrid battery-hydrogen is proposed, in which the electrolyser 
produces green hydrogen by harvesting surplus energy. When there is a power shortage in the system, fuel cell 
utilises stored hydrogen to supply the energy demand along with the battery bank. The location selected for the 
system is the locality at which the Institute operates Yelahaka, Bengaluru (Latitude: 13 degrees 6.93 minutes North, 
Longitude: 77 degrees 36.42 minutes East). This is a city in South India, which has an appropriate solar irradiance 
and wind profile for renewable based installation. The annual average solar global horizontal Irradiance(GHI), wind 

speed and temperature is 5.12kWh/m2/day 5.88 m/s and  23.74°C respectively. The temperature, solar irradiance 
data and wind data are collected from the National Renewable Energy Laboratory (NREL) database and NASA 
Prediction of Worldwide Energy Resource (POWER) database for the selected location. The objective of the paper 
is to compare the economics and environmental impact of two configurations namely PV-Wind-Fuel Cell-Battery and 
PV-Wind-Battery. 

The load considered is a small commercial building having AC loads with an average energy consumption of 
165.4kWh/day and 20.46kW peak demand. The daily load factor can be derived using equations (1) and (2), 

 

𝐷𝑎𝑖𝑙𝑦 𝐿𝑜𝑎𝑑 𝐹𝑎𝑐𝑡𝑜𝑟 =  
(𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑖𝑛 𝑎 𝑑𝑎𝑦,𝑘𝑊ℎ∗24)

(𝑃𝑒𝑎𝑘 𝑑𝑒𝑚𝑎𝑛𝑑 𝑘𝑊∗24)
                                                                       ( 1) 

𝐷𝑎𝑖𝑙𝑦 𝐿𝑜𝑎𝑑 𝐹𝑎𝑐𝑡𝑜𝑟 =  
165.4𝑘𝑊ℎ

(20.46 𝑘𝑊∗24)
= 0.34                                    ( 2) 

 

The load profile can be represented on a daily, seasonal, and yearly basis. The random variability percentage of 
the energy consumption by the load is taken as 10%. The daily load profile is illustarted in Figure.1. 

 

Fig.1. Daily load profile 

 
METHODOLOGY 

In the study, an eco-friendly Stand-alone microgrid system with a hybrid energy storage system is proposed for a 
small commercial building using 100% renewable energy sources. The aim is to find out the optimum energy storage 
system by considering lowest NPC, Operating cost (OPEX) and COE. Microgrid with a Battery energy storage system 
and microgrid with a hybrid hydrogen-battery energy storage system is compared and evaluated using ‘HOMER Pro’. 
These two scenarios are simulated for a project lifetime of 25 years. Different values along with scaled average 
values of Solar GHI, wind speed and temperature are given as sensitivity variables to make the evaluation more 
accurate and reliable. Lead acid batteries coupled with an Electrolyser-hydrogen tank-fuel cell setup not only enable 
the load to be fed in the absence of PV or WTG, but also overcome the drawback of renewable energy systems: 
intermittency and uncertainty. The proposed system can be extended to a system which can use the produced 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

260 

hydrogen as a direct fuel in applications like Fuel Cell Electric Vehicle (FCEV), industries and can also be provided 
to hydrogen gas networks. The schematic diagram of the proposed system is shown in Figure.2. 

 

Fig..2. Schematic of the proposed system 

 

RESULTS AND DISCUSSION 

The modelling of the components and simulation are performed on HOMER Pro which makes energy balance 
calculations in each interval of the year. The optimised sizing is obtained using derivative free algorithm which sorts 
all possible configurations resulting in an optimal system configuration having least value of net present cost. The 

optimised sizing of the system obtained with the sensitivity case of scaled average solar GHI 5.12kWh/m2/day , 
average wind speed 5.88m/s and scaled average temperature of 23.74°C is shown in Table.1. 

Table.1. Optimised system sizing 

Jinko60/300 
(kW) PV 

AWS5.1kW 

WTG 

Fuel Cell 
(kW) 

1kWh LA 
Battery 

Electrolyser 
(kW) 

H2Tank (kg) Converter 
(kW) 

Dispatch 

65.3 3 24 40 50 100 18 Load 
Following 

 

The simulation details show that the renewable fraction is 100% out of that solar PV contributes 67.4%, wind turbine 
generator gives 22.1% and fuel cell  supports 10.5% of the load. The total annual energy generation is 153,427 kWh 
and the annual energy consumption is 144,559kWh. The unmet electric load is very negligible which is 0.00100%, 
terminating optimal conditions. Figure.3 shows the monthly electric production by the proposed system. 

Figure.3 Monthly electric production 

The hydrogen production by electrolyser is 1,814kg/yr with a maximum output of 1.08kg/hr and this hydrogen is then 
used by the fuel cell to produce 16,064kWh energy in an year. The daily average fuel consumption by the fuel cell is 
5.06kg and there is no excess hydrogen production while the base system with BESS produce an excess energy of 
87,032kWh/yr. The hydrogen tank has an energy storage capacity of 3,333kWh with a much larger life cycle than the 
BES and good autonomy of 484hrs. Table 2 shows the details of hydrogen production by electrolyser with a rated 
capacity of 50kW.The hydrogen tank level throughout the year is shown in Figure.4. 
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Figure.4. Hydrogen tank level throughout the year 

 

Table.2. Hydrogen production by electrolyser 

 

 

 

 

 

 

 

 

The economic comparison between the base system and the proposed system is performed and the proposed 
system with hybrid hydrogen-battery system is the winning architecture with lowest NPC of $274,470. The OPEX 
and LCOE of the proposed system is also less with $6,916/yr OPEX and 0.289/kWh COE. With an IRR of 6.1% and 
ROI 4.6% the simple payback period is 8.7 years for this project with lifetime of 25years. The economic comparison 
is shown in Table 3 and 4 respectively. 

Table.3. Cost summary of base and proposed system 

Objective 
functions 

Base Case Proposed System 

NPC $282,533 $274,470 

Initial Capital $142,032 $165,521 

0&M $8,919/yr $6,916/yr 

LCOE $0.297/kWh $0.289/kWh 

 

Table.4. Economic metrics of the proposed system 

 

 

 

 

 

 

CONCLUSION 

In this paper, a stand-alone hybrid microgrid operating with a 100% renewable fraction is modelled and simulated for 
two different energy storage scenarios. A base system with battery energy storage system and the proposed system 
with hybrid hydrogen-battery energy storage system are compared on an electrical and economical basis. The 

Quantity Value Units 

Mean output 0.207 kg/hr 

Minimum output 0 kg/hr 

Maximum output 1.08 kg/hr 

Total production 1,814 kg/yr 

Specific 
consumption 

46.4 kWh/kg 

IRR 6.1% 

ROI 4.6% 

Simple Payback Period 8.7yrs 
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analysis based on the results demonstrates that the hybrid energy storage system is having a better hand over the 
battery energy storage system, considering the economics metrics such as NPC, OPEX and COE and electrical 
aspects like excess energy, sizing and unmet electric load with the same load profile. Hence, the proposed system 
is the winning architecture. Future scope of work also lies necessary for effectively utilising the stored green hydrogen 
in industrial, electric vehicle and many other sectors. 
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ABSTRACT 

The increasing world population, the development of technology and the race for industrialization are constantly 
increasing the dependence on energy. Due to the increasing demand for energy, the high costs of energy investments 
and the inability of new investments to meet the need, studies on improving existing systems have gained importance. 
One of the important inputs of economic and social development is energy. In this respect, energy plays an important 
role in raising the living standard of a society. In a survey of electricity consuming machines, pumps and fans lead with 
32%. It can be said that the improvements to be made here will have a great impact. In this study, the effect of reducing 
the flow rate of a 7.5 kW fan on power and efficiency by using a throttling valve or using a frequency inverter is explained. 
It has been stated that the use of frequency inverters is much more efficient. An energy saving of 76% at one of the 
working points of the fan and 50% at the other working point were achieved. 

Keywords: Fan, electricity motor, energy efficiency, frequency inverter 

 
INTRODUCTION 

Energy management includes training, energy audit, measurement, monitoring, planning and implementation 
activities carried out to ensure efficient and economical use of energy resources and energy. The purpose of energy 
saving is to reduce energy consumption without reducing quality and performance, without hindering social welfare. 
Energy efficiency is the reduction of energy consumption per product amount without causing a decrease in living 
standards and service quality in buildings, and production quality and quantity in industrial enterprises. 

The aim of energy efficiency is to increase efficiency in the use of energy resources and energy in order to use energy 
effectively, to prevent waste, to alleviate the burden of energy costs on the economy and to protect the environment. 
The main goal is to reduce the energy consumed per unit of national income. Its vision is to be a country that 
transforms all energy into benefits, to be among the countries with high energy consumption per capita and low 
energy intensity. 

There are lots of studies to increase efficiency and reduce energy consumption. Hustrulid and Bullock (2001) stated 
that the main reasons for the very low efficiency of fans are aerodynamic design, wrong fan selection and fans not 
working at the right point [1]. Belle (2018) reported that a 10% increase in fan efficiency and a 10% reduction in 
electricity consumption can result in 10.81 MW electricity savings per year. He stated that this would provide a profit 
of 16.08 million USD in 10 years [2]. Mishra (2004); Panigrahi, Mishra, Divaker and Sibal (2009) studied fan blade 
design and frequency inverter use to increase fan efficiency and reduce energy consumption at the same time [3]. 
The main target in the study of Okochi and Yao (2016) was the optimization of the supply air temperature and air 
flow rate to minimize the energy consumption of fan systems. By controlling the supply air temperature, it is possible 
to minimize the operating power of the fans as well as the heating and cooling energies [4]. Yee et al. (2002) stated 
that energy savings and financial benefits can be achieved with fan speed control [5]. 

This study shows that energy savings can be made by minimizing energy consumption with changes to be made in 
fans for variable flow requirements. Experiments were made for two different points. According to these test results, 
inefficiencies are reduced with the frequency inverter in the fan systems. 

 
MATERIALS AND METHODS 

The fan with a design point (best efficient point) of 5250 m3/h and 2900 Pa was selected for the analyses. After the 
design and analysis phases were completed, production started. After production, measurements were made, and the 
analysis was confirmed. As a result of the end user's request to operate the fan at different flow rates, two different 
solutions were proposed. 
According to the fan laws, the number of revolutions of the motor shaft changes proportionally with the volumetric 
flow rate and proportionally with the square of the total pressure. The utilized equations are presented as below. 

𝑊ℎ𝑦𝑑 = 𝑄 ∗ 𝑃𝑡            (1) 
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𝑊𝑠ℎ𝑎𝑓𝑡 = 𝑇 ∗ 𝜔 = 𝑊𝑚𝑖𝑙/𝑓𝑎𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦         (2) 

𝑊𝑒𝑙𝑒𝑐 = 𝑊𝑠ℎ𝑎𝑓𝑡/𝑚𝑜𝑡𝑜𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦         (3) 

𝑊𝑒𝑙𝑒𝑐 = 𝑊𝑠ℎ𝑎𝑓𝑡/(𝑚𝑜𝑡𝑜𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) (Inverter case)    (4) 

 
Firstly, a damper is placed at the system outlet and the damper is throttled. Thus, the volumetric flow rate values are 
decreased. Although the system curve changes, the fan has moved on its own curve since the motor speed does not 
change. Secondly, frequency inverter is included in the system. The frequency is changed without changing the system 
curve. Thus, the fan now has a new curve. The same flow rates (4000 m3/h and 3000 m3/h) are taken and compared 
for both cases. The intersection points of the fan curve and the system curve are shown in the figures. The fan runs at 
that point. The system throttled by a damper is shown in Fig. 1, and the system using a frequency inverter is shown in 
Fig. 2. 

 

 
 

Fig. 1. Total pressure – volumetric flow rate curve for utilization of damper 

 

 
 

Fig. 2. Total pressure – volumetric flow rate curve with frequency inverter 
 
  

Fig. 1 shows three different curves of the same fan for three different speeds. The points where it intersects with the 
system curve are the operating point of the fan. Frequency inverter reduces the frequency and brings the volumetric 
flow rate values to the value desired by the user. 
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In Fig. 2, the number of revolutions is fixed and the fan outlet is throttled in a controlled manner with a damper. While 
the fan moves on its own curve, only the system curve changes. As the system gets tighter, the curve shifts to the 
left, moving towards the more inefficient region. 

 

RESULTS AND DISCUSSION 

In Fig. 1, there are three different systems operating at 2930, 2240 and 1700 rpm. The speed changes are made by 
the frequency inverter. On the other hand, in Fig. 2, the desired flow values were achieved by damper throttling. 
Since 2930 rpm is the design speed of the system, there will be no increase in efficiency even if a frequency inverter 
is used. Frequency inverter and damper usage were compared for 2240 and 1700 rpm operating conditions and the 
results are given in Table 1. System efficiency values are taken from the measurement. While calculating the 
electricity consumption, equations (1), (2), (3) and (4) were used. An annual operating life of 6000 hours and unit 
electricity cost for industry are taken as 4.63 TL/kWh. When the system needs a flow rate of 3000 m3/h, the frequency 
inverter system consumes 7440 kWh of energy per year, while the damper system consumes 30,960 kWh. When 
we use the frequency inverter, the system creates 950 Pa, while in damper throttling, it creates 3600 Pa. This is the 
reason for such a high energy difference. Approximately 76% of energy saving is achieved. 
 

Table 1. Comparison of frequency inverter and damper. 

  Frequency inverter Damper Frequency inverter Damper 

Operating point 3000 m3/h - 950 Pa 3000 m3/h - 3600 Pa 4000 m3/h - 1700 Pa 4000 m3/h - 3400 Pa 

System efficiency (%) 74 65 74 71 

Motor speed (rpm) 1700 2930 2240 2930 

Electric consumption (kWh) 1.24 5.16 2.97 5.95 

Unit cost (TL/kWh) 4.63 4.63 4.63 4.63 

Annual working period (h) 6000 6000 6000 6000 

Annual consumption (kWh) 7440 30960 17820 35700 

Annual consumption (TL) 34,447 ₺ 143,345 ₺ 82,507 ₺ 165,291 ₺ 

Savings ratio 75.97% 50.08% 

 
When the system needs a flow rate of 4000 m3/h, the system with frequency inverter consumes 17,820 kWh of energy 
per year, while the system with a damper system consumes 35,700 kWh. When we use a frequency inverter, the 
system crates 1700 Pa, while in damper throttling, it creates 3400 Pa. Even if the gap is closed, there is still a 50% 
of yield difference. It also extends the life of mechanical parts. Even if we consider the price of the frequency inverter, 
very short payback time is occurred. 
 
 
CONCLUSIONS 

In turbo machineries such as pump and fan, changing fluid flow rate requirements affects the efficiency. Therefore, 
energy consumption of the equipment changes due to the method of controlling the fluid flow rate. There are two 
possible controlling method as throttling valve and frequency inverter. In this study, two methods are compared in terms 
of energy consumption and cost. The results stated that frequency inverters seems very efficient for varying fluid flow 
rates. 
 

NOMENCLATURE 

Pt Total pressure (Pa) 
Q Volumetric flow rate (m3/h) 
Wshaft Shaft power (kW) 
Whyd Hydrolic power (kW) 
Welec Electrical power (kW) 
T Torque (Nm) 
ω Angular velocity (rad/s) 
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ABSTRACT 

Sensible thermal energy storage (STES) methods have been applied to a wide range of energy related systems. In 
this study, an integrated sensible energy storage system was designed. The system consisted of five subsections, 
namely liquid solar collector, packed bed energy storage, air source heat pump, biomass energy and wind energy. 
Four outputs were obtained from the system as follows: heating, cooling and domestic hot water by using a heat 
pump while electricity from biomass energy by passing the sensible heat transferred to the packed bed using solar 
and wind energies through the heat exchanger.  Some of this generated electricity was used together with electricity 
from wind energy to heat the packed bed storage system. In this study, the data of a system taken from the literature 
were utilized in the analysis first while the exergy flow was revealed in the exergy analysis of STES charge-discharge 
processes. Next, exergy efficiency was determined by considering the exergy produced and consumed for the rock 
bed (water tank and aquifer) sensible heat storage system. Some parametric studies were then undertaken while 
various design parameters for charge and discharge were compared. Finally, the results obtained were presented 
while listing some sound concluding remarks. 

Keywords: Sensible Thermal Energy Storage, Charging–Discharging Processes, Exergy Analysis 

 
INTRODUCTION 

The use of renewable energy sources has gained importance due to climate change in the world, environmental 
factors, gradual depletion of fuels and damages to the environment. However, because many renewable energy 
sources, such as wind and solar energy, are intermittent in nature and useful to correct the imbalance between 
energy supply and demand, energy storage systems are used as a solution [1]. One of these methods, thermal 
energy storage (TES) effectively stores solar energy. TES systems can be divided in three types as follows: sensible 
heat, latent heat and chemical energy. This study contains information about sensible thermal energy storage 
(STES). Sensible heat storage is collected in three main groups as water-based (water tank and aquifer), rock-bed 
and ground/soil storage [2].Here are some things to think about when using a packed bed system. The impacts of 
pore width, pore depth, pore number, and mass flow rate were studied and reported in this study. To study the 
performance, dimensionless parameters including pore-sphere diameter ratio (d/D), pore-depth-sphere-diameter 
ratio (t/D), perforation index (PI), and Reynolds number (Re) are used [3]. The energy stored, the degree of 
stratification, and the exergy of the storage medium are all taken into account when determining the best charging 
period in the packed bed. Furthermore, the effects of critical system characteristics, such as particle diameter and 
discharge air velocity on the system's thermal and hydrodynamic performance, are investigated [4]. 

The main objectives of this study are to perform energy and exergy analyses of a packed bed energy storage and 
renewable energy integrated system, and make some calculations related to  the parameters affecting the system 
performance. 

 
MATERIALS AND METHODS 

In this study, a hybrid sensible energy storage system was designed. The system diagram is shown in Fig. 1. Here, 
three-input renewable energy sources, namely solar, biomass and wind energy, are used as the main inputs to the 
system. The system consists of five subsystems. These include liquid solar collector system, packed bed energy 
storage system, air source heat pump system, biomass energy system and wind energy. Thanks to this system, two 
outputs are produced. These are heat pump integrated heating, cooling and hot water production. In addition, the 
sensible heat transferred from the wind and liquid solar collector system to the packed bed is passed through the 
heat exchanger and electricity generation is obtained from biomass energy. At the same time, some of the electricity 
produced is reused for the system. Thereby; it is heated the packed bed storage system. Matlab simulation program 
was used in the STES system exergy analysis. 
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Fig. 6.  Schematic representation of the integrated packed bed energy storage system  

 
Relations Used 

The mass balance equation for the whole system may be denoted as: 

Mass balance: 

Where 

- ṁin = Mass flow rate at the inlet (kg/s) 

- �̇�out = Mass flow rate at the inlet (kg/s) 

∑ṁin = ∑ṁout  (1) 

 

According to the first law of thermodynamics, the energy input is equal to the energy output. The energy balance is 
expressed as: 

Energy balance: 

Where 

- Ėin= Energy rate at the inlet (W) 

- Ėout= Energy rate at the inlet (W) 

∑ Ėin = ∑ Ėout  (2) 

 

 Exergy balance is expressed in two ways as follows: 

Exergy balance: 

Where 

- Eẋin= Energy rate at the inlet (W) 

- Eẋout= Energy rate at the inlet (W) 

- Eẋdest= Exergy destruction rate  (W) 

∑ Eẋin − ∑ Eẋout = ∑ Eẋdest  (3) 

 

 

 

The specific flow exergy balance, in which kinetic and potential energy changes are ignored, is expressed as follows: 
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Specific exergy: 

Where 

- h = Specific enthalpy (kJ/kg) 

- h0 = Enthalpy of ambient temperature (kJ/kg) 

- s = Specific entropy (kJ/kg) 

- s0 = Entropy of ambient temperature (kJ/kg) 

- T0= Ambient temperature (0C) 

ψ = (h − h0) − T0(s − s0) (4) 

 

 The mass flow rate and exergy ratio of the fluid are expressed as follows: 

Exergy rate: 

Where 

ṁ = Mass flow rate (kg/s) 

𝐸�̇� =  m[(h − h0) − T0(s − s0)] (5) 

 

The exergy efficiency of the system is expressed as: 

Exergy efficiency: 
ɛ𝑠𝑦𝑠 = 1 −

∑ Ėxdest

∑ Ėxin
=
∑ Ėxout

∑ Ėxin
 (6) 

 

Table 1 lists some operating values of the STES taken from various sources [5-9] while exergy destruction and 
efficiency  values calculated are illustrated in Table 2. 

 

Table 1. Operating values of STES [5-9] 

Parameter Unit Value 

Solar Collector   

Specific heat capacity of water (Cpw) kJ/kgK 4.19 

Solar collector area (Ascol) m2 2 

Solar radiation (It) W/m2 779.03 

Solar radiation temperature (Tsr) K 6000 

The circulating pump motor electrical efficiency (µpump,elec) - 0.88 

The circulating pump motor mechanical efficiency (µpump,mec) - 0.82 

Packed Bed   

Cross sectional area of packed bed (Apacked) m2 2 

Speed of packed bed (Va) m/s 0.2 

Density of air (qa) kg/m3 1.1 

Specific heat of air (cpa) J/kgK 1008 

Temperature of air at inlet to bed (Tai) K 313.15 

Initial temperature of the bed (Tbi) K 303.15 

Charging time (t) s 28800 

Void fraction (ɛ) - 0.57 

Sphericity of material element (φ) - 0.8 

Stone density (qs) kg/m3 1920 

Specific heat capacity of stone (cps) J/kgK 835 

Volume of packed bed (Vb) m3 2 
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Stone diameter (De) m 0.05 

Thermal conductivity of stone (K) W/mK 2 

Length or height of the bed (L) m 2 

Number of bed elements (N) - 20 

Time interval (Dt) s 900 

Air Heat Pump   

Specific humidity ratio of air dead state (w0) kgwater/kgair 0.002 

Specific humidity ratio of air (w) kgwater/kgair 0.004 

cpa J/kgK 1.005 

cpv J/kgK 0.718 

Ra kJ/kgK 0.2870 

Water mass flow rate (mw) kg/s 0.011 

Air mass flow rate (mair) kg/s 0.22 

Refrigerant mass flow rate (mr) kg/s 0.002 

Biomass   

Moisture content in biomass fuel (wb) % 10 

Biomass fuel mass flow rate (msawdust) kg/s 1.5 

Biomass ORC mass flow rate (mnoctan) kg/s 16.79 

Specific evaporation enthalpy of water  (hfg) kJ/kg 2078 

Carbon (C) % 50.54 

Hydogen (H) % 7.080 

Oxygen (O) % 41.11 

Isentropic efficiency of the turbine (µst) - 0.8 

Mass flow at water (mbiowater) kg/s 29.41 

Wind Turbine   

Wind turbine speed (V) m/s 7 

The power coefficient (Cpwt) - 0.45 

Mechanical efficiency (µmech) - 0.6 

Efficiency of electric generator (µgen) - 0.92 

Rotor radius (R) m 16 

 

Table 2. Exergy destruction and efficiency valuesof STES system 

Equipment Exergy Destruction Rate (kW) Exergy Efficiency 

Solar Collector 1.4003 0.0374 

Water tank 0.003 0.4848 

Circulation Pump 0.0367 0.18 

Evaporator of air heat pump 6.5240 0.01 

Compressor of air heat pump 0.1219 0.736 

Condanser of air heat pump 0.0219 0.1763 

Expaision valve of air heat pump 0.0036 0.9584 

Biomass turbine of biomass 8718.6120 0.80 

Wind Turbine 1.14*1011 0.74 
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Fig. 2. Effect of void fraction on available energy stored 

 

CONCLUDING REMARKS 

The integrated solar system that is being developed will reduce the use of conventional energy sources, reduce 
greenhouse gas emissions, and boost the security of the energy supply. It also includes sensible energy storage, air 
source heat pumps, biomass, and wind. The stratification of the water tank increases the effectiveness of solar collector 
and thermal energy storage devices. Although there are a number of possible descriptors for stratification, no study has 
examined how beneficial each one is. 

 

REFERENCES 

1. Jradi M, Veje C and Jørgensen B.N. 2017.Performance Analysis of a Soil-Based Thermal Energy Storage System Using 

Solar-Driven Air-Source Heat Pump for Danish Buildings Sector. Applied Thermal Engineering. 114:360-373. 

2. Li G. 2016. Sensible Heat Thermal Storage Energy and Exergy Performance Evaluations. Renewable and Sustainable 

Energy Reviews. 53: 897–923. 

3. Guatam A. 2020.Thermal and hydraulic characteristics of packed bed solar having spheres as packing element with 

pores. Journal of Energy Storage. 30 101414. 

4. Türkakar G. 2021. Performance analysis and optimal charging time investigation of solar air heater with packed bed 

sensible heat storage device. Solar Energy. 224:718-729.  

5. Dincer I A.Rosen M. 2013. Exergy Analysis of Heat Pump Systems. Chapter 7. Canada. Exergy (Second Edition) 

6. Gunerhan H and Hepbasli A. 2007. Exergetic modeling and performance evaluation of solar water heating systems for 

building applications. Energy and Buildings. Volume 39 Issue 5: 509-516.  

7. Atalay H. 2019. Performance analysis of a solar dryer integrated with the packed bed thermal energy storage (TES) 

system. Energy. 172: 1037-1052. 

8. Soltani R, Dincer I and A. Rosen M. 2015. Thermodynamic analysis of a novel multigeneration energy system based on 

heat recovery from a biomass CHP cycle. Applied Thermal Engineering. 89: 90-100. 

9. Hacatoglu K, Dincer I and A. Rosen M. 2014. Exergy Analysis of a Hybrid Solar–Wind–Biomass System with Thermal 

and Electrical Energy Storage for a Community. 3-14. 

 

 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

272 

Paper ID: 5336 

 

COMPARING THE PERFORMANCE OF BOOSTING AND BAGGING ENSEMBLE METHODS 
FOR PREDICTING THE REMAINING USEFUL LIFE OF LITHIUM ION BATTERY 

  
1* Edwin Geo Varuvel, 2 Femilda Josephin JS, 3 Ankit Sonthalia 

1 Department of Mechanical Engineering, Faculty of Engineering and Natural Sciences, Istinye University, Istanbul, Turkiye 
2 Department of Computer Engineering, Faculty of Engineering and Natural Sciences, Istinye University, Istanbul, Turkiye 

3 Department of Automobile Engineering, SRM Institute of Science and Technology, NCR Campus, Modi Nagar 201204, India 

*Corresponding author e-mail: vedwingeo@gmail.com 

 

ABSTRACT  

Accurately predicting the lifetime of a lithium ion battery at an early stage can go a long way in improving the battery 
development and its optimum usage. Using the model based methods, predicting the battery life in early stages of 
use is rather difficult as the battery shows weak signs of degradation. To overcome this issue, the lifetime of lithium 
ion battery in this study was predicted using the first hundred cycles by the machine learning algorithms. Bagging 
and boosting ensemble type machine learning algorithms were compared for battery lifetime prediction. Bagging 
ensemble train the base learners independently and for promoting diversity in prediction, the model uses data 
transformations. This technique is known as bootstrapping. Whereas boosting algorithm learns from the error of the 
previous iteration and gives more weightage to the wrongly predicted instances in the next iteration. In this study, 
Random Forest bagging algorithm and Gradient Boosting Machine (GBM), Light Gradient Boosting Machine (LGBM), 
XGBoost, and CatBoost boosting algorithms were used for predicting the battery lifetime. 

Keywords: machine learning, bagging, boosting, lithium ion battery, remaining useful life, prediction 

 

INTRODUCTION 

The world urgently needs to meet its emission reduction targets as the climate change is having catastrophic effects 
on the environment including extreme heat waves, floods, droughts and melting of polar ice-caps. Electrification of 
the transportation sector which accounts for 15.9% of the total CO2 emission could help reduce the greenhouse gas 
emissions [1]. Lithium ion batteries are the heart of the electric vehicles. Due to electrochemical reactions during 
charging/discharging cycles and external environmental conditions, the batteries degrade with use which may result 
in major accidents causing injuries. Also, the costs involved in replacing the batteries may be uneconomical [2]. 
Therefore, it is necessary to know the useful life of the battery accurately.  

The battery lifetime also known as remaining useful life (RUL) can be predicted by either model-based methods or 
machine learning methods [2]. Machine learning methods do not require any explicit mathematical models for 
describing complex non-linear dynamics of battery ageing. Instead the battery is considered as a black box system 
that outputs the battery lifetime using features extracted from the battery parameters [2]. Severson et al. [3] used the 
elastic net model with features extracted from the capacity curves and discharge voltage for predicting the battery 
lifetime. They achieved a test error of 9.1% while predicting battery life using first hundred cycles. Xu et al. [4] used 
a stacked denoising autoencoder for predicting the useful life based on features extracted from voltage curves and 
discharge temperature. A neural network was employed to predict the battery lifetime using observations of internal 
resistance, discharge capacity and current and battery terminal voltage [5]. 

From the literature it is seen that very few machine learning models have been used for accurate prediction of the 
battery life. Therefore, in this study different bagging and boosting algorithms were compared for accurate prediction 
of battery lifetime. The algorithms used in this study are random forest, GBM, LGBM (Light Gradient Boosting 
Machine) XGBoost, and CatBoost. 

 

MATERIALS AND METHODS 

In the present study the MIT dataset which is one of the largest publicly available datasets for long-term degradation 
study was used. The study was carried out on 124 commercially available lithium iron phosphate A123 cells. The cells 
had a nominal capacity of 1.1Ah and a nominal voltage of 3.3V.  For the experimentation these batteries were fast 
charged using various protocols ranging from 3.6C to 6C. The experimentation was carried out in a thermal chamber 
at a constant temperature of 30℃. 

The ageing dynamics of a battery can be understood by a number of parameters such as capacity, voltage, temperature, 
internal resistance, and state of charge etc. From these parameters 12 features were extracted for predicting the lifetime 
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of the battery. Table 1 shows the 12 features. The degradation of the cells was investigated from the first 100 cycles 
only, when the cells generally do not show any capacity degradation. 

Table 1 Features used 

Feature No. Feature 

F1 Time duration of CC charging mode, difference between cycle 10 and 100 

F2 Covering area of IC peak, difference between cycle 10 and 100 

F3 Time duration of discharging process, difference between cycle 10 and 100 

F4 Variance of ΔT100-10(V) 

F5 Mean of ΔQ100-10(V) 

F6 p2 of linear model, fit to the capacity fade curve from cycle 80 to 100 

F7 p4 of square-root-of-time model, fit to the capacity fade curve from cycle 80 to 100 

F8 Integral of temperature over time, difference between cycle 2 and 100 

F9 Minimum temperature, difference between cycle 2 and 100 

F10 Mean of minimum temperature from cycle 2 to 100 

F11 Mean of average temperature from cycle 2 to 100 

F12 Internal resistance, difference between cycle 2 and 100 
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ABSTRACT  

Packed-bed systems that use inexpensive and abundant packing such as sand, stone, pebbles and wastes provides 
an attractive option for high temperature thermal energy storage (TES) applications.  Integration of such TES systems 
in concentrated solar power plants can make them more cost-effective and competitive. Numerical study for prediction 
of optimum operating parameters is important to achieve maximum performance and good thermal behaviour of 
packed-bed TES systems. In this study, lab-scale packed-bed TES system filled with new demolition waste based 
packing was investigated numerically for packing diameter range of 6-12 mm at a charging temperature of 565°C for 
different heat transfer fluid flow rates up to 500 kg/h. Results show that particle size of insignificant effect on 
increasing maximum energy storage capacity.  But, dramatical changes were observed on the effects of particle size 
on heat transfer coefficient and pressure drop.  

Keywords: Packed-bed, Thermal energy storage, Packing diameter, concentrated solar power 

 

INTRODUCTION 

Concentrated solar power (CSP) plants can replace fossil fuel based electricity generation and reduce CO2 emissions 
and dependence on foreign energy resources. However, variability in its efficiency according to the time of the day 
and seasons is the main obstacle for continuous generation with CSP. Thermal energy storage (TES) technologies 
should be used in CSP plants to obtain continuous and higher efficiency production from solar energy. Packed-bed 
TES is a simple, cheap and safe technology for CSP plants that requires low maintenance, no chemical reactions, 
and no rusting [1]. On the other hand, the system design has to be optimized with process parameters that will 
enhance its thermal and economical performance.  

There are various studies that researchers have been investigating for optimum operation such as charging and 
discharging temperatures, capacity factor, heat loss, material choices, economic analysis, and dimensioning of TES, 
including height, aspect ratio, insulation thickness, among others [1]. Singh et al. [2] developed one-dimensional two-
phase model to determine the optimum rock size and insulation thickness to reach 98% efficiency in a large-scale 
TES system. Cardenas et al. [3] used 1-dimensional 2-phase model to optimize rock size and aspect ratio for high 
efficiency. Nandi et al. [4] developed three-dimensional numerical computational fluid dynamics model to optimize 
design parameters of a thermocline thermal energy storage system. Koçak and Paksoy [5] investigated effect of 
operational and geometrical design parameters on storage performance of an oil/rock packed-bed system. Numerical 
results showed that maximum performance can be achieved at low bed void fraction, low mass flow rate and low 
Rep. 

In this paper, the effect of diameter of new packing materials developed from demolition waste in a range of 6-10 
mm on operating parameters (Bed void fraction, Particle Reynolds number, Biot number, heat transfer coefficient) 
and performance parameters (maximum energy storage capacity, pressure drop) of packed-bed for different flow 
rate sup to 500 kg/h are investigated.  

 

MATERIALS AND METHODS  

Materials 

Packing materials in this study were developed from demolition wastes (DW) that were taken from an urban 
regeneration project in Adana, Türkiye. DW was not homogeneous in shape, dimension and material content. For this 
reason, some additional processes such as drying, crushing, sieving and molding were applied to obtain a 
homogeneous structure. Properties of packing materials developed from demolition waste were given in Table 1 [6]. 
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Table 1. Properties of packing materials developed from demolition waste 

Propeties Value Unit 

Density, ρp 2855 kg/m3 

Specific heat capacity, Cpp 1457 J/kgC 

Thermal Conductivity, kp 0.53 W/mC 

Diameter, dp 6, 8, 10, 12  mm 

 

Solar salt (60%NaNO3 and 40%KNO3) was selected as heat transfer fluid (HTF) for storing heat between 290 °C–
565°C. Properties of solar salt vary with temperature. Temperature dependent correlations for solar salt properties 
were listed in Table 2 [7]. 

Table .2 Properties of solar salt 

Properties Correlations Unit 

Density, ρf ρf = 2090 - 0.636 * Tf kg/m3 

Specific heat capacity, Cpf Cpf = 1443 - 0.172 * Tf J/kgC 

Thermal Conductivity, kf kf=0.443+1.9*10-4*Tf W/mC 

Dynamic viscosity, µf µf=[22.714-0.12*Tf+2.281*10-4*Tf
2-1.474*10-7*Tf

3]*10-3 kg/ms 

 

Method 

Cylindrical storage tank consisting of packing materials with a height (Ltank) of 1.2 m and diameter of 0.4 m was used 
to determine the effect of the packing diameter on operation and performance parameters of high temperature 
packed-bed TES system. 

Correlation (Eq.1) developed by Benyahia and O’neill [8] gives bed void fraction for spherical particles for an aspect 
ratio between 1.5 and 50. Aspect ratio, the ratio of tank diameter to packing diameter, should be greater than 30 to 
have negligible wall effects (Dtank/Ds>30). Therefore, diameter of packing materials (Ds) evaluated in this study were 
selected from a range of 6-12 mm. 

휀 = 0.390 +
1.740

(
𝑑𝑡
𝑑𝑝
+1.1402)

                 (1) 

Pressure drop (ΔP) through the packed-bed can be calculated using Eq. 2 developed by Ergun [9] for packed bed 
filled with spherical packings. 

−
∆𝑃

𝐿𝑡𝑎𝑛𝑘
= 150

(1−𝜀)2

𝜀3

𝜇𝑓

𝐷𝑠
2 𝑢𝑠𝑢𝑝 + 1.75

(1−𝜀)

𝜀3

𝜌𝑓

𝐷𝑠
𝑢𝑠𝑢𝑝
2               (2) 

Maximum energy (Emax) that can be stored in the packed-bed system is the sum of energy stored in solid phase, fluid 
phase and other components of the system such as tank walls, filters etc. Emax can be calculated using Eq. 3 [10].  

𝐸𝑚𝑎𝑥 = ∫ [𝑉𝑡𝑎𝑛𝑘(휀𝜌𝑓(𝑇)𝐶𝑝𝑓(𝑇) + (1 − 휀)𝜌𝑠𝐶𝑝𝑠) + 𝑚𝑐𝑜𝑚𝑝𝐶𝑝𝑐𝑜𝑚𝑝]𝑑𝑇
𝑇𝑜𝑢𝑡
𝑇𝑖𝑛

              (3) 

Particle Reynolds Number (Rep) should be below 10 to obtain laminar flow regime in storage tank (Rep<10). Rep 
can be calculated using Eq. 4. 

𝑅𝑒𝑝 =
𝜌𝑓 𝑢𝑠𝑢𝑝 𝐷𝑠

 𝜇𝑓 
                          (4) 

Biot number given in Eq. 5 is a function of thermal conductivity of solid (ks), heat transfer coefficient between solid 
and fluid phase (hsf) and the ratio of solid volume to surface area (Vs/As) [11]. 

𝐵𝑖 =
ℎ𝑠𝑓𝑉𝑠/𝐴𝑠

𝑘𝑠
                    (5) 

Heat transfer coefficient between solid and fluid phase, hsf, can be calculated by Eq.6 [3]. 

ℎ𝑠𝑓 = 
𝑁𝑢 𝑘𝑓

𝐷𝑠
                    (6) 

The most appropriate correlation for packed-bed system with laminar flow regime of fluid is developed by Wakao et 
al. [12] (Eq. 7). 

𝑁𝑢 = 2.0 + 1.1 ∗ 𝑃𝑟1/3 ∗ 𝑅𝑒𝑝
0.6                (7) 
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Prandtl number (Pr) is a function of fluid properties; viscosity (µf), specific heat (Cpf) and thermal conductivity (kf), 
as given in Eq. 8. [3]. 

𝑃𝑟 = 𝜇𝑓𝐶𝑝𝑓/𝑘𝑓                  (8) 
 

RESULTS AND DISCUSSION 

Figure 1 shows the effect of packing diameter on bed void fraction and maximum storage capacity of packed-bed. 
As packing diameter decreased from 12 mm to 6 mm bed void fraction decreased from 44.0% to 41.6 %. However, 
decreasing packing diameter did not have a significant effect on maximum storage capacity (40.7 kWh for dp:6 mm, 
40.3 kWh for dp:12 mm). 

 

 

Fig. 1. Effect of packing diameter on bed void fraction and maximum storage capacity. 

Rep indicates type of flow regime in the storage tank. Higher storage efficiency can be achieved in fully laminar 
regime by keeping Rep below 10 [5]. Also, packing materials have uniform temperature distribution when Bi number 
is lower than 0.1 [13]. Diameter of packing materials directly affect Rep and Bi number. Fig.2 shows the effect of 
packing diameter on Rep and Biot number for fluid flow rate of 100 kg/h and 500 kg/h. As packing diameter and 
temperature increased Rep and Bi number increased as expected. Rep exceeded 10 at above 10 mm particle 
diameter for 500 kg/h fluid flow rate. 

 

 

Fig. 2. Effect of packing diameter on Rep and Bi number at 100 kg/h and 500 kg/h flow rates 

Heat transfer coefficient is one of the parameters that effect the temperature distributions of packed-bed [6]. The 
numerical results for heat transfer coefficient between solid and fluid phase (hsf) are plotted in Fig.3 for different flow 

rates and packing diameters. Increasing flow rate had profound effect on hsf, but increasing packing diameter had an 

opposite influence. 
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Fig. 3. Effect of particle diameter on heat transfer coefficient between solid and fluid phase 

The influence of the packing diameters on the pressure drop for different flow rates was also investigated. As shown 
in Fig. 4, showing lower fluid flow rates when ṁ < 200 kg/h, pressure drop was very low. Pressure drop increased 
dramatically with fluid flow rate. At a constant fluid flow rate, pressure drop decreased with increasing packing 
diameter. 

 

 

Fig. 3. Effect of particle diameter on pressure drop 

 

CONCLUSIONS 

Packed-bed TES is one of the key technologies to provide continuous energy from solar systems. There are a lot of 
design parameters that effect the storage performance. In this study, effect of packing diameter on operating 
parameters and performance of packed-bed was predicted numerically for different fluid flow rates. When packing 
diameter was in a range of 6-12 mm, it was found that packing diameter did not have a significant effect on maximum 
storage capacity. The lowest pressure drop and lowest heat transfer coefficient were obtained at lower flow rates and 
higher packing diameters. The system was in fully laminar flow regime (Rep < 10) at lower flow rates. But for higher 
flow rates (>300 kg/h), lower packing diameters (<10mm) should be preferred. In further studies, the effects of 
operating parameters on the system efficiency will be investigated. Moreover, scale-up of the packed bed storage 
system based on real operational CSP parameters need to be considered for future studies. 
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ABSTRACT    

In this paper, the control of the hybrid energy system (Photovoltaic/Battery Storage) is used to satisfy the load 
conditions under different meteorological situations. The photovoltaic system and the battery bank are coupled to the 
DC bus through Boost and Buck-Boost converters respectively. The load is feed by a three phase three-level inverter. 
Lead-acid battery is commonly used in hybrid energy system applications due to its low cost and availability in large 
size energy system. The PV system and lead-acid battery modeling are discussed. 

Three control loops are proposed to control the hybrid system namely: MPPT control loop, battery control loop and 
inverter control loop. They are used, respectively, for extracting maximum power from Photovoltaic module under 
changing solar irradiation, for bidirectional continuous power flow between battery and DC bus by buck-boost 
converter and for maintaining good voltage regulation under sudden load fluctuations. The obtained results show 
that the proposed TID controller provides a stable DC bus with low chattering, regardless of the rapid irradiation and 
load changes, when compared to a conventional PID controller 

Keywords: Photovoltaic, Battery, Control, Hybrid Energy  

 

INTRODUCTION 

Hybrid energy System refers to multi-source electrical power generation systems. These are complex systems 
combining different renewable sources or combined with conventional sources (diesel generator, etc.), different 
storage elements and different loads. They compensate for the intermittent nature of renewable sources and offer a 
higher overall energy yield [1]. Their essential interest is the possibility of energy autonomy that they allow since they 
do not depend on a single source. They can very much solve the problem of energy availability. Hybrid energy 
systems can be grid connected or stand-alone. Today, it has become imperative for researchers to find, apart from 
fossil and fissile energies, other sources clean and renewable. These include energy from sources such as the sun, 
wind, geothermal energy and biomass. These clean and sustainable energy sources are environmentally friendly 
unlike conventional energy sources. However, these renewable energy sources vary depending on the time of day, 
season and year. The random nature of these sources has led researchers to turn to hybridization [2]. 

However, these solutions require laborious preliminary sizing based on an in-depth knowledge of the renewable 
energy source of the upstream installation site, rigorous management of the electrical energy produced [3]. This 
rigorous energy management is based on the intelligence of the regulation and control devices. 

The proposed PV/battery hybrid system was modeled, managed, simulated and validated under Matlab/Simulink 
tool. Furthermore, the results obtained are listed to verify the effectiveness under variable meteorological conditions 

 

CONFIGURATION AND MODELING 

Our hybrid system is composed of a renewable energy source, exactly a photovoltaic generator (PV) to convert the 
energy of the sun, and a bank of battery storage. It is applied for supplying a variable load. Fig. 1 shows the complete 
structure of the hybrid system, it is composed of a [4]: 

- Photovoltaic generator as the main source of energy. 

- Bank of battery constituting our second source of energy. 

- Variable load. 

- LC filter to minimize harmonics. 

- Three-phase three-level inverter with NPC structure. 

- Boost converter operating in Maximum Power Point tracking (MPPT) 
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- Buck-Boost converter (BBC) connecting the battery bank to the DC bus. 

 

Fig. 1. Block control of photovoltaic/Battery 

 

In this work, single-diode model of photovoltaic cell is chosen. The equivalent circuit is shown in Fig. 2a. 
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The battery has a high-energy capacity and can supply power at almost constant voltage if the cycles are properly 
regulated for charge/discharge. A lead-acid battery is shown in Fig. 2b. It is composed of a controlled-voltage source 
along with a series resistance R [5] 

 

 

Fig. 2. Circuit of (a) PV photovoltaic cell, (b) Battery 

 

Here control input E depends not only on the current but also on the battery state of charge (SOC). The battery 
terminal voltage 
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Discharging: 
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In order to obtain the required power, it is essential to regulate the current generated by the battery. One must bear 
in mind the constraints related to the existing charge and discharge and the overall state of charge (SOC) limits. The 
following criteria must be reviewed by the SOC [5-7]: 

 

SOCSOCSOC maxmin                                                                              (5) 

 

RESULTS AND DISCUSSION 

The robustness test was performed as shown Fig. 3. 

- Nominal temperature value T=25°C;  

- Fast change in solar irradiance 500 W ⁄ m2 to 1000 W ⁄ m2;  

- Fast change in load power 6000W to 8000W. 

 

 

Fig. 3. Variations of (a) Irradiance, (b) Power load 

 

The robustness of the proposed controller was assessed under DC link fixed at 700 𝑉 during variation of irradiance 
and load. For this study, the response of the TID and PID controllers were taken into consideration. The DC link 
voltage shown in Fig. 4a. is nearly constant, but with some negligible variation due to the large delay between PV 
and load changes recovered by the battery as shown in Fig. 4b. 

 

   

Fig. 4. Variations of (a) DC link voltage of the PV/Battery, (b) Powers distribution 
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According to Fig. 4a., one can clearly observe that the DC link voltage responses and the resulting control given by 
the TID controller are better than those provided by the PID controller. The superiority of the TID controller manifests 
itself in smooth DC link voltage response, less sensitivity against load power variations and elimination of the 
steadystate electrical power oscillation.  

In addition, it can be seen from Fig. 4b. that the Buck-Boost Converter controller's output is very satisfactory because 
the battery bank power changes (charges/discharges) to maintain the balance of the system power under various 
irradiance and load conditions. In reality, if the AC load power is greater than the produced PV power, the Buck-
Boost Converter controller is programmed to discharge the power of battery into the AC load. In addition, the 
controller is also capable of charging the battery power when the load power is lower than the produced PV power.  

 

CONCLUSIONS 

It has been found by the presented figures that the curve of the DC bus voltage obtained by the system where the buck-
boost converter controlled by a TID is better than that obtained by the PID controller. The proposed control also makes 
it possible to supply the desired power to the load at any time despite variations in solar radiation or the energy required. 

 

NOMENCLATURE 

VT Thermodynamic potential 
T Cell temperature, Kelvin 
I Cell output current, A 
V Cell output voltage, V 
Iph Light-generated current proportional to the solar irradiation 
I0 Cell reverse saturation current 
Rs Series resistance 
Rp Shunt resistance 
E0 Open circuit potential, V 
i Charging/discharging current of battery, A 
K Polarization voltage, V 
Q battery capacity, Ah 
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ABSTRACT 

In this study, applicability of the proposed KC-ORC combined heat recovery system to recover waste heat of a container 
vessel engine is evaluated. The proposed KC-ORC combined cycle uses two KC loops and one ORC loop. The main 
KC loop utilizes the engine exhaust gases as heat source, and the other KC loop utilizes the engine jacket cooling water 
waste heat. ORC uses heat from the main KC turbine out as heat source. The proposed KC-ORC combined cycle uses 
three turbines to generate electricity from waste heat sources. Different working fluids are used in ORC to evaluate the 
performance of the cycle. The proposed cycle seems applicable for such a waste heat recovery process. 

Keywords: Kalina Cycle, Organic Rankine Cycle, waste heat recovery, container vessel 

 

INTRODUCTION 

Thermal processes have a significant proportion of waste heat. Industrial facilities also contain a significant amount of 
thermal processes. Increasing productivity is of great importance due to problems such as energy problems, 
environmental problems, global warming and the climate crisis in today's world. Recovery of waste heat in thermal 
processes is an important subject of study. Depending on the amount of waste heat and the temperature levels, different 
waste heat recovery methods can be used. Waste heat can be used directly in a different process, as well as used for 
electricity generation. 

Different thermodynamic cycles are used to use waste heat for electricity generation. The simple Rankine cycle can be 
considered the oldest of these methods. Currently, the Rankine cycle and the organic Rankine cycle (ORC) are mostly 
used for the production of electricity from waste heat. On the other hand, the Kalina cycle (KC), which does not have 
many applications yet, can also be used for waste heat recovery. The greatest application potential in low temperature 
waste heat recovery is in ORC and KC. 

There are many studies in the literature in which organic Rankine and Kalina cycles are used. Aksar et al designed, 
analysed and compared comprehensively the Kalina, steam Rankine and pure ammonia cycles as a subsystem for use 
in a cogeneration cycle. As a result of the analyses, the Kalina cycle showed the best performance. Researchers 
calculated the maximum net power, thermal and exergy efficiencies of the Kalina cycle at ammonia-water concertation 
of X = 25% and a turbine inlet temperature of t = 340 °C as 365.92 kW, 25.52%, 57.96% respectively [1]. Köse et al 
examined and compared to each other in terms of energy, exergy efficiency, economic outlook, and environmental 
effects Kalina and Organic Rankine cycles, which are the most important low-temperature energy conversion systems 
in the utilization of low-temperature industrial waste heat with a temperature of 250 ºC and a mass flow of 10 m/s. 
Although the Kalina cycle economically better than the organic Rankine cycle (3.93 years), Köse et al found the organic 
Rankine cycle using n-Pentane showed a better performance than the Kalina cycle in terms of energy, exergy, and 
CO2 emission reduction. Researchers calculated the thermal efficiency, exergy efficiency, payback period, and CO2 
emission reduction value of the organic Rankine cycle with n-Pentane as 25.95%, 71.77%, 4.03 years, and 207.17 kg-
CO2/h, respectively [2]. 

Akimoto et al. (2021) proposed an integrated system that comprises an absorption heat pump cycle and Kalina cycle 
for small temperature difference power generation to lower the temperature requirements of the heat source, besides 
evaluated its power generation performance and economic efficiency. The results showed that integrated system may 
improve power generation performance by up to 81% compared to the conventional Kalina cycle. Also it was found this 
system more economical than the conventional Kalina cycle when applied to heat sources above 353 K [3]. Kalan et al. 
(2021) proposed combined cooling and power system (CCP) that consists of a modified Kalina cycle and a double-
effect absorption refrigeration cycle driven by the exhaust gases of an internal combustion engine. The utilities of the 
proposed system are demonstrated through the energy and exergy analysis. The optimization results revealed that 
under the optimal conditions, the exergy efficiency of the proposed CCP system and its total cost rate are 54.37% 
(2.22% improvement) and 110.76 $/hr (8.16% reduction), respectively. Consequently, due to the optimal selection of 
the variables, the products of the proposed system are produced at lower prices [4]. The organic Rankine cycle (ORC) 
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and high-temperature Kalina cycle (HTKC), which have been previously used for other purposes, for the first time was 
utilized for waste heat recovery from the exhaust gases of a Bi-fuel engine by Roeinfard and Moosavi (2022). In the 
study to investigate and optimize these two cycles' overall performance in different operational modes using 
thermodynamic relationships and sensitivity analysis was aimed. In the developed thermodynamic model, the results 
obtained from the experiment on the Bi-fuel engine are used as the input data. The analysis indicated that the HTKC 
and ORC can recover 10–25 kW and 2–7 kW power, respectively. Under the investigated operational modes, the 
efficiency of the HTKC was around 25–40%, and the efficiency of the ORC is between 8 and 13%. Also, the HTKC and 
ORC cycle can reduce fuel consumption by 20%–30% and 8–10%, respectively. Comparing the performed analysis, it 
was observed that the performance of the HTKC for waste heat recovery is significantly better than the ORC [5]. 

In this study, a new cycle was obtained by using ORC and KC together for the purpose of waste heat recovery. In this 
new cycle, two KCs and one ORC were used together. The first loop of the KC uses engine exhaust gas as energy 
source, while the second loop uses engine jacket water as heat source. The turbine output of the first KC loop was used 
as the energy source of ORC.  In ORC, different working fluids were utilized. Energy and exergy analyses were 
performed to evaluate the performance of the combined cycle. Although a lot of analyses have been done within the 
scope of this study, some results have been presented due to page limitation. 

 

THERMODYNAMIC CYCLE AND WASTE HEAT SPECIFICATIONS 

In this study, KC and ORC were combined. The main KC loop uses the exhaust gases from a container vessel. The 
other KC loop uses the engine jacket cooling water as a heat source. ORC uses the turbine output as a heat source. 
Therefore, three turbines were used to generate electricity. Schematic of the proposed cycle is presented in Fig. 1. 
 

 
Fig. 1. KC-ORC combined waste heat recovery system 

 
 
Some data from the literature was utilized to evaluate the applicability of the proposed combined cycle. In the proposed 
combined cycle, exhaust gases and engine jacket cooling water were used as waste heat sources. The basic data used 
in this study is presented in Table 1. Analyses were done for three different vessel loads as 50%, 85% and 100%. 
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Table 1 Data for the case study from the container vessel [6] 

Parameter Unit Load (50%) Load (85%) Load (100%) 

Exhaust gas inlet temperature oC 170,0 165,5 190,0 

Exhaust gas mass flow rate kg/h 20,8 58,1 45,7 

Jacket cooling water inlet temperature oC 85,0 85,0 85,0 

Jacket cooling water mass flow rate kg/h 120,6 115,7 113,8 

 
 
RESULTS AND DISCUSSION 

In this study, analyses were done to evaluate the performance of the proposed KC-ORC combined cycle in terms of 
energy and exergy. Although many analyzes have been made for the parameters examined with the analyses 
performed, only some of them have been presented within the scope of this paper. 31 working fluids were utilized in 
the analyses. 
The most significant results were presented in the Table 2. 
 

Table 2 Some of the results of the study 

Working 
Fluid 

Load 
Thermal 
Efficiency 

Exergy 
Efficiency 

Power 
Output 

Exergy 
Destruction 

Fuel 
Saving 

CO2 
Reduction 

% % % kW kW $/year tons/year 

R134A 

50 5,66 45,64 1638 1951 552.751 7969 

85 6,09 45,12 1819 2212 503.600 7260 

100 6,23 44,95 1880 2302 527.704 7608 

R600 

50 5,77 46,67 1675 1914 565.220 8149 

85 6,41 47,48 1914 2118 529.976 7640 

100 6,65 47,51 1987 2196 557.791 8041 

Benzene 

50 5,70 46,07 1653 1935 557.947 8044 

85 6,22 46,11 1859 2173 514.591 7419 

100 6,44 46,02 1925 2258 540.242 7788 

Ethanol 

50 5,71 46,14 1656 1933 558.846 8057 

85 6,24 46,28 1866 2166 516.493 7446 

100 6,46 46,20 1932 2250 542.410 7820 

HFE7500 

50 6,32 51,04 1832 1757 618.289 8914 

85 7,76 57,51 2320 1714 642.236 9259 

100 8,17 58,38 2443 1742 685.841 9888 

R1234yf 

50 5,63 45,52 1634 1955 551.275 7948 

85 6,05 44,84 1808 2224 500.477 7215 

100 6,25 44,65 1867 2315 524.142 7556 

 
The highest thermal efficiency is achieved with HFE7500 as 8,17% (100% load). For the same case, 2443 kW power 
can be generated by this combined cycle. The lowest thermal efficiency is obtained as 5,63% with R1234yf (50% 
load). For the same case, 1634 kW power can be generated by this combined cycle. The exergy efficiency of the 
proposed cycle varies between 44,65%-58,38%, and exergy destruction values vary between 1714-2315 kW. 
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The proposed waste heat recovery system for the container vessel results in a significant fuel saving. Fuel saving 
varies from 500.477 $/year to 685.841 $/year. This system also decreases the CO2 emissions. CO2 reduction 
change between 7215-9888 tons/year. Results of the analyses show that performance of the proposed KC-ORC 
combined waste heat recovery system is promising to be used for low temperature waste heat sources. 

 
CONCLUSIONS 

In this study, a new thermodynamic cycle was proposed to be used to recover the waste heat from a container vessel. 
Exhaust gases from the vessel engine were utilized in the main KC loop. Engine jacket cooling water was utilized in the 
other KC loop. Turbine exit of the main KC loop was utilized in the ORC. Energy and exergy analyses were done to 
evaluate the performance of the proposed cycle. Results show that the proposed KC-ORC combined waste heat 
recovery system can achieve 8,17% thermal efficiency, 2.443 kW power output, 685.841 $/year fuel saving and 9.888 
tons/year CO2 reduction. The proposed waste heat recovery system seems promising. 
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ABSTRACT  

Harnessing the energy from the ocean has several challenges and risks that serve as a major roadblock to the 
attainment of this energy advantage. This study attempts to explore the challenges to the development of ocean energy 
in Indian contexts and analyses the complex interactions between them using the Interpretive Structural Modelling 
approach. The analysis identifies certain key inhibitors requiring special focus to streamline the infrastructural 
development of ocean energy.  

Keywords: Ocean Energy; Renewable Energy; Sustainability; ISM  

 

INTRODUCTION 

According to UN estimates, India’s population is on the rise and is expected to grow to 1.51 billion by 2030, and the 
energy demand is likely to reach nearly 11000 TWh by that time (IESS, 2022). Despite the abundant potential and 
promising prospects, ocean energy has still been untapped in Indian contexts due to several challenges and barriers. 
However, understanding and analyzing the barriers to developing the OE sector in India is of paramount significance 
and thus warrants a scientific inquiry. Several works have attempted to focus on south Asian contexts, but 
investigating the challenges in the Indian subcontinent has still been a lacuna in extant OE literature. The present 
work is an attempt in this direction. 

 

MATERIALS AND METHODS  

 

Table 1: List of Barriers 

Barriers 

Complex Installation 

Lack of Technology and R&D 

Vulnerability to ocean conditions 

Adverse Impact on Marine Biodiversity 

Intermittent Supply 

High Deployment Cost 

High Cost of Maintenance, Repair & Operations 

Restricted Space Availability 

Space Sharing with other Marine Activities 

Harm to Tourism & Navigation 

Lack of Policy Push 

Unreliable Cost estimates 

Complex Bureaucratic Structure 

Lack of Trained workforce 
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Interpretive structural model 

Step 1: The recorded judgments from the experts are used to establish the contextual association between the barriers 
to OE development. A structural self-interaction matrix (SSIM) was developed using the following rules: 

V= Variable i will lead to variable j 

A= Variable j will lead to variable i 

X= Variable i and j will lead to each other 

O= Variable i and j are unrelated 

 

Step 2: A reachability Matrix (RM) having the binary values of  0 and 1 is constructed from the SSIM. 

Step 3: Level Partitioning: This step comprises an iterative process of partitioning elements based on their level of 
influence. Based on the partitioning, the interpretive model is created. 

 

RESULTS AND DISCUSSION 

According to the developed interpretive model, the lack of policy push (POLP) is the most significant and critical 
barrier to the development of ocean energy systems in India. If the thrust from the government is very limited, it 
affects the financial and regulatory support, as well as other economic mechanisms (LTRN) to support OE. With 
limited funds at disposal, the investments in OE technology procurement, as well as indigenous production are 
hampered which further impedes the development of the research capabilities (TRND) for ocean energy 
development.  

 

CONCLUSIONS 

The analysis and the findings of the study report that lack of policy push, available technologies, R&D facilities, 
training of the workforce, accurate estimates as well as administrative complexities are some of the key barriers that 
impede India’s progress toward achieving the target of sustainable development. The interpretive model may be 
tested for its statistical validity in future studies. Further, the framework may be adopted for other nations that are at 
a primitive stage of OE development. A case-based quantitative prioritization of barriers may also be carried out in 
future works. 
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ABSTRACT 

Türkiye is considerably dependent on imported fossil fuels and needs a significant leap in energy storage applications 
for rapid transition to renewable energy. Energy storage has become an inevitable technology as a solution to current 
energy crisis in the world.  Yet, there is still need for further R&D in this field. Bibliometric studies can show trends about 
certain subjects in relation to different parameters specially to determine R&D gaps.  This bibliometric study aims to 
show the current situation in energy storage within the general topic of chemistry for the approaching 100th year of the 
Republic of Türkiye. The analysis was made based on data from Web of Science databaseusing excel graphic tools 
and reportsfrom VOS viewer software. Community analysis was also conducted to identify scientific communities 
working together regardless of their country or affiliation. The results show that, Türkiye follows the development trends 
in the world in the field of Chemistry. The analysis also showed that there are leading universities and researchers in 
the field of thermal energy storage in Türkiye. Based on the trends in R&D in chemistry and energy storage,the number 
of studies will increase faster in the next decade compared to previous years.  

Keywords: Bibliometry, Web of Science, Chemistry, Energy Storage, Türkiye 

 

INTRODUCTION 

Bibliometrics has become important to determine the trends in R&D of various topics in recent years. The reason for 
this is the necessity and relevance of monitoring the information. Bibliometrics is based on statistical and 
mathematical analysis using data obtained from various databases [1]. Bibliometric studies that have been conducted 
recently include research areas such as management, econometrics, health economics, marketing, statistics, 
ecological economics, entrepreneurship, production, energy storage, thermal energy storage, operations 
management, data envelopment, gray systems and innovation [2,3]. Some of these bibliometric analyzes used Web 
of Science database [3-7]. 

Current global climate crisis stems mainly from fossil fuel use in various sectors to meet increasing energy demand. 
The solution is using renewable energy sources together with energy storage. Energy storage provides continuous 
and more efficient use of renewables. Transformations between different energy forms such as mechanical, 
magnetic, biologic, chemical and thermal are utilized in different energy storage technologies. Thermal energy 
storage, electrochemical and hydrogen storages have become an important key technology for renewable energy 
systems to produce electricity, heat, cold and fuels. 

The aim of thispaper is to evaluate contribution of Türkiye to chemistry with a special focus on energy storage in the 
100th anniversary of the Republic of Türkiye. The study tries to answer the following questions through a bibliometric 
study:What hasbeen done in chemistry, in the last 100 years? What is the current situation of energy storage studies? 
The most important question is what is the expected trend and increase in the total number of articles in the next 10 
years?  

 

MATERIALS AND METHODS  

This research was conducted using Web of Science database (between 1975 and 2022) as of 6.11.2022. First of all, 
the trends in the world were examined. The total number of publications in the field of chemistry and on the topics of 
interest, universities and countries were determined. Then, the data in Türkiye was analyzed with the same approach. 
VOS viewer software was also used for visualizing bibliometric networks to make community analysis. 
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RESULTS AND DISCUSSION 

Trends 

The survey was carried out with the keywords given in Table 1. Table shows total number of papers published in the 
world and Türkiye according to the selected keywords.  Based on this survey, the countries with the highest number 
of publications on the relevant topics and the rank of Türkiye are as follows: 

• Chemistry: Number 1 in the world is USA, Rank of Türkiye is 23rd 

• Chemistry AND energy storage: Number 1 in the world is China, Rank of Türkiye is 19th. 

• Chemistry AND thermal energy storage: Number 1 in the world is China, Rank of Türkiye is 14th. 

• All fields AND energy storage: Number 1 in the world is China, Rank of Türkiye is 23rd. 
 

Table 1. Keywords used in survey with Web of Science Database for the years 1975-2022 

Keywords Number of 
Papers 

All Fields 76.654.337 

All Fields AND Chemistry 7.342.414 

All Fields AND Chemistry OR Türkiye 85.475 

All Fields AND Chemistry, OR Energy Storage OR Thermal Energy Storage OR 
Electrochemical Energy Storage OR Hydrogen Energy Storge OR Mechanical Energy Storage 

206.302 

All Fields AND Chemistry OR Energy Storage OR Thermal Energy Storage OR Electrochemical 
Energy Storage OR Hydrogen Energy Storage OR Mechanical Energy Storage OR Türkiye 

2.809 

All Fields AND Energy Storage OR Thermal Energy Storage OR Electrochemical Energy 
Storage OR Hydrogen Energy Storage OR Mechanical Energy Storage 

335.305 

All Fields AND Energy Storage OR Thermal Energy Storage OR Electrochemical Energy 
Storage OR Hydrogen Energy Storge OR Mechanical Energy Storage OR Türkiye 

4.085 

All Fields ANDElectrochemical Energy Storge 65.603 

All Fields AND Hydrogen Energy Storge 43.218 

All Fields AND Chemistry OR Thermal Energy Storage ORLatent Heat Storage OR Sensible 
Heat Storage OR Phase Change Material/TES 

30.206 

All Fields AND Chemistry OR Thermal Energy Storage OR Latent Heat Storage OR Sensible 
Heat Storage OR Phase Change Material/TES OR Türkiye 

817 

All Fields AND Thermal Energy Storage OR Latent Heat Storage OR Sensible Heat Storage 
OR Phase Change Material/TES 

60.774 

All Fields AND Thermal Energy Storage OR Latent Heat Storage OR Sensible Heat Storage 
OR Phase Change Material/TES OR Türkiye 

1.281 

 

There has been a significant upward trend in the number of publications on chemistryand thermal energy storage in 
the last 10 years as shown in Figure 1. The drops seen in these graphs are due to the reduced R&D activities during 
the pandemic years and the number of publications for 2022 and 2023 are not included at the time of survey.  The 
expected trend for the next 10 years for the number of publications in Türkiye and in the world are extrapolated from 
this data and shown by the straight line in Figure 1.  

Based on these extrapolations, cumulative number of publications expected to be carried out in the field of chemistry 
will be a total of 4.335.000 in the world in 2032. This number is almost more than half of all studies published so far. In 
Türkiye, cumulative number of publications foreseen to be carried out in the next 10 years will reach 77.800. This 
number is equal to approximately 91% of the total number published in the Republic of Türkiye so far. This means that 
the productivity in the next 10 years will be equivalent to the past 100 years. 

In the field of thermal energy storage, the expected cumulative number of publications to be carried out in the next 10 
years is 108.000 in the world. This number is 1.8 times higher than the total number of studies published so far. In 
Türkiye, total number of cumulative studies on thermal energy storage to be carried out in the next 10 years is 2.900. 
This number is equal to 2.4 times the total number published in the Republic of Türkiye so far with a productivity higher 
than the past 100 years. 
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Fig. 1. The trendson the number of publications in chemistry and thermal energy storage in the last 10 years and extrapolations 
for the next 10 years 

 

Keywords 

The results based on the keywords chemistry, energy storage and thermal energy storage for the world and Türkiye 
are shown in the pie charts given in Figure 2.Energy storage and thermal energy storageconstitute 2.8% and 0.41% 
of all chemistry studies in the world, respectively. Corresponding values for Türkiye are 3.29% and 0.96% and in the 
same order but slightly higher than the world shares.  Furthermore, the shares of thermal energy storage in energy 
storage publications are 14.6% and 29.1% for the world and Türkiye, respectively.  This shows that interest in thermal 
energy storage activities in chemistry field are twice the world’s average. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Energy storage and thermal energy storage studies published in the world and Türkiye in the field of chemistry 
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Community analysis  

Thecommunity analysisis done by examining interactions among countries based on the addresses of the authors in 
the articles in the database. These results were taken from the grouped publication of each author profile in the Web 
of Science (WoS) core collection database and analyzed with the VOS viewer program. Only the top-publishing 
countries (the top 25 countries with publications in Chemistry) were included in this analysis. In the maps shown in 
Figure 3 the interaction strength is represented by the thickness of the line between countries. Strong and high 
interactions are made up of thick lines, weak and low interactions are made up of thin lines.  In Figures 3(a) and 3(b) 
interactions among the top 25 countries in the field of chemistry and thermal energy storage are shown, respectively.  
The interactions of Türkiye with other countries in these fields are shown in Figures 3(c) and 3(d).   

According to this analysis, Türkiye has strong interactions with European Union countries, Japan, China, Australia, 
Canada, India, Pakistan, Iran and Saudi Arabia in the field of Chemistry. For thermal energy storage the strong 
interactions of Türkiye is seen between European Union countries, USA, China, England, Canada, India, Pakistan, 
Qatar, UAE, Algeria, Brasil and Saudi Arabia. 

 

Fig. 3. Interactions of countries in the fields of chemistry among all countries (a), thermal energy storage among all countries 
(b), chemistry for Türkiye's interaction with other countries (c), thermal energy storage for Türkiye's interaction with other 

countries (d) 

This study alsorevealed the top 500 universities in chemistry and thermal energy storage studies and universities from 
Türkiye included in this list. According to this survey, the universities with the highest number of publications on related 
topics in Türkiye are as follows: 

• Chemistry AND thermal energy storage: 7 universities were included in the top 500 in the world. These 
universities are Gaziosmanpaşa University, Karadeniz Technical University, Çukurova University, Kocaeli 
University, Fırat University, Dokuz Eylül University and Istanbul Technical University. 

• All fields AND thermal energy storage: 4 universities were included in the top 500 in the world. These 
universities are Gaziosmanpaşa University, Karadeniz Technical University, Çukurova University and Istanbul 
Technical Universities. 

 

CONCLUSIONS 

This bibliometric study was done with the purpose of showing trends in chemistry studies with a special focus on energy 
storage in the 100th year of the Republic of Türkiye.  The results show that in the general field of chemistry the number 
of publications of Türkiye has a ranking of 23 among the top countries in the world.  However, the publications on 
thermal energy storage from Türkiye are among the highest in the world. There are 7 universities that are in the top 500 
list of thermal energy storage. The trends show that Türkiye can accelerate in publishing scientific articles in these fields 
in the next 10 years and improve its ranking and increase number of universities from Türkiye to be in the top 500 list. 
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ABSTRACT  

This paper presents a comprehensive design of an artificial intelligent algorithm based on a fuzzy controller to track the 
maximum power point (MPPT) in PV systems. The proposed controller simulated in Matlab/Simulink to prove the 
performance and stability of the proposed fuzzy controller in photovoltaic system. However, the hardware 
implementation is complicated and the cost is high. To overcome this problem, we proposed the Arduino Mega 
microcontroller as a solution since it is a low cost and flexible programming Hardware. On an Arduino Mega 2560 
controller board, a real-time implementation of the MPPT algorithm using Simulink Support Package for Arduino Mega 
in MATLAB/Simulink was performed to control and monitoring the system performance.  

Keywords: Fuzzy logic, Boost converter, Photovoltaic System, Microcontroller.  

 

INTRODUCTION 

The electricity has been consistently supplied via traditional sources. Renewable energy sources including solar 
power, wind power, biomass, and others have been established as a result of the limitations and depletion of 
conventional energy sources. The renewable resources are limitless since they are derived from the nature. In 
actuality, renewable energy has zero emissions, requires less upkeep, and is less expensive. Compared to using 
conventional energy, of operation. One of the renewable energy sources is solar power. Using it had been promoted 
by the government as a result of the depletion of conventional sources occurring in global. Additionally, employing 
solar energy can generate income by selling it as electricity [1]. A key strategy for increasing the energy output of 
solar power generation, therefore means its efficiency, is the inclusion of a solar tracker to locate the maximum power 
point scenario as specified by the PV profile characteristics. Some direct results of the addition of tracking system to 
increase energy yield [2]. 

This paper describes a contribution to the PV energy yield improvement using a low cost Arduino Mega-based Fuzzy 
logic tracking system to monitor and control a solar panel maximum power point using boost converter and load ,the 
results of the simulation and  the application prove high performance and stability in tracking with variation of weather 
conditions. 

 

RESEARCH METHOD 

The method used to achieve the research goal includes the fuzzy logic controller, the Arduino Mega microcontroller 
hardware, testing and measurement, real time data monitoring and analysis. The system design comprises the software 
design and the hardware configuration. 

 

Diagram of the system  

The diagram of the designed system is given in Fig 1. As illustrated, the computer/PC was created to be the master of 
all controlled systems, whereas the microcontroller just executed commands programmed by computer. 

The microcontroller received the sensor data, which was then sent to the computer through USB and displayed on the 
Matlab/Simulink. A 24V system with a maximum rating current of 20A taken into consideration in this study. 

The solar panel that was simulated to with capacity of 183W. It had dimensions of 160cm by 140cm by 40cm. A resistive 
load supplied by the solar panel had a current rating of 7.69. 

mailto:%20Mohamed.Laaouad@yahoo.com
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Fig. 1. The diagram of the designed system 

 

Photovoltaic Module Modeling  

The fundamental building element of a solar power producing system is a PV module. The non-linear properties of 
PV modules are influenced by solar radiation and cell temperature. The PV module used in this paper has 36 solar 
cells connected in series. The PV module model used in this investigation shown in Fig 1[3].  

The graphic displays the maximum circuit voltage (Vmp) and maximum circuit current (Imp)[4]. It is powered by 
7.69A, 23.9V, and 1.5 as the ideality factor, open circuit voltage (Voc), and short circuit current, respectively, whereas 
series resistance Rs has a value of 0 ohm. In order to determine I-V and P-V for various scenarios, Matlab/Simulink 
is used features (Fig 2). The solar cell block obtained from Sim Electronics to create the PV model. Matlab block set. 
The equations (1) and (2) define the characteristics of a solar cell [5]      

𝐼 = 𝐼𝑝ℎ − 𝐼𝑟𝑠 [𝑒𝑥𝑝 (
𝑉 + 𝐼 𝑅𝑠
𝑎𝑉𝑇

) − 1] 

Where: 

𝑉𝑇 =
𝑁𝑠𝑘𝑇𝑐
𝑞

 

The power generated is: 

𝑃𝑚 = 𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥 
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Fig. 2. Solar panel electrical I-V and P-V plots with variations of irradiance 

 

Software design  

The Arduino Mega and Matlab/Simulink operations illustrated in Fig 3.  

As said, the microcontroller system serves as the processor for sensor input data with controlling output data and the 
interface software on the Matlab/Simulink system serves as system monitoring and the foundation for the intended 
system's operation. 

 

Operation of boost converter 

IGBT is used as a switch and it is in on or off state. When D is defined as duty ratio, during 0 < t < DT, the IGBT is 
on state and the diode is reverse biased. The voltage across inductor is VL=Vin. During D<t<T, the IGBT is in off 
state and the diode becomes forward bias [6] 

The voltage across inductor VL =Vin –Vout Operation at the steady state condition the total change of current on 
inductor must be zero in a period of switching . 

 

 

Fig. 3. The functioning of Matlab/Simulink and Arduino Mega to actuate Load 
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Each of Matlab/Simulink and Arduino Mega proper level of performance, they connect via USB cable. 

The Matlab/Simulink provide an interface and master, while the Arduino microcontroller processed sensor data and 
controlled the Boost Converter switch. 

The software design consists of the Fuzzy logic controlee method largely utilized in control of electrical systems is 
crucial if there is no precise mathematical model or when the process that has to be controlled lacks linearity 
imprecision. 

The fuzzy logic-based regulator can be illustrate by following schema [7] 

 

 

Fig. 4. General diagram of PV Fuzzy logic Controller 

 

Table 1: Inference Rules combination 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Voltage variation membership 
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Fig. 6. Current variation membership 

 

 

Fig. 7. Duty cycle variation membership 

 

SIMULATION OF THE WHOLE SYSTEM DESIGN 

The combined hardware design and associated software make up the entire system design. It was simulated by 
linking the solar panel with boost converter controlled using Fuzzy logic controller and employing the Arduino Simulink 
package. 

The designed circuit simulation in Matlab /Simulink shown in Fig 8. 

 

 

Fig. 8. Matlab/Simulink designed system circuit 
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SIMULATION RESULTS AND DISCUSSION  

The performances of the proposed control design are illustrated through simulations using MATLAB-Simulink 
environment. The used parameters are given in Table 1.The simulation test is carried out using the Simulink mode 
given in Fig. 9.  

The responses of the solar panel current, output voltage, Load Power and duty cycle are depicted in Fig. 9(a), Fig. 
9(b), Fig.9(c) and Fig. 9(d), respectively. The results indicate that the steady states track the desired trajectories 
perfectly. It is also shown that the time response required to follow the reference model is very short (0:15s). It can 
be concluded that the Fuzzy logic control has a good tracking performance. 

 

Table 1. Component values of DC-DC boost converter 

Component Value or reference 

IGBT BUP314 

Diode BYV32-200 

Capacitor C1,C2 2200uF 

Inductor  Inductor 300uH 

Load resistor 56 ohm 

Switching frequency 1 KHz 

 

 

(a) Solar panel current 

 

(b) Load voltage 
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(c) Load Power 

 

(d) Duty cycle 

Fig. 9. Simulation results 

 

EXPERIMENTAL RESULTS AND DISCUSSION  

To verify the simulation results, a special package known as ”support package for Arduino hardware” is used with Matlab 
environment, which has been designed by MathWorks for microcontroller-based Arduino board to interface the 
Matlab/Simulink with the hardware setup, The hardware consists of boost converter equipped with voltage and current 
sensors, and oscilloscope. 

The experimental waveforms of PWM is illustrated in Fig.10, It is obvious that the obtained results in both the simulation 
and the implementation are in good agreement. These practical results demonstrate that boost converter can be 
controlled by Fuzzy logic technique to flow exactly the desired output control signal. 
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(a) Simulation PWM 

 

(b) Experimental PWM 

Fig. 10. Simulation (a) and Experimental (b) results for desired PWM. 

 

CONCLUSIONS  

In this paper, we have presented a low cost application for fuzzy logic intelligent control method for the DC-DC boost 
converter. At first, the proposed power conversion system was simulated using Matlab-Simulink simulation program to 
validate the control strategy and evaluate the performance of the system. Experimental and simulation results show 
that the DC-DC boost converter can be controlled effectively at different operating regions arrive at the stable step 
during less than 0.15 s. 
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ABSTRACT  

This work focuses on the use of PEM (proton exchange membrane) fuel cells to feed and heat a standalone 
construction trailer in desert climate of southern Algeria. The fuel cells are feed by compressed hydrogen stored in 
small cans. A biphasic model is used to predict the different phenomena which took place in the device to convert 
chemical energy to electricity. A set of electrical resistance are used to heat the cabin. Also, the released heat is 
recovered to assist the heating system. Numerical simulation is written on Matlab software to resolve the governing 
equations. The effects of different parameters on the system operation are examined. The results show that the 
energy produced by the fuel cell cover largely the need for heating and powering the trailer during the night of a very 
cold winter day. The daily hydrogen consumption doesn’t exceed 6 liters from a tank of hydrogen compressed at 100 
bars. 
Keywords: Hydrogen, trailer, PEM fuel cell, heat recovery, heating   

 

INTRODUCTION 

Z. Ying-ying et al. [1] examined the electrical and thermal performances of 60 kW PEM Fuel Cells cogeneration 
system. The system configuration is presented on the basis of the electricity model and two thermal models are 
adopted to estimate the thermal cogeneration system for hot water production. M. A. Sheshpoli et al. [2] surveyed 
the waste heat recovery of PEM fuel cells using a recuperative organic Rankine cycle (RORC). The stack is equipped 
with metal hydride storage where the absorbed heat is utilized for other supplementary components. Results show 
that thermal efficiency rise by increase in RORC working fluid flow rate with different gradients and pressure rise 
leads to increase in thermal efficiency and net output power. J. Y. Lee et al. [3] proposed a combined generation 
system for recovering released heat from both the PEM fuel cells and its reformer by using an organic Rankine cycle 
(ORC). The highest combined system efficiency is determined through a parametric study. The results show that the 
installation cost can be recovered within the fuel cell's lifetime. Also, the optimal heat recovery from the PEM fuel 
cells is both thermodynamically and economically beneficial. A. Baroutaji et al. [4] presented an overview of the recent 
progress concerning the cooling strategies and the Waste Heat Recovery (WHR) technologies for PEM fuel cells. 
The main cooling techniques of PEMFCs are analyzed according to their advantages and disadvantages. Also, the 
potential pathways for the fuel cells and WHR including heating, cooling, and power generation are discussed. M. S. 
Sulaiman et al. [5] presented a method for recovering ultra-low waste heat temperature from PEM fuel cell is utilizing 
a combined thermoelectric generator (TEG), heat pipe and heat sink system. The device is designed as a mini (2kW) 
fuel cell for vehicle. At 37 °C waste heat temperature, the highest voltage and power output of 25.7 mV and 218 mW 
respectively are obtained. Successful characterization of this system and validation of the model allow the system to 
be further developed for the sustainability of PEM fuel cell systems. In the present work, PEM fuel cells are used to 
feed and heat a trailer cabin in desert climate of southern Algeria. The fuel cells are feed by compressed hydrogen 
in small cans. A biphasic model is used to predict the different physic-chemical phenomena. In our previous work 
(Dokkar et al. [6]), an application of this biphasic model is conducted to feed a base transceiver station by PEM fuel 
cells. In the present case, PEM fuel cells feed a set of electrical resistance used to heat the trailer cabin with the 
assistance by recovering the heat released by the chemical reaction inside the fuel cells. 

 

MATERIALS AND METHODS 

Mathematical model of PEM fuel cells 

The trailer is used to shelter the workers in isolate areas of southern Algeria (desert of Ouargla region). The trailer is 
of Sterckeman type with 4.3 m length, 1.8 m wide and 2 m high. The trailer has one door and two windows placed 
on two walls. It contains some basic live devices. For the mass balance of the fuel cells model, the variables space 
dependency in flow channels is neglected. Essentially, vapor, liquid water and gases flows are controlled, and the 
fuel cells temperature is considered constant. For a given current density, oxygen and hydrogen mass balances are 
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expressed using the difference between inlet flow and the chemical reaction consumed flow. For electrochemistry, 
the effective voltage of the fuel cells is determined by the difference between reversible thermodynamic voltage and 
different overvoltage losses. The system efficiency of the fuel cells stack is used as indicator, where the efficiency 
without heat recovery is defined as ratio between stack net output power and self fuel heating. The details of the 
mathematical model are presented in the paper of Dokkar et al. [6]. The numerical solution of the model is performed 
by a program written with MATLAB software. The results of the computation converge with a relative error of 1.e-4.   

 

Heat released by the fuel cells 

In the night, the fuel cells feed an electrical resistance for heat the trailer. Also, the heating system is assisted by 
recovering the heat released by the entropy of the half chemical reaction. The released heat from others secondary 
phenomena are relatively low and kept to maintain the optimal operating temperature (80 °c). The model presented 
by kjelstrup and rosjorde [7] are adopted, where only the reduction of oxygen at the cathode is responsible for the 
entropy creation linked to the global reaction. By taking into account the efficiency of the heat recovery system (κ), 
the actual heat flow is determined by Q2 = κ * Q’2. According to the active surface of the fuel cells (A [cm2]), Faraday 
constant (F) and the current density (I) of the fuel cells, the heat flow is evaluated as follow: 

Q’2= 48.7* 
𝐼

2𝐹
 *A                                                                                                                                                         (1) 

 

Assessment of trailer heating needs 

The trailer heating flow is estimated by calculating the heat dissipation through walls due the conduction and 
convection heat transfer (for convection: hin = 10 w / m2.k, hex = 20 w / m2.k [8). The temperatures are taken from the 
coldest night (January 4th, 2021) in Ouargla city during the period: 5 p.m. to 9 a.m. The heat flux through the walls is 
calculated by equation (Ø= (Tin-Tamb)/Rt), where: Rt is wall thermal resistance, Tin is indoor temperature (22 C◦) and 
Tamb is outdoor ambient temperature. The thermal resistance of the wall is calculated by the equation (2), where: ei 
is layer thickness (m), λi layer thermal conductivity (W/m.K) and h convective heat transfer coefficient.  

Rt  =  
1

hi.S1
+∑  

ei

λi.s1
 +  

1

he.S1
                                                                                                                                               (2) 

 

Electric resistance heat and heat recovery 

The heat released by an electrical resistance is generated by the Joule effect expressed by the equation (3), where 
I is the current density of the fuel cells (the average value I = 1 A/cm2). The electric current i is calculated according 
to the fuel cells active surface (A [cm2]) is given by the equation i = I * A. R [Ω] is the electrical resistance of the 
heating material (Nichrome) [9]. The electrical resistance is expressed by R = Res * L / Ar, Where: Res is the resistivity 
of the material (Nichrome Res=40 μΩ.cm*L/A), where: L is the resistance length (20 cm) and A is the section of 
resistance wire (d =1mm), so, the resistance R=0.1 Ω. 

Q1= R*(I*A)2                                                                                                                                                                   (3) 

The heat is released by the chemical reaction inside the fuel cells. For an efficiency of the heat recovery system 
(κ=0.8.), the reduction of oxygen at the cathode is linked to the global reaction: 

Q’2= 48.7* 
𝐼

2𝐹
 *A * κ                                                                                                                                                        (4) 

 

Fuel cells active surface  

The system energy balance involves the energy caused by the cold heat flow entering through the walls and the heat 
generated by the operation of the fuel cells. Two variants of the fuel cells stack are possible. In the first variant, the 
trailer is heated only by the Joule effect produced by the resistance supplied by the fuel cells. The active area (A) is 
calculated by equalling the thermal energy produced by the fuel cells (E) and the thermal flow Φ [kWh]: 

Φ=E= R *(I*A)2 * t                                                                                                                                                       (5) 

Where: t is the heating time carried out by the fuel cells and 𝐴 =
1

𝐼2
√
Φ

𝑅.𝑡
 

In the second variant, the trailer is heated at the same time by the heat produced by the resistance supplied by the 
fuel cells and the heat released by its oxidation reaction, where the heat is ventilated with an efficiency (𝛈v= 0.8). The 
active area (A) is calculated by equalling the thermal energy produced by the fuel cells (E) and the thermal flow Φ 
[kWh]: 
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Φ = R *(I*A) 2*t + 48.7* 
𝐼

2𝐹
 *A*t*0.8                                                                                                                                   (6) 

(R *I2*t) A2 + (48.7* 
𝐼

2𝐹
 *t*0.8) A – Φ = 0                                                                                                                           (7) 

For the additional active surface, the main electrical equipment in the trailer (lamp, refrigerator and television) works 
with direct current at a voltage of U = 24 volts, and, the small equipment of the trailer (cell phone and Laptop) uses 
transformers for their power supplies. The calculation of the additional active surface (As) is as follow:  

P= (I.As)*U                                                                                                                                                                       (8) 

As = P / (I. U)                                                                                                                                                                    (9) 

 

RESULTS AND DISCUSSION 

Performance of fuel cells 

Figures 1 shows fuel cells power density, it indicates that to achieve high power, the system must operate at the high 
current density. But, high current density coincides with low efficiency due the effect of the parasitic power; this means 
that a larger active area is needed. Figure 2 shows the heat density released by the chemical reaction inside the 
cathode side of the fuel cells. The released heat is relatively little, but its accumulation can damage the fuel cells 
operation. In this circumstance, the released heat can be recovered for assisting the caravan heating system.    

 

           

                   Fig. 1: Power density curve                                                   Fig. 1. Density of Fuel cells released heat 

 

Accessories electricity needs and heat dissipations  

The electrical energy requirements for the equipment (refrigerator, lamp, television, laptop, mobile phone) (see figure 
1), and their operating times during the supply period by the fuel cell are identified. To avoid high pick, the operating 
hours of the devices are distributed, and the devices total energy consumption is calculated (1420 Wh). Figure 4 
shows the heat transferred through the casing and the trailer floor. During the heating period, according to material 
parameters, the total heat transfer is calculated as the sum of different heat transfer across all walls (11162.3286 W).  

 

    

             Fig. 3: Energy consumption of the electrical devices.                   Fig. 4: Total heat transfer across trailer walls 
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Calculation of fuel cells active surface  

In the first variant, the heat flow is calculated using equation (37), the time carried out by the fuel cells, the current 
density I is taken = 1 A/cm2;  R= 0.1 Ω (calculated above). So, the active surface A = 83.5252 cm2. 

In the second variant, the heat flow is calculated using equation (39) which has a polynomial form of second power 
(ax2+bx+c=0). Δ = b2 - 4a.c; Δ = 71438.91201 > 0, So, A’ = 83.4375 cm2. And A’’= -83.4375 cm2 < 0 (rejected). This 
surface (A’) is an optimal value to ensure the heating of the trailer while recovering the released heat.  

The additional active surface is calculated using equation (41). The total energy consumption of small equipment 
(cell phone and Laptop) is evaluated at 1420 Wh, but, the maximum power is 160 W. To ensure more safety in the 
system operation, this maximum power is taken. For Pmax = 160 W (U = 24 V), the additional active surface As = 
6.6666 cm2. 

Calculation of hydrogen requirement 

The total surface is the sum of the active surfaces At =A+As=90.1035 cm2, I=1 A/cm2; At=90.1035 cm2; i = 
I*At=90.1035 A, so, the molar flow MH2 =4,669.10-4 mol/s. The molar flow rate (MH2) and the volume (VH2) of hydrogen 
are: 

MH2 =
At I

2F
                                                                                                                                                                       (10) 

VH2= MH2 * VM* t                                                                                                                                                             (11) 

Where: VM is the molar volume of gas under standard conditions, t is the heating time t=16 h. By adding 1% as 
hydrogen renewal rate and using the ideal gas relation, at storing pressure of 100 bars, the volume is 6.08 liters. So, 
about 30 liters tank (268.9344 g) can satisfy the trailer needs for 5 nights. 

CONCLUSIONS  

The reduced model of PEM fuel cells shows that its operation is influenced by the physicochemical phenomena. For 
well operating, the PEM fuel cells membrane requires an optimal humidification, where the biphasic effect intervenes. 
The fuel cells operation without any heat recovery shows that its performance reaches an overall efficiency between 
25% and 35%. But, by recovering released heat this efficiency should increase. The fuel cells produce energy and 
heat; they are used for feeding and heating the trailer, it contributes in winter night’s comfort. The results show that 
the energy produced by the fuel cell cover largely the need for heating and powering the trailer during the night of a 
very cold winter day. The hydrogen consumption does not exceed 6 liters from a tank of hydrogen compressed at 
100 bars. 
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ABSTRACT  

The high energy content of hydrogen and zero carbon emission from its burning is very important for compression 
ignition engine development. Due to its high specific heat ratio, hydrogen requires a very high auto-ignition 
temperature, which encourages replacing nitrogen with noble gases for engine development. In noble gases, 
hydrogen combustion can raise the temperature, potentially leading to a heat loss problem. This paper aims to 
investigate the effect of hydrogen combustion in various noble gases on the heat distribution and heat transfer on 
the cylinder wall. Converge CFD software was used to simulate a Yanmar NF19SK direct injection compression 
ignition engine. The local heat flux was measured at different locations such as cylinder wall, piston, and head. As 
a result, hydrogen combustion in light noble gases such as helium produces faster combustion progress and better 
heat development. However, the hydrogen combustion that experienced detonation, which is happened in neon at 
340K and argon at 380K, recorded a very high local heat flux at the cylinder head and piston.  

Keywords: Heat flux, detonation, heat distribution, heat transfer, intake temperature 

 

INTRODUCTION 

Hydrogen combustion in internal combustion promises very clean combustion that produces only water as the 
product. Hydrogen fuel results in high engine thermal efficiency due to its high energy content, which can release a 
high rate of heat. In an internal combustion engine, the engine operates with air intake as the main working gas. 
The development of hydrogen direct injection can eliminate the carbon emission and gives better combustible 
properties due to the good mixture formation and high flame propagation [1]. However, in a diesel engine, 
compression of air in a compression ignition (CI) engine is not adequate to ignite the hydrogen. This is because 
hydrogen has a very high auto-ignition temperature of 858K [2]. Besides, the presence of nitrogen in the air easily 
reacts with oxygen to form the NOx emission when exposed to a very high temperature [3]. Therefore, nitrogen in 
air was proposed to be replaced by noble gases. 

Noble gases are inert gas that does not react to any element. It was composed of up to six different elements, 
which are known as the most stable elements. All noble gases have a high specific heat ratio between 1.66 to 1.68, 
which is much higher compared to nitrogen of 1.42 only. A high specific heat ratio can increase the temperature 
higher to have better ignition progress [4]. Based on the theory, the thermal efficiency of a diesel engine is 
increased with the increase of specific heat ratio in the constant compression ratio engine. Eq. (1) also explains the 
relationship between the thermal efficiency in the function of compression ratio, r, specific heat ratio, k and cut off 
ratio, rc, which is presented by the graph in Fig. 1 [5]. 

 
Fig.1. Thermal efficiency of gas compression with different heat ratios [5] 
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Ƞ𝑡ℎ,𝐷𝑖𝑒𝑠𝑒𝑙 = 1 −
𝑟1−𝑘(𝑟𝑐

𝑘−1)

𝑘(𝑟𝑐−1)
                                                             (1) 

 
However, high temperature and high heat release during combustion can lead to high heat transfer or heat loss. 
Based on a study from [6] studied the effect of hydrogen combustion in the air in a cylinder-shaped combustion 
chamber. The cylinder was attached to the water-cooled exhaust tube. The study from [7] compared the heat transfer 
between hydrogen combustion and methane combustion in the CFR engine. The study found the combustion rate of 
hydrogen is very high and results in maximum heat fluxes three times higher than methane. The rate change of the 
heat flux from hydrogen combustion also rapidly increased and reached a very high value due to the rapid combustion 
of hydrogen. In a higher compression ratio, the heat fluxes recorded are even higher. The fact was supported by [8] 
which found heat flux from hydrogen combustion is 3% higher than methane in low load conditions. At high speeds 
and loads, hydrogen combustion caused higher heat flux and higher heat loss to the surrounding. However, the 
discussion about heat transfer of hydrogen combustion in noble gases atmosphere in compression ignition engine is 
not yet discussed.  

 

MATERIALS AND METHODS  

A simulation was conducted based on a Yanmar NF19SK compression ignition engine parameter. The simulation 
was performed using Converge CFD software. Converge software is a unique software that equipped a special 
autonomous meshing technology named adaptive mesh refinery (AMR) function to generate a high-quality orthogonal 
mesh for better combustion progress [9]. The engine specification, initial conditions, and injection parameters are 
shown in Table 1. The engine specification and parameter setup were adapted from the experimental study 
conducted by Rey [10]. The experiment was conducted in a low compression ratio condition at the intake temperature 
of 380 K. Hydrogen was directly injected at 3CA BTDC for 5 ᵒCA duration into the combustion chamber filled with 
79% noble gases and 21% oxygen. In this study, noble gases consisting of helium, neon, argon, krypton, and xenon 
are used as working gas supplied to fill the combustion chamber before the intake valve close at 179 ᵒCA BTDC. The 
gases are filled with pressure 0.114 MPa. The simulation, SAGE combustion model was used to achieve better 
convergence resolutions and accelerate the combustion process. Besides, the turbulent kinetic energy (TKE) model 
also was used to initialize the turbulent flow, and Reynolds averaged Navier-Stokes (RANS) equation was used to 
solve the turbulence model, which is highly recommended due to its smaller memory space.  

Table 1: Engine specification, initial and injection condition 

Engine specification  

Engine type Compression ignition engine 

Engine model Yanmar NF19SK 

Bore 110 mm 

Stroke 106 mm 

Engine speed 600 RPM 

Compression ratio 10 

Intake valve open (IVO) timing 179 CA BTDC 

Exhaust valve close (EVC) timing 179 CA ATDC 

  
In this study, the influence of hydrogen combustion in noble gases atmosphere on heat transfer is investigated. Heat 
flux on the wall surface is identified and analyzed at different positions viewed by Tecplot 3D software. Fig. 2 shows 
the locations of the heat flux measurement probe on the combustion chamber model. Figure shows five location’s 
coordinates of heat flux measurement where F1, F2, and F3 are located on the cylinder wall, F4 was located beside 
the injector on the head surface and F5 is at the center of the piston surface located at the opposite direction of 
hydrogen injection. The positions selected for the measurement are marked throughout the simulation by obtaining 
the heat flux and temperature on the surface.  

 
Fig. 2. Heat flux measurement locations 
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RESULTS AND DISCUSSION 

In this study, the heat transfer rate of hydrogen combustion is investigated in various noble gases atmosphere and 

at different intake temperatures. The ignition stability of hydrogen also may influence the heat transfer behavior. 

 

Model Validation 

Previously, the experiment of direct injection combustion in argon-oxygen in compression ignition engine was 
conducted by [10]. Yanmar NF19SK engine was used in the experiment based on the rapid compression expansion 
machine (RCEM) concept. Based on the same parameter, the computational study approach is conducted and found 
the error of 9.89% compared to the experiment as shown in Fig. 3. Based on the operation duration, file size, and 
error percentage of pressure, a grid size of 0.005 m was selected as the best grid size with the minimum error [11]. 
 

 

Fig. 3. In-cylinder pressure of argon-oxygen atmosphere compression without hydrogen injection with different grid size 
compared to experiment [11] 

 

Local Heat Flux of Hydrogen Combustion in Noble Gases Atmospheres 

The heat transfer effect normally focused on the non-moving boundary which is known as the high potential medium 
in heat transfer. For better understanding, the local heat flux of hydrogen in various noble gases is compared at 
cylinder wall (F1). Fig. 4. shows that heat flux on the wall from location F1 operated at an intake temperature of 380K 
and the peak local heat flux during hydrogen combustion in various noble gases atmosphere. Results found that 
combustion of hydrogen in the neon-oxygen atmosphere results in the highest local heat flux at the wall compared 
to combustion in neon and helium. Hydrogen combustion in the helium-oxygen atmosphere results in lower local 
heat flux due to the premixed combustion at the beginning of ignition and followed by diffusion combustion.  

The local heat flux rise is measured at the wall from combustion in the neon atmosphere is delayed longer than other 
noble gases. This is due to the diffusion combustion that occurs during the combustion. Meanwhile, the local heat 
flux recorded in the argon-oxygen atmosphere measured at this position is very low due to the detonation. Detonation 
phenomena that occur during the early ignition phase result in high heat flux at piston and head of cylinder which 
cause the heat to distribute to the cylinder wall are very low. The study found that the local heat flux measured at the 
piston was the highest due to the ignition occurring immediately towards the piston. The local heat flux measured at 
the head of the cylinder was recorded highest in the argon-oxygen atmosphere which resulted from the detonation 
phenomena. At the cylinder wall, the highest local heat flux recorded was in the neon-oxygen atmosphere and 
followed by helium due to the premixed and diffusion combustion. On the other hand, hydrogen combustion in the 
krypton and xenon atmosphere does not experience ignition which only contributes to heat flux at piston due to the 
injection. Hence, the local heat flux in both atmospheres is considerably low. Rey 2015 studied the relationship 
between detonation and local heat flux in rotating combustion and found the detonation phenomena has indeed 
affected the heat distribution and increased the local heat flux. However, due to the rapidly expanding gas near the 
fuel source, the local heat flux distribution at the other region can be lower [12]. 
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Fig. 4. Local heat flux measured at cylinder wall and maximum heat flux at different heat flux position in various noble gasses 
atmosphere at intake temperature of 380K 

CONCLUSIONS 

The purpose of this study is to study the heat transfer of hydrogen in various noble gases atmosphere in compression 
ignition engines. Study found that the heat distribution of hydrogen combustion in helium and neon-oxygen results in 
better development compared to argon. The local heat flux on the cylinder wall was found lower in the helium-oxygen 
atmosphere compared to the neon-oxygen atmosphere. However, hydrogen in the argon-oxygen atmosphere at 
380K intake temperature experience detonation and cause the heat to be rapidly increased and increase the heat 
flux to the whole area of the combustion chamber with the maximum heat flux of 18 MW/m2. In conclusion, hydrogen 
combustion in low molecular weight of noble gases atmosphere results in more stable ignition and release adequate 
heat from the engine. The data of heat transfer in this paper provides the information of heat analysis which can be 
useful for the future design of hydrogen engines in noble gases atmosphere. 
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ABSTRACT 

In Multiple Input Multiple Output (MIMO) radar different detectors are used where each detector receives the echo of all 
transmitted signals. And then each detector sends information to a fusion center where a global decision about the 
presence of target is made. This paper deals with Constant False Alarm Rate (CFAR) radar detection for statistical 
MIMO radar. In this paper Cell Averaging Smallest Of CFAR (CASO CFAR) detector is generalized for Statistical MIMO 
radars for homogeneous and non homogeneous Gamma distributed clutter. In the case of non homogeneity clutter we 
used the presence of interfering targets in the reference window. We derive closed form expression of the probability of 
false alarm (PFA) for the CASO CFAR detector in homogeneous background for the statistical MIMO radar. In 
homogeneous case, the detection performance is evaluated by means of the analytical expression. In non-
homogeneous background (presence of interfering targets), the detection performance is investigated using Monte 
Carlo simulations. The obtained numerical results indicate that the detection performance of the CASO CFAR detector 
improves in the case of interfering targets. 

Keywords: MIMO radars, CASO-CFAR detector, Gamma distributed clutter, Homogeneous, Non-Homogeneous 

 

INTRODUCTION 

In radar automatic detection, one purpose is to detect a target in the presence of noise and clutter while maintaining 
a constant false alarm rate (CFAR). In practical situations, the back-ground noise distribution may not be 
homogeneous. This non-homogeneity is caused by either an extended clutter edge or the presence of interfering 
targets [1]. 

The presence of interfering targets in the reference window degrades seriously the detection performance of the Cell 
Averaging CFAR (CA-CFAR) detector proposed in [2]. To overcome this problem, the Cell Averaging Smallest Of 
CFAR (CASO-CFAR) detector [3] was proposed. This detector uses the minimum of the two sums in leading and 
lagging windows to estimate the clutter power level (Fig. 1). The detection performance of the CASO-CFAR detector 
was analyzed for different clutter model: Gaussian, Pearson, Weibull and Pareto [4-7]. 

 

Fig. 1. The CASO-CFAR detector 

MIMO radar system is a configuration with different detectors where each detector receives the echo of all transmitted 
signals and sends information about the cell under test (CUT) to the fusion center. In this center, combining all 
information, a global decision is made to declare the presence or the absence of target in the CUT. 

Target detection in MIMO radars has been the interest of various works, [8] analyzed the CA-CFAR, the SO-CFAR, 
the OS-CFAR and the ACMLD-CFAR detectors. In [1] the authors generalized the ordered CFAR detectors for 
statistical MIMO radar considering homogeneous and non homogeneous Gaussian clutter. The CA-CFAR, GO-
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CFAR and SO-CFAR detectors were recently analyzed in homogeneous and non homogeneous Weibull clutter for 
statistical MIMO radar [5].  

In this paper, we analyze the performance of the SO-CFAR detectors in homogeneous and non-homogeneous 
(interfering targets) Gamma clutter for statistical MIMO radar. The rest of the paper is organized as follows. In Section 
2, we derive closed form expression for the probability of false alarm (PFA) of the SO-CFAR detector homogeneous 
Gamma distributed clutter. In Section 3, we analyze the performance of the SO-CFAR detector in non-homogeneous 
Gamma background by Monte Carlo simulation. Conclusions are finally drawn in Section 4. 

 

MATHEMATICAL MODEL 

We consider a statistical MIMO radar system that contains N receivers and M transmitters. Each receiver sense the 
echoes of all transmitters, so in the fusion center, we have MN nodes and the structure is formed by a matrix where 
columns are nodes and lines are the (2L+1) reference cells [5]. The MN*(2L+1) cells are assumed to be independent 
and identically distributed according to Gamma distribution with shape parameter α and scale parameter β. The 
probability density function (PDF) and the cumulative distribution function (CDF) are given by: 

 

𝑓(𝑡) =
𝛽𝛼

Γ(𝛼)
𝑡𝛼−1exp (−𝛽𝑡)         (1) 

𝐹(𝑡) =
𝛾(𝛼,𝛽𝑡)

Γ(𝛼)
           (2) 

 

Where Γ(α) and γ(α, βz) are respectively the gamma and lower gamma functions. 

In the CASO-CFAR detector for a MIMO radar system, the clutter power level estimation uses the MINIMUM of two 
separate sums computed for all cells in leading window and all cells in lagging window z=min(x, y).x and y are 
independent and have the sum of MNL reference cells (x and y are distributed according to gamma distribution with 
shape parameter MNLα and scale parameter β). The PDF of z is given by: 

 

𝑓𝑧(𝑧) = 2𝑓𝑥(𝑧)[1 − 𝐹𝑥(𝑧)]          (3) 

𝑓𝑧(𝑧) = 2𝑓𝑥(𝑧) − 2𝑓𝑥(𝑧)𝐹𝑥(𝑧)         (4) 

 

The PFA is given by: 

 

𝑃𝐹𝐴 = ∫ 𝑓𝑧(𝑧)
∞

0
𝑃𝑟(𝑄0 ≥ 𝑇𝑧 𝐻0⁄ )𝑑𝑧         (5) 

 

Where z is the clutter level estimation, 𝑇𝑧 is the detection threshold and Q0 is the sum of the CUT of MN nodes. In 
the case of a Gamma distributed clutter, Q0 has a Gamma distribution with shape parameter MNα. 

 

𝑓𝑄0(𝑡) =
𝛽𝑀𝑁𝛼

Γ(MNα)
𝑍𝑀𝑁𝛼−1exp (−𝛽𝑧)         (6) 

𝐹𝑄0(𝑡) =
γ(MN𝛼,βz)

Γ(MN𝛼)
          (7) 

Pr(Q0 ≥ Tz H0⁄ ) = ∫ fQ0(t)
∞

Tz
dt = 1 − FQ0(Tz) = 1 −

γ(MNα,βTz)

Γ(MNα)
     (8) 

 

Replacing Eq. (4) and Eq. (8) in Eq. (5), the PFA is then given by: 

 

𝑃𝐹𝐴 = ∫ 2
𝛽𝑀𝑁𝐿𝛼

Γ(𝑀𝑁𝐿𝛼)
𝑧𝑀𝑁𝐿𝛼−1 exp(−𝛽𝑧)

∞

0
[1 −

γ(MN𝛼,βTz)

Γ(MN𝛼)
] 𝑑𝑧 − ∫ 2

𝛽𝑀𝑁𝐿𝛼

Γ(𝑀𝑁𝐿𝛼)
𝑧𝑀𝑁𝐿𝛼−1 exp(−𝛽𝑧)

∞

0

𝛾(𝑀𝑁𝐿𝛼,𝛽𝑧)

Γ(𝑀𝑁𝐿𝛼)
[1 −

γ(MN𝛼,βTz)

Γ(MN𝛼)
] 𝑑𝑧 

                        (9) 
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𝑃𝐹𝐴 = ∫ 2
𝛽𝑀𝑁𝐿𝛼

Γ(𝑀𝑁𝐿𝛼)
𝑧𝑀𝑁𝐿𝛼−1 exp(−𝛽𝑧)

∞

0
[
Γ(MN𝛼,βTz)

Γ(MN𝛼)
] 𝑑𝑧 − ∫ 2

𝛽𝑀𝑁𝐿𝛼

Γ(𝑀𝑁𝐿𝛼)
𝑧𝑀𝑁𝐿𝛼−1 exp(−𝛽𝑧)

∞

0

𝛾(𝑀𝑁𝐿𝛼,𝛽𝑧)

Γ(𝑀𝑁𝐿𝛼)
[
Γ(MN𝛼,βTz)

Γ(MN𝛼)
] 𝑑𝑧 

             (10) 

 

Where the two incomplete Gamma functions upper (a,x) and lower (a,x) are given by [9]: 

 

Γ(a) =  Γ(a, x) + γ(a, x)          (11) 

Γ(a,x)

Γ(a)
= exp(−x)∑

xi

i!

a−1
i=0           (12) 

γ(a,x)

Γ(a)
= 1 − exp(−x)∑

xi

i!

a−1
i=0          (13) 

 

Using the two transformations Eq. (12) and Eq. (13) and making the change t = βz, the PFA of the CASO-CFAR detector 
is finally given by: 

 

PFA = 2∑ ∑
(𝑇)i

i!j!

MNα−1
i=0

Γ(𝑀𝑁𝐿𝛼+i+j)

Γ(𝑀𝑁𝐿𝛼)
MNLα−1
j=0

1

(2+𝑇)𝑀𝑁𝐿𝛼+i+j
      (14) 

 

Eq. (14) shows that this detector has the CFAR propriety with respect to the scale parameter β. 

 

RESULTS AND DISCUSSION 

In this section, we present the performance of the CASO-CFAR detector in Homogenous and Non-Homogeneous 
(interfering targets) Gamma background with shape parameter α=2 and scale parameter β=1 considering a statistical 
MIMO radar system. Monte Carlo simulations are used to evaluate the detection performance for a design PFA of 
10-4 and for a number of nodes MN=2, 4 and a length of reference cells 2L equal to 16. 

 

 

Fig. 2. PD of CASO and CA in homogeneous clutter for MN=2 
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Fig. 3. PD of CASO and CA in homogeneous clutter for MN=4 

In homogeneous case, we plotted the probability of detection PD versus SCR for MN=2 and MN=4, depicted in Fig. 
2 and Fig. 3 respectively. From these two figures, we can observe that best performance is obtained when high 
number of nodes MN is used. We can see also that in this case the detection performance of the CA-CFAR is better 
than the CASO-CFAR detector. 

In presence of interfering targets, Fig. 4 shows the PD of the CASO and CA-CFAR detectors versus SCR for MN=2 
in presence of three interfering targets in the reference window. We can observe from this figure that the CASO-
CFAR detector has the best detection performance. 

 

Fig. 4. PD of CASO and CA in presence of 3 interfering targets (MN=2) 

 

CONCLUSIONS 

In this paper we have analyzed the detection performance of the CASO-CFAR detector in homogeneous and non 
homogeneous Gamma clutter for the statistical MIMO radar. Compared to the CA-CFAR detector, the obtained 
results have shown that the CASO-CFAR detector performs well especially in the case of the presence of interfering 
targets in the reference window.  
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ABSTRACT  

      Energy storage plays a crucial role in ensuring a reliable power supply in a renewable micro grid. An optimum mix 
of storage options is important to design a cost-effective system in a PV-based isolated power system.  In this paper, 
an isolated DC micro grid is simulated with solar photovoltaic as the RE source to supply power to resistive DC charges 
along with a hybrid energy storage system for battery and super capacitor the electricity storage unit of the super 
capacitors has been added to conventionally used on the batteries.  An effective global management has been proposed 
to allow the photovoltaic (PV) system to provide optimal performance under the constraint of variations in atmospheric 
parameters. Various cases of solar insolation variability are simulated to validate the proposed power management 
strategy for controlling the DC bus voltage and a beneficial reduction in transient voltage is observed when using the 
hybrid energy storage system (HESS). The addition of super capacitors (SC) thus makes it possible to better preserve 
conventional batteries by preventing them from deep discharges during power peaks.  It is found that in all cases HESS 
helps to minimize transients of the DC bus voltage effectively and the HESS also compensates for very large transients 
resulting in sudden changes in the output of PV or load demand.  

Keywords: Battery, hybrid energy storage system (HESS), photovoltaic (PV) power, supercapacitor (SC). 

 

INTRODUCTION  

Fossil fuels strongly affect the global environment as CO2 emissions; therefore, there is a huge emphasis on having 
more production from renewable sources [1-2]. Renewable installations must be associated with energy storage 
devices and systems since electrical energy, when produced in excess of demand, must be stored, otherwise, it 
cannot be used later and the production cost of this part will be wasted moreover when electricity is generated from 
renewable sources like solar, storage of excess energy is highly necessary as solar energy will not be available at 
certain times.     The use of batteries is very widespread in the field and makes it possible to achieve a fairly attractive 
performance/cost ratio. But their performance deteriorates rapidly when subjected to extreme conditions of use [3-
6]. So the addition of a Super capacitor makes it possible to offer a better response during sudden disturbances in 
climatic conditions (solar radiation) but also during a sudden change in demand [7-8]. The Super capacitor makes it 
possible to compensate for the poor performance of the batteries in the presence of power peaks. They thus make 
it possible to relieve the batteries by limiting their discharge current. And to optimally manage the power flow of the 
HESS and regulate the DC bus voltage during source and load variations. The supervision module is implemented 
in the control block [9]. The role of the supervision module is to control the energy exchanges between the various 
components of the system on the one hand and to regulate the storage charge/discharge process on the other hand 
[9]. In this paper, an isolated DC micro grid is simulated with solar photovoltaic as the RE source to supply power to 
resistive DC charges along with a hybrid energy storage system for battery and super capacitor the electricity storage 
unit of the super capacitors has been added to conventionally used on the batteries. An effective global management 
has been proposed to allow the photovoltaic (PV) system to provide optimal performance under the constraint of 
variations in atmospheric parameters.  

The proposed stand-alone PV system with hybrid storage is composed of a PV generator connected to the DC bus 
via a DC-DC boost converter, a set of Lithium-Ion battery banks as a long-term storage system used when there is 
a surplus to consume or a shortage to supply, and a set of Super capacitor to cope with rapid transitions in power 
demand, Each ESS (electrical energy storage) is connected to the DC bus via a DC-DC buck-boost converter, loads, 
a three-phase inverter connected to the DC bus is used to supply the load and control systems. As shown in Fig. 1 . 
The parameters of the PV generator [10]. The PV system is affected by different weather conditions such as 
irradiation. That’s why MPPT control is used to extract maximum power from PV via DC/DC boost for proper operation 
of the PV system which is achieved by using the Perturbation and Observation (P&O) method, and power transfer is 
produced between these components via a conventional energy management system. The proposed model is 
developed and simulated using MATLAB/Simulink software based on mathematical analysis and the average 
Diagram of the simulation of the PV system with hybrid storage under Matlab/Simulink is shown in Fig. 2. 

https://dblp.org/pid/320/2169.html
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Fig. 7. Schematic diagram of PV systems with hybrid storage 

 

Fig. 8. Diagram of the simulation of the PV system with hybrid storage under Matlab-Simulink 

 

Power Management Strategy (Pms) 

In a photovoltaic system, it is essential to optimally manage the flow of energy between the different components [5]. 
So a PMS is implemented in the control block to manage the power flow between the different components of the 
HESS (hybrid electrical energy storage) system to achieve different objectives such as: Reducing the dynamic stress 
level of the battery; regulating DC bus voltage during source and load variations; prevent battery deep discharge and 
improve overall system efficiency. The supervision algorithm is based on two different modes, Excess Power mode 
(EPM) and Deficit Power mode (DPM). The EPM represents the period during which the generated PV power is 
greater than the required charging power and the DPM is the period when the generated PV power is less than the 
required charging power [11]. The Perturb & Observe method are described in figure 2  is based on the disturbance 
by increasing or decreasing the operating voltage of the module 𝑉𝑃𝑉 by a small amplitude around its initial value and 

analyzing the behavior of the resulting power variation 𝑃𝑃𝑉  and Power management strategy are described in .Fig 2 
and  Table 1.                          

   

https://www.mdpi.com/1996-1073/12/18/3576#fig_body_display_energies-12-03576-f002
https://www.mdpi.com/1996-1073/12/18/3576#table_body_display_energies-12-03576-t001
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Fig.3. The Perturb & Observe method 

 

 

Fig.4. Power management strategy 
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SIMULATION AND RESULTS 

The data used in this simulation is under the temperature condition of 25°C with a constant load demand of 500W; 
The simulation period is divided into 3 phases (see figure.5) the first phase (0: 1s) for irradiation equal to 1000 W/m2 
the second phase (1: 3s) with an irradiation that fell to 300 W/m2 ; The third phase (3: 4s) with an irradiation that 
reached 800W/m2. The reference voltage Vdc is equal to 50V figure.5 represents the control of Vdc; controlled by a 
PI regulator ( Kp = 0.043 and Ki = 0.65). is produced when the irradiation has varied, then the role of the super-
capacitor and the charging and discharging of the battery comes to eliminate these overruns. From the results, we 
notice that we can see two scenarios in this mode: The first period (0s-1s): PPV > Pch Represents the period during 
which the generated PV power is greater than the required charging power where the supply of the load is assured 
by the PV panels. The second period (1s-3s): Php < Pch : This is the period when the generated PV power is less than 
the required charging power.in this period the supply of the load is assured by the storage for the reason of insufficient 
solar energy The third period (3s-4s): Pph < Pch : Represents the period during which the generated PV power is 
greater than the required charging power where the supply of the load is assured by the PV panels and then charge 
the battery and supercapacitor. We notice that the energy management algorithm ensures the continuity of service 
despite the variation of the irradiation. This simulation has been proposed for various operating conditions, to show 
the different operating modes of the management algorithm for the entire installation. 

 

     

Fig.5.  Irradiations                                                         Fig.6.  Vdc and Vdc- référence = 50(v ) 

Table 1. Generalized Algorithm 

N° Sequences 

01 All parameters are observed 
𝑷𝒑𝒗 , 𝑷𝑳, 𝑷𝒃 , 𝑷𝑺𝑪 , 𝑺𝑶𝑪𝑺𝑪 , and, 𝑺𝑶𝑪𝒃. 

02 Calculate:  𝑷𝒂𝒗 = 𝑷𝒑𝒗 − 𝑷𝑳 

03 Check the condition :  𝑷𝒂𝒗 = 𝟎,  
if it’s true, then go to 1, otherwise go to the next step 

04 Check the condition :  𝑷𝒂𝒗 > 𝟎,  
if it’s false, then go to the next step else go to step 9 

05 Check the condition :    𝑺𝑶𝑪𝒃  > 𝑺𝑶𝑪𝒃𝑳  
if it’s true, then discharge the battery and go to the next 
step else go to 7 

06 Check the condition :  𝑷𝑳 −𝑷𝒑𝒗 − 𝑷𝒃 > 𝟎, 

 if it is true, then go to the next step, otherwise go to 1 

07 Check the condition :   𝑺𝑶𝑪𝒔𝒄  > 𝑺𝑶𝑪𝒔𝒄𝑳 
 if it is true, then discharge the SC and go to the next 
step else disconnect the load 

08 Check the condition :  𝑷𝑳 −𝑷𝒑𝒗 − 𝑷𝒃 −𝑷𝑺𝑪 > 𝟎, 

 if it is true, then disconnect the load, otherwise go to 1 

09 Check the condition :    𝑺𝑶𝑪𝒔𝒄 > 𝑺𝑶𝑪𝒔𝒄𝒖,  
if it’s false, then charge the SC and go to the next step 
else go to 11 

10 Check the condition :  𝑷𝒑𝒗 − 𝑷𝑳 − 𝑷𝒃 > 𝟎,  

 if it is true, then go to the next step, otherwise go to 1 

11 Check the condition :   𝑺𝑶𝑪𝒃 > 𝑺𝑶𝑪𝒃𝒖,  
if it’s false, then charge the battery, and go to the  next 
step else MPPT off 

12 Check the condition :  𝑷𝒑𝒗 −𝑷𝑳 − 𝑷𝒃 − 𝑷𝑺𝑪 > 𝟎,  

if it is true, then MPPT off otherwise go to 1 
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Fig.10. Powers: Load; Battery; PV and Supercapacitor 

 

CONCLUSION 

In this paper, an isolated DC micro grid is simulated with solar photovoltaic as the RE source to supply power to 
resistive DC charges along with a hybrid energy storage system for battery and super capacitor unit of the super 
capacitors has been added to conventionally used on the batteries.  An effective global management has been 
proposed to allow the photovoltaic (PV) system to provide optimal performance under the constraint of variations in 
atmospheric parameters. The work carried out in this article has made it possible to achieve and optimize an energy-
autonomous photovoltaic system with hybrid storage ensuring continuous energy availability. This system ensures 
continuity of service thanks to the energy management algorithm. Simulation with interpretation of the results of the 
storage management system of the overall system has been proposed for various operating conditions, solar 
insolation variability are simulated to validate the proposed power management strategy for controlling the DC bus 
voltage and beneficial reduction in transient voltage is observed when using the hybrid energy storage system 
(HESS) to thus show the different operating modes of the management algorithm for the whole installation. And the 
results also show that the supercapacitors contribute to the optimal functioning of the batteries and support the 
current peaks and therefore relieve the batteries and increase their lifespan. It is found that in all cases HESS helps 
to minimize transients of the DC bus voltage effectively and the HESS also compensates for very large transients 
resulting in sudden changes in the output of PV or load demand. Where it possible to better preserve conventional 
batteries by preventing them from deep discharges during power peaks. 
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ABSTRACT 

Switched reluctance motors (SRM) are particular types of electric actuators that have attracted increasing interest from 
manufacturers. In fact, they are characterized by reduced consumption compared to other types of motors of the 
same mechanical power, which increases the longevity of the batteries and the autonomy of electric vehicles. With a 
simple, and robust rotor, without coils, brushes or permanent magnets, which can also operate in a wide power range, 
high overload capacity, low manufacturing and maintenance costs, in addition, they are inherently fault-tolerant, thanks 
to their redundancy. However, they have a serious drawback which is: the torque ripples, source of vibrations and 
acoustic noise. Indeed, scientific research is thwarted by the hostility of strong vibrations due to the peripheral 
discontinuities of its rotor which are brakes to make it the first choice drive motor for electric vehicles that can operate 
in extreme conditions such as flooding times, sand, dust, dirt, and harmful atmosphere. However, due to the toothed 
shape of the rotor, and the sequential power supply of the converter, the SRM is characterized by torque ripples. In 
order to better adapt the SRM to the electric vehicle, we propose to use a new intelligent technique which is associating 
the direct torque control (DTC) with the fuzzy logic controller (FLC). After modeling and simulation under Matlab/Simulink 
environment of this technique, the torque ripples are significantly reduced. The behaviour and comfort of the vehicle are 
significantly better as well as the change of the load and the speed are rapids and without overshoot. 

Keywords: Direct Torque Control (DTC), Fuzzy logic control (FLC), Switched reluctance motor (SRM), electrical 
vehicle (EV). 

 

INTRODUCTION 

The main objective of this work is to promote the use of the light electric vehicle driven by a switched reluctance 
motor which consumes the least possible to produce the most possible given its starting torque which is only 30% of 
the starting torque of induction motors and also given the non-existence of Joule losses in the rotor due to the fact 
that the latter is not wound [1]. The choice of the SRM is decided by its reliability and ability to work in extreme 
conditions of humidity, heat, dust and harmful atmospheres. This can contribute to the cleanliness of the atmosphere 
loaded with greenhouse gases generated by the fossil fuels of thermal vehicles, particularly in large urban areas. It 
is therefore necessary to make profitable and extend the life of vehicles by a judicious choice of electric actuators 
and their power supply as well as their control, in order to rationally use the available electrical energy. 

The sequential power supply through a half-bridge converter, and the protruding shape of its rotor, make the SRM 
highly nonlinear, characterized by strong torque ripples producing vibrations and acoustic noise [2]. The structure of 
the SRM makes the design of the controller more difficult. Several researchers have focused on these issues to 
reduce their effects, improve SRM behavior, and make their systems easier to use. Full-wave control is generally 
used to control SRMs operating at high speed, where the resulting torque ripples are large. The optimization of the 
control laws makes it possible to reduce these torque ripples and consequently these vibrations. Due to the nonlinear 
nature of SRM, nonlinear control strategies to compensate for some or all of these irregularities can be used to control 
high speed [3]. Despite the enormous expansion of systems based on power electronics, they face limits in their 
control. For these reasons, the study of such systems is a current topic in which we are interested. This article aims 
to improve the torque control strategy (Direct torque control DTC) using fuzzy logic (FLC). Finally, the results of the 
FLC simulation under the Matlab/simulink environment are obtained and discussed. 

 

IMPACT OF THE CHOICE OF SRM FOR ELECTRIC VEHICLES  

In our article, we opted for the variable reluctance motor (SRM) as the electric drive actuator of the electric vehicle. 
The importance and topicality of this choice are argued by the particular and remarkable interest of manufacturers 
for these machines. This interest is mainly due to the fact that they constitute a particular class of electromagnetic 
machines. This is due to their following advantages [2]: 
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 Robust construction and simple Mechanic. The rotor has no permanent magnet or winding. The stator winding is 
also very simple; 

 Does not require an external ventilation system because the stator and rotor slots are projected and the airflow is 
maintained between the slots; 

 The absence of coils at the rotor level implies the non-existence of losses by Joule effect, therefore no heating, 
which generously promotes cooling and increases efficiency; 

  The absence of rotor winding as well as the set of brushes, commutator and slip ring system allows the SRM to 
operate at very high speeds. Centrifugal force has no effect on rotating parts such as conductors and wedges at 
notches as is the case in induction machines; 

  The absence of notches where the conductors are housed: this is one of the great advantages of SRMs because 
the losses produced by the ends of the windings are reduced; the total length of the stack of the magnetic circuit of 
the stator is therefore shorter; 

  Fewer notches and coils in the stator: For example an SRM8/6 only needs 8 coils, in other words 16 notches in 
another machine. At equal power, no other electric machine operates with so few notches, which minimizes 
harmonics: 

 The high torque/inertia ratio is the advantage of the low inertia of the rotating parts which is of major interest in 
applications where the speed varies constantly; 

  Given the absence of permanent magnets made from rare earths, such motors are available at a cheap price; 

  A simple three-phase or single-phase pulse generator is sufficient to drive the motor; 

 The direction of the motor can be reversed by simply changing the order of the phases; 

  Self-starting and does not require external arrangements; 

 The starting torque can be very high without excessive inrush currents; 

 High fault tolerance due to low coupling effects between motor phases. A large-tooth SRM can produce torque on 
one or two phases when the other phases are inactive;  

 The SRM can be classified as a brushless machine because its rotor is not equipped with a brush-collector or 
brush-ring system like DC motors or wound-rotor synchronous and asynchronous machines, which is an inestimable 
advantage thus reducing undesirable bulk and completely eliminating the risk of fires caused by the electric sparks 
generated by the switching of the contacts to the brushes. 

 

SWITCHED RELUCTANCE MOTOR MODEL 

SRMs are similar in their mode of operation, but for reasons of simplification, the characteristics mentioned used 
here of the SRM taken as the object of our study, are identical to those appearing in Ref. [1]. The selection of 
ferromagnetic material characterizes the magnetic properties capable of significantly increasing the motor's 
efficiency. Because the surface of the latter determines the magnetic losses, ferromagnetic materials for SRMs are 
chosen using the criterion of the narrowest hysteresis cycle possible. Figure 1 shows the first magnetization curve 
B=f(H) of the ferromagnetic material used here (Steel M19). It is important to specify that the simulation will be made 
for the magnetic unsaturation zone.  

The basic practical design of SRM was developed with higher efficiency than induction motors of the same size 
thanks to the work of Lawrenson et al. [4], among other things; he established the design rules for the polar arcs of 
the stator and the rotor, as well as the flux waveforms in the different positions of the rotor. 

After the interest and acceptance of SRM technology has grown huge. Miller [5] presented the first book dealing only 
with SRM technology which allowed manufacturers to develop series of SRM products, with half the volume of 
conventional DC and AC motors. 

The main idea of the operation of the SRM is that windings housed in the stator teeth are energized alternately, while 
the rotor teeth, without windings or magnets, are attracted adequately to the stator windings [6]. The figures below 
depict the design topology of the prototype of the rotor and stator object of our simulation with a four-phase power 
supply of the SRM 8/6. Figure 2 depicts the rotor structure with SRM 8/6 poles. Figure 3 is a clear picture of the poles 
lamination of the stator without winding and the different parts of the previous figures have been assembled in Figure 
4 which shows the whole machine with its different parts.  
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Figure 1.Structure showing the rotor of the SRM and its 
poles 

Figure 2.The Stator lamination of the SRM 8/6poles without 
winding 

 
 

Figure 3. The entire structure of SRM 8/6poles with its 
different parts 

Figure 4.Magnetization curve of M19 steel, B=F (H) 

 

 

DTC FOR SRM 8/6 POLES USED FOR ELECTRIC VEHICLE 

The proposed technique is space vector modulation (SVM) based on DTC of 4 phases 8/6 poles of SRM by choosing 
an appropriate set of 8 space voltage vectors [7], [8]. In direct torque command, the pulse width modulator (PWM) is 
no more used. The commands are sent successively to the inverter. The DTC is suitable for high powers where 
frequencies of hashing are low. The speed control of an SRM 8/6 at very high speed is performed using a full voltage 
wave control. The diagram of the speed control is shown in figure.9. 

 

 

Figure.5 Simulink Modeling of Switch Reluctance Motor   

The 4 phase Asymmetrical converter have a Space Voltage Vectors for in order to apply DTC to SRM, eight equal 
magnitude Space Voltage Vectors that are separated by 45°, are applied. In order to control the flux and torque within 
the hysteresis bands, the instantaneous torque and stator flux vector magnitude must be known. In the SR motor 
voltages in the motor are highly non-sinusoidal and thus more effective insight may be gained by firstly finding the 
individual flux linkages of each phase using the voltage. The motoring torque is controlled by an acceleration or 
deceleration of the stator flux relative to the rotor movement. Hence, if an increase in torque is required, voltage vectors 
that advance the stator flux linkage in the direction of rotation are selected.  
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This corresponds to selection of vector v(k+1) and v(k+2) for a stator flux  linkage in the k-th zone. When the torque is 
decreasing, voltage vectors are applied which decelerate the stator flux linkage vector. This corresponds to the vectors     
v(k-1) and v(k-2) in the zone k. Switching table for controlling the stator flux linkage and motor torque can be defined 
as shown in Table I and Table II. 

 

Figure 6  of Space Voltage Vectors and Sector 

 

The FLC for switched reluctance motor 

This torque controller shows that the FLC is more robust and, hence it is a suitable replacement of the conventional 
controllers for the high-performance SRM drive applications [9]. The figure.13 shows the block diagram of fuzzy logic 
controller.  

  

Figure 7   Block diagram of FLC Figure 8  Block diagram of FLC + DTC 

 

In order to describe the inputs of error and the changes of error also the output of fuzzy controller we need we need 
to partition the universe of discourse of each variable into fuzzy membership function. We will divide each to 7 linguistic 
fuzzy terms: big positive, small positive, average positive, zero error, big negative, small negative and average 
negative. 

 

RESULTS AND DISCUSSION 

Figure 9 illustrates the graph of the error between the measured value and the reference value, the change in the 
error and the output of the FLC regulator. The curves shown in Figure 10 show us the sequential variation of the 
currents of the 4 phases of the asymmetrical half-bridge power supply converter. Figures 11 and 12 show us 
respectively how the speed and torque responses of the SRM simulations with DTC and FLC perfectly follow the 
reference signals despite the sudden change in speed from 1000 to 1500 rpm at time t=1s. From the results we 
notice that the response time is fast and without overrun. The torque ripples are reduced compared to the results 
obtained with a simple pi control, thanks to the DTC associated with the FLC, thus guaranteeing better behavior of 
the EV and a longer life of the drive SRM. 
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Figure 9 Surface Viewer for SRM with FLC Simulation Figure 10  Waveform of Current output of SRM 

  

Figure 11 Curve of Speed output of SRM with (FLC) Figur 12 Curve of torque output of SRM with (FLC) 

 

 

CONCLUSION   

SRM is a pragmatic technology in the industrial, mining, automotive, aeronautic and space fields, due to the many 
advantages it has and the perpetual need for electric drives in a wide power range. The peripheral discontinuities of 
their rotor and the sequentialized power supply produce acoustic noises and vibrations. The main idea of this article 
is the use of an intelligent control instead of the classic control with a simple PI regulator, in order to improve the 
behavior of this machine. Has been proposed in this work, a combination of direct torque control (DTC) and fuzzy 
logic control (FLC) with which, and based on the difference between the reference value and the actual value of the 
torque and of flux, voltage vectors are chosen with fuzzy logic for precise control. The result of this technique obtained 
under Matlab environment shows that the torque ripples are reduced considerably, the speed is stable, the response 
is fast with high control precision. The results of the SRM simulation are obtained under Matlab/Simulink environment. 
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ABSTRACT  

Nanofluids are two-phase mixture or metal or metal oxide (solid) nano particles in fluids. Base fluids have included 
water, engine coolants, oil, paraffin, and other.  The thermal advantage of nanofluids is that they provide higher thermal 
conductivity over base fluids, and higher convection rate.  The overall effect is enhanced heat exchange in heating, 
cooling or thermal energy storage systems. Published studies on nanofluids heat transfer contain divergent results 
regarding properties and heat transfer performance of nanofluids. This paper is one of a few systematic studies by the 
authors to systematically assess the performance of nanofluids.  In the current study, simulation results of convective 
heat transfer are given for TiO2/water nanofluid having a high volume concentration of 1.5%.  The test case constitutes 
the nanofluid flowing in a circular tube having an internal diameter 5.25 cm and a length 16.51 cm.  The tube had a 
constant heat flux of 74,948 W/m2 applied to its outer surface.  Reynolds number (Re) was 1635, 1798, 1962, and 2125.  
All data was in the laminar flow regime. The local Nusselt number increased with increasing Re. The heat transfer 
performance of the nanofluid was found to be superior to that of clear water. 

Keywords: Nanofluids, Convection, Simulations, Heat exchanger, Cooling 

 

INTRODUCTION 

Nanofluids appeared in 1995 [1], and focus on them has increased tremendously ever sense. Heat transfer 
enhancement goes above the mere increase of thermal conductivity of nanofluids [2]. Asadi [3] provided guidelines 
for selecting effective nanofluids for enhancing heat transfer.  Up to 21% enhancement in the average heat transfer 
coefficient (over water) was recorded.  In one study [4], the heat dissipation performance of a motorcycle radiator 
filled with multi-walled carbon nanotubes nano-coolant was enhanced by 12.8%. Improvement in solar radiation 
absorption of solar collectors or solar stills and efficiency make nanofluids an appropriate heat transfer fluid for these 
systems.  SiO2/deionized water nanofluid improved the efficiency of collectors [5]. 

Conflicting results on the heat transfer enhancement using nanofluids in forced convection are reported in the 
literature [15].  Certainly more systematic studies are required.  This paper is a small step in that direction.  It 
investigates, via simulation, the effect of nanofluid flow rate at one volume fraction on heat transfer in an open circular 
tube with constant heat flux applied on its outer surface. 

 

SIMULATIONS 

The heat transfer geometry and thermal condition is shown schematically as Fig. 1.  An aluminum tube with internal 
dimeter of 5.25 cm, external dimeter of 6.05 cm, and length of 15.24 cm is simulated.  There is an external constant 
heat flux of 74,948 W/m2.  Water or nanofluid flows through the tube and picks up heat from the heated wall by forced 
convection.  This arrangement is common on heat transfer applications, for example, condensing steam in power 
plants, heat exchangers, water heating, etc. 

 

Fig 1 Schematic of the heat transfer system 

 

mailto:dukhanni@udmercy.edu


The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

328 

All simulations were conducted utilizing ANSYS Fluent 2021 R1 (Ansys Inc., Canonsburg, PA) on a local station AMD 
Ryzen 7 1st Gen - RYZEN 7 1700X Summit Ridge (Zen) 8-Core 3.4 GHz (3.8 GHz Turbo) with dual processors, 64 
cores, and 32.0 GB RAM. All meshes consist of uniform square-shaped elements with near-wall higher density to 
capture any temperature fluctuations. Even though the maximum Reynolds number was Re = 2125, which makes 
this pipe flow laminar, a k-ε turbulent model was adopted in the simulation.  This is treatment is common for nanofluids 
analysis, see for example [6].  For each run, it took approximately 25 minutes for convergence.  Mesh independence 

was performed.  The final mesh had a total of Elements:588491 elements and 600710 nodes. 

 

RESULTS AND DISCUSSION 

Figure 1 has the local Nusselt number as a function of the axial distance along the tube.  Part a) is for the lowest Re 
= 1635 and part b) is for the highest Re = 2125.  Both water and nanofluid results are presented in these figures.  It 
is clear the for all Re cases, the nanofluid has a significantly higher local Nusselt numbers indicating better convective 
heat transfer coefficient for the nanofluid.  The decay of the Nux as the distance from the inlet increases is expected 
since the local surface temperature increases in the flow direction.  The local Nux is defined by the following equation 

 

𝑁𝑢𝑥 =
𝑞"𝐷

𝑘(𝑇𝑠−𝑇𝑤)
                                                       (1) 

 

             

a)                                                                                  b) 
Fig. 2 Local Nusselt number as a function of axial distance from the entrance for Re: a) and b) 2125 

 

In general, the Nux for both water and nanofluid are higher for higher Re.  For a fixed internal dimeter and fluid 
properties, Re represents the flow velocity through the pipe. So, higher velocity produces higher convection heat 
transfer. This is also expected.  

When comparing the performance of nanofluid to water, it is seen that the average increase in Nux for the former 
compared to the latter is 26.38% for the low Re of 1635.  As the Re increase to the average increase is 25.66%.  The 
increase in Nux is highest at the inlet and decreases slightly and gradually as the distance from the inlet increases 
for all cases. These increases are considerable and can improve the performance of heat transfer systems when 
using TiO2/water nanofluid.  This indicates that there may be an optimal flow rate or Re that produces the maximum 
heat transfer which is a combination of convection from the heated wall and conduction in the fluid.  However, if one 
is interested in having a high value for the Nux, then the one must use high flow rate in order to have high convective 
heat transfer. 

Another way of looking at the superior performance of the nanofluid compared to water, is to plot the surface averaged 
heat transfer coefficient Nusur, which represents the total amount of heat transfer from the heated surface.   

In Fig. 3 this Nusur is plotted as a function of Re. As expected, Nusur increases with Re indicating higher heat transfer 
at higher flow velocities.  When comparing nanofluid to water, it is clear that the nanofluid’s heat transfer performance 
is better that that of water.  From this point of view, the nanofluid is better by 19.03% on average.  The Nusur could 
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be correlated with Re in a quadratic manner by curve-fitting the data.  For TiO2/water nanofluid at 1.5% volume 
concentration, the Nusur correlated with Re in the following manner: 

 

𝑁𝑢𝑠𝑢𝑟 = −7𝑥10−7𝑅𝑒2 + 0.0336𝑅𝑒 + 112.99                     (2) 

 

For water the correlation is given by 

 

𝑁𝑢𝑠𝑢𝑟 = 2𝑥10−5 − 0.0612𝑅𝑒 + 174.5                                                                                                                         (3) 

 

 

Fig. 5 Average Nusselt number for the whole surface for water and 1.5% TiO2/water nanofluid 

 

CONCLUSIONS 

Simulations of heat transfer due to water and TiO2/water nanofluid with a high volume concentration of 1.5% was 
conducted.  Convection heat transfer due to flow of each in heated tube with constant heat flux was investigated in 
terms of two Nusselt number, one local and one averaged over the whole surface.  For flow Reynolds number ranging 
between 1635 and 2125, the nanofluid outperformed water for all the cases.  The highest average increase in the local 
Nusselt number was 28.63%.  The surface average Nusselt number of the nanofluid was 20.21% higher comparted to 
water.  This Nusselt number correlated well with the Reynolds number in a quadratic equation for nanofluid and water.  
There seems to be a Reynolds number at which the enhancement of the nanofluid over water is the greatest.  More 
investigations are needed to explore the effect of volume fraction of the nanofluid. 
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ABSTRACT  

In this paper, we investigate the thermodynamics of the neutral gas subjected to energy injection as the result of electric 
discharge in the considered medium. This approach to the problem allows to consider the discharge only on its energetic 
aspect. The discharge plays the role of an injection in the gas. To define the profile of this energy injection, we 
propose a mathematical function that represents the spatial dependence of the discharge density. The spatio-
temporal evolution of the neutral gas particles is studied on the basis of hydrodynamic set of equations, i.e. equations 
of transport for mass, momentum and energy. The hydrodynamic set of equations is solved by the method Flux 
Corrected Transport (F.C.T). The simulated discharge is of a negative point to plane mass type, with an interelectrode 
distance of 18 mm and symmetry about the axis and radial of discharge.  

It results this study shows also that the stabilisation of the neutral gas is mainly function of the energy injection 
distribution, and the neutral gas is not considered like an infinity energy absorber 

Keywords: Energy transfer, negative corona DC discharge, atmospheric pressure, thermal transfer.  

 

INTRODUCTION 

Numerous models of corona discharge have been proposed. In [1-2] a wire-to-cylinder corona discharge is modelled 
by means of electronic injectors with azimuthal symmetry, assimilating the coaxial discharge to a succession of 
elementary point-to-cylinder electrical discharges. During the inception and development of the plasma in a point to 
plane gas discharge, a spatio-temporel evolution of the temperature of the neutral gas occurs as a result of plasma-
neutral molecules energy interaction. The temperature gradient causes a phenomenon of diffusion and convection 
as a result of the accompanied strong heterogeneity in the neutral gas density and pressure. The fundamental role 
of neutral heating in the inception of gas breakdown has been shown by theoretical studies [3-4], as well as by 
experimental studies [5]. The behaviour of a point to plane discharge has been optically and electrically analysed for 
a centimetric gaps in Nitrogene at atmospheric pressure. 

In this paper, we simulated the neutral dynamics evolution of Nitrogene (N2) by negative corona discharge DC at 
atmospheric pressure. This approach to the problem allows to consider the discharge only on its energetic aspect. 
The discharge plays the role of an injection in the gas. To define the profile of this energy injection, we propose a 
mathematical function that represents the spatial dependence of the discharge density. The spatio-temporal evolution 
of the neutral gas particles is studied on the basis of hydrodynamic set of equations, i.e. equations of transport for 
mass, momentum and energy. The simulated discharge is a negative point to plane discharge. The simulation of the 
discharge in space is two-dimensional (i.e. r, z) with cylindrical symmetry. The hydrodynamic set of equations is 
solved by the flux corrected transport (F.C.T.) method [5] using the procedure of time splitting for the two space 
variables. The space and time distributions of the fundamental hydrodynamic quantities, density, transport velocity 
and temperature of the neutral gas are obtained. 

 

Fig. 1. Study Area (Negative discharge DC ), 1: point, 2: Plan , 3 transfert energy 
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THEORY OF GAS DYNAMICS 

The gas dynamics are described by the conservation equations for a viscous compressible fluid and the equation of 
state for a perfect gas. The equations are written in cylindrical coordinates, written rotational symmetry and axial 
uniformity, with gas flow in the radial direction only, and with zero body forces. The fluid equations are, for the 
conservation of masse (continuity equation). 
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where N is particle density, r is function of radius as will as time t and vr is the gas velocity. 

momentum (equation of motion): 

)(
21

2

3
2

r

v

r

v

rr

rv

rr

v

rr

p

r

v
v

t

v
MN rrrrr

r
r −




+




















−








+




−=












+



 
     (2) 

where M is the masse of a gas molecule and  is the coefficient of viscosity, and energy, for a perfect gas, 
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where p is the gas pressure, Cv is the specific heat at constant volume, T temperature, is the coefficient of thermal 
conductivity, E electrical field  and j is current density.  

The equation of state is: 

TNkp B=              (4) 

where kB is Boltzmann constant  

Energy transfer by radiation has been neglected.  Eliminating the time derivative of N from the energy equation by 
using the continuity equation, replacing the pressure with NkBT, and rearranging terms, we can rewrite the 
conservation equations:  
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If viscosity and thermal conduction are neglected, the speed of sound in the gas vs can be written: 
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Where  is the ratio Cp/Cv of the specific heat at constant pressure to that at constant volume. 

 

NUMERICAL ANALYSIS 

The simulation of the discharge in space is two-dimensional with cylindrical symmetry. The hydrodynamic set of 
equations is solved by the F.C.T method (Flux Corrected Transport) using the procedure of time splitting for the two 
space variables. An FCT algorithm consists conceptually of two major stages, a transport or convective stage (Stage 
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I) followed by an antidiffusive or corrective stage (Stage II) [5]. All transport equations of the charged or the neutral 
particles defined previously obey the same generic form:  
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where r, z are space variables, t is temporal variable, φ(r,z,t) is the transported size (density, momentum or energy) 
and S(r,z,t) indicates the source term of the corresponding transport equation. The transport equations which are 
narrowly coupled are discretized by the method of volumes finished and are corrected by the method of the finished 
volume and corrected by the method of corrections of flow developed by Boris and Book [5].  

 

RESULTS AND DISCUSSION 

In Figure 2, we observe a growing neutral heating in the function of time. This transfer of heat is important for the 

discharge was near the center. Indeed  10 mm (from the point), the temperature passes from the value 350 K at t=1 
μs to 650 K at t6 = 50μs, whereas it remains almost constant near the edge and varies slowly near the cathode. On 
the other hand the temperature increases rapidly with time; there is also a shift of the maximum temperature in the 
direction of the anode. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 shows the evolution of the density of neutral in the function of time and space. We notice on all the curves 
a neutral depopulation in Inter electrode space. This decline results from the thermal footprint caused by the passage 
of the streamer  discharge,  it  is more important at 10 mm (from the point), where there is a rate of 40% at t 6  = 50 
µs, while there is a decline  up to  5 % in  t2 =1μs.  In  the  middle of the  discharge  are  the ionization phenomena 
responsible for the decrease in the density of neutral or figures 4 and 5, which represents the evolution of the pressure 
and the module of the neutral speed, we notice, because  of  the  inertia  of  molecules  of  gas,  a  phase  shift  
between  the  maximum  module speed and total maximum pressure. This gap is especially well marked on the axis, 
and at the beginning of the discharge.  For other parts of the field, this phase shift is less accentuated because the 
disturbance  created  by  the  discharge  is  less  important  for intensity.  As the time elapses, the evolution of 
pressure and speed  module  becomes constant. 
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Fig.2. The axial evolution of neutral 

temperature for several laps 
Fig 3.  The axial evolution of neutral density for 

several laps 
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Fig.4. The axial evolution of neutral pressure for 
several laps 

Fig.5. The radial evolution of total speed module of 
neutral for several laps 
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CONCLUSIONS 

The results show that the stabilization of the neutral gas is mainly on the function of the energy injection distribution, 
and depopulation is more important than the plane advance.  

So, as soon as a current goes through the neutral gas, obviously a Joule heating effect increases the temperature 
locally. These results also show that: 

-  Temperature increases with time, the middle of the discharge is warmer.  

-  The neutral density varies inversely as the temperature  

-  The appearance of a phase difference between the maximum speed of neutral and maximum total pressure 
module, due to the inertia of the gas molecules. 
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ABSTRACT  

The most expensive H2 refuelling components originate from hydrogen compression. Hydrogen compression 
contributes to almost 48% of the total capital cost of the hydrogen refuelling station. Metal hydride hydrogen 
compressors (MHHC), due to their better safety, high efficiency, silent operation and ability to run on low-grade waste 
energy, are used in this study for compressing hydrogen to a higher pressure. This communication aims to present a 
study on a renewable energy-based hydrogen refuelling station from an energy point of view. The proposed system 
comprises a photovoltaic plant, water electrolysis sub-system, hydrogen compression, storage and distribution section 
based on MHHC for compressing hydrogen. The analytical study focuses on the energy assessment of the small-scale 
hydrogen refuelling station being able to provide hydrogen to the fuel cell-driven electrical electric. The thermal 
modelling of the plant is carried out, and the energy and mass balances are used to evaluate the overall system 
performance. The paper also shows that small-scale MHHC-based hydrogen refuelling stations prove to be a viable 
alternative compared to conventional hydrogen compressors. In addition, the variation of delivery pressure and thermal 
energy requirements with changes in heat source temperature is presented. 

Keywords: Hydrogen compressor, Metal hydride, Thermal analysis, Hydrogen refuelling  

 

INTRODUCTION 

Hydrogen is considered to have a promising future as a sustainable energy carrier in the transportation sector. The 
major hurdles in achieving the hydrogen economy are the storage and transport of hydrogen. The well-known forms 
of storage are pressurized gas, liquid storage, and solid-state storage. The methods of storing hydrogen take into 
account various factors such as the type of application, the quantity being stored, the nature of the application, cost, 
etc. For mobile applications such as fuel cell vehicles, weight and volume are very important factors. Moreover, the 
storage method should be safe, effective and reliable [1–3]. 

Conventional mechanical compressors consume high electrical energy and possess problems of safety, reliability, 
etc., in spite of their ability to compress hydrogen to elevated pressure, MHHC, on the other hand, can provide higher 
purity of hydrogen, offer a wide range of operating conditions, silent operation and run on low-grade waste energy 
(from industries) [4, 5]. Therefore, the development of an efficient hydrogen compression system plays an important 
role. Also, the cost of the compression highly dominates the cost of hydrogen at the refuelling station [6]. In literature, 
most studies have used AB5 alloy for MHHC. The AB5-type alloy is costly and has less capacity, which leads to a 
higher capital cost for the MHHC system. It is the cost of the metal hydride alloy which results in the high cost of the 
MHHC system. However, it is observed that using less expensive material as a feedstock for the metal hydride alloy 
preparation can reduce the cost. On the other hand, AB2-type material shows good stability and excellent reversible 
storage capacity, and it is less costly with better safety. 

The present study focuses on the integration of an MHHC with the hydrogen production sub-unit to compress 
hydrogen for providing it to the small-scale fuel cell vehicle. Conventionally, mechanical hydrogen compressors are 
used for this purpose, but in this study, the proposed system incorporates thermally driven MHHC. The energy 
analysis of the integrated system is presented. Also, the influence of important parameters, such as the heat source 
temperature and supply pressure, on the performance of the metal hydride compressor is investigated. 

 

MODELING AND ANALYSIS  

The proposed plant configuration is represented in Fig. 1. Alkaline water electrolyser is provided with water and electrical 
energy from the PV plant as input. The capacity of the hydrogen refuelling station is 50 kg/day. The three sub-units, the 
PV plant, water electrolyser and metal hydride compressor are integrated. The overall capacity of the plant can also be 
enhanced by incorporating more electrolyser modules. For this study, one module of capacity 118 kW is used, which is 
working at a pressure of 10 bar. Therefore, the supply pressure for the metal hydride compressor will be 10 bar. 

mailto:*satya.bhogilla@iitjammu.ac.in
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Fig. 1. Representation of the proposed hydrogen refuelling station based on MHHC. 

 

The MHHC is a metal hydride application which utilises the thermal energy from the heat source, and some heat energy 
is taken to either cool or heat the hydride taken into consideration. Usually, the total heat energy to be supplied to the 
MHHC is the sum of the sensible and latent heat energy. When an absorption or desorption process takes place, it 
needs a temperature change (for heating and cooling of the tank) which is facilitated by providing sensible heat. On the 
other hand, in order to drive the reaction, there is a requirement for latent heat so as to absorb or desorb hydrogen. The 
total energy; therefore, can be given by: 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 + 𝑄𝑙𝑎𝑡𝑒𝑛𝑡                                                                         (1) 

The sensible heat is related to the mass of the system along with the temperature difference between the system and 
the ambient. Also, the sensible heat energy accounts for the thermal energy to be given to the metal hydride and the 
tank material and can be given by: 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = ∑ (𝑚𝑖 . 𝐶𝑖)
𝑁
𝑖=1 . ∆𝑇                                                                        (2) 

On the other hand, latent thermal energy is the amount of thermal energy needed to desorb hydrogen from the metal 
hydride. The latent thermal energy can be given by 

𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = ∆𝐻. 𝑛𝐻2                                                                              (3) 

𝑛𝐻2 is the amount of hydrogen that is needed to be desorbed from the metal hydride. The isentropic work can be 

calculated from:  

𝑊𝑐𝑜𝑚𝑝 =
𝑘𝑝

𝑘𝑝−1
. 𝑃𝑙 . 𝑉𝑙 . (𝑟𝑝

𝑘𝑝−1

𝑘𝑝 − 1)                                                                  (4) 

 

Table 1. Main characteristics of the hydrogen refuelling station based on metal hydride compression technology 

Electricity production system 

Total power consumed 174 kW 

 Inverter efficiency 0.95 

Hydrogen production sysstem 

 Number of electrolyzer modules 1 

 Pressure 10 bar 

 Alkaline electrolyzer size 118 kW 

Hydrogen compression system 

 Alloys used Mm0.2La0.6Ca0.2Ni5 and Ti1.1Cr1.5Mn0.4V0.1 

 Mass of alloys used 1 kg of Mm0.2La0.6Ca0.2Ni5 0.8 kg of Ti1.1Cr1.5Mn0.4V0.1 
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RESULTS AND DISCUSSION 

Fig. 2 shows that the compression work will increase from 65 to 75 kJ when the temperature increases from 120°C 
to 140°C. Fig. 3 represents the total amount of thermal energy needed to desorb the hydrogen from the metal hydride 
with a change in the heat source temperature. The compressor is supplied with hydrogen at a pressure of 10 bar, 
which is directly coming from the electrolyser. The metal hydride in the first stage reactor, i.e., Mm0.2La0.6Ca0.2Ni5, 
absorbs the hydrogen at a certain predefined temperature and at low pressure. Further, the hydrogen is desorbed 
from the first stage reactor and absorbed in the second stage reactor with alloy Ti1.1Cr1.5Mn0.4V0.1. Both the alloys 
have a mass of 1 kg and 0.8 kg. The presented system works under mild operating conditions; therefore, the alloy is 
selected in such a way as to obtain a delivery pressure of around 250 bar. Also, it is evident that the first stage of the 
compressor must have a low plateau pressure and the second stage with Ti1.1Cr1.5Mn0.4V0.1alloy must have a higher 
plateau pressure to obtain the desired level of compression. It can be observed that as the temperature rises from 
120°C to 140°, the thermal energy required by the metal hydride to desorb hydrogen will also increase. The maximum 
value of thermal energy needed by the metal hydride compressor for dehydrogenation is 399 kJ which takes place 
at the heat source temperature of 140°C. On the other hand, the lowest heat energy of 385.5 kJ is required when the 
heat source temperature is 120°C. Also, at a fixed value of supply pressure of 10 bar, the delivery pressure increases 
with an increase in the heat source temperature. Fig. 4 shows that as the temperature of the heat source is increased 
from 120°C to 140°C, there is an increase in the delivery pressure value from 225 bar to 255 bar. The maximum 
delivery pressure obtained using the given metal hydride alloys at the supply pressure of 10 bar (alkaline water 
electrolyser pressure) is 255 bar. Therefore, the present compression system is capable of compressing hydrogen 
from 10 bar to around 255 bar in a specific working temperature range of 120 to 140°C. Fig. 5 and Fig. 6 show as 
the pressure increases, the compression work increases decreases and the thermal energy required increases. 

 

 

Fig. 2. Variation of compressor work with change in heat source temperature. 

 

 

Fig. 3. Variation of required thermal energy with change in heat source temperature. 
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Fig. 4. Variation of delivery pressure with change in heat source temperature. 

 

Fig. 5. Variation of compression work with change in supply pressure 

 

 

Fig. 6. Variation of required thermal energy with change in supply pressure 

 

CONCLUSIONS 

In this study, energy analysis has been performed on the hydrogen refuelling system based on a metal hydride hydrogen 
compressor. The hydrogen provided to the compressor is generated by using the water electrolyser, which produces 
hydrogen at a working pressure of 10 bar. The performance of a two-stage metal hydride compressor is highly 
influenced by the operating temperature of the heat source. The effect of heat source temperature on the overall thermal 
energy requirement and the delivery pressure is also presented. The objective of the study is to integrate an MHHC 
with the hydrogen production sub-system (based on alkaline water electrolysis technology), which works between the 
temperature ranges of 120°-140°C. The presented MHHC is a two-stage compressor working with different metal 
hydrides, i.e., Mm0.2La0.6Ca0.2Ni5 and Ti1.1Cr1.5Mn0.4V0.1. The maximum delivery pressure of 255 bar is achieved at a 
constant supply pressure of 10 bar, which is suitable for refuelling the vehicles. Moreover, MHHC technology is a very 
attractive option to refuel hydrogen-based vehicles (both large and small scale), provided that the thermal energy is 
given to the reactor by the waste heat or some kind of renewable heat such as solar energy. 
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ABSTRACT 

Concentrated solar power (CSP) technology has made far more advancements in generating electricity from solar 
energy. One distinct improvement in CSP is the provision of using high-temperature heat transfer fluid, which 
significantly increases the overall plant efficiency. The common heat transfer fluids widely researched and used in 
this technology are molten salts and liquid metals, among many others. There are several challenges associated 
with the proper selection of the materials, such as the corrosive nature, cost, and not adequate information available 
about the energy density. The objective of this paper is to select suitable HTF material based on material cost and 
energy density.  

Keywords: Sensible heat storage, Concentrated solar power, High-temperature thermal energy storage, Solar 
central receiver systems 

 

INTRODUCTION  

One of the many important solutions to meeting the rising demand for energy on a global scale is the growth of solar 
technology. Solar technology is seeing rapid expansion; however, several technological challenges must be 
overcome to increase the effectiveness of solar systems. CSP technologies offer options for producing heat at various 
temperatures to suit the energy needs of several applications, such as heating, cooling, Industry level processes, 
desalination, and generation of electric energy. Molten salts, liquid metals, and organic and inorganic phase change 
materials are some of the probable candidates selected for the solar receiver. As there are no papers covering the 
energy density of the HTFs along with the cost of these, this paper deals with exploring other molten salt alternatives 
based on their energy density, cost, and feasibility regarding their thermophysical properties. Other sensible storage 
options, such as liquid metals, have also been explored by considering their cost and energy densities. 

 

sCO2 AND CSP 

A Solar Power Tower with a single tank storage system can be seen in Fig 1. The solar power tower can be combined 
with a supercritical CO2 Brayton cycle instead of a conventional Rankine cycle to increase the efficiency of heat-to-
electrical conversion by up to 50% [1]. High temperatures are required for the current HTF to swap today's molten 
nitrates, which are limited to temperatures below 600 °C.  

 

Fig. 1. Simple Schematic of CSP plant with TES. 
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ADVANCEMENT IN sCO2 CSP PLANTS 

Several advancements have been made in the sCO2 Brayton cycles, some of the proposed models are simple 
Recuperator, recompression cycle, and partial cooling cycle are shown in Fig 2. These were imported into the 
technical solver as subprograms, and their overall efficiency was calculated. These were 44.6%, 49.66%, and 
49.53%, respectively, with simple recuperator, recompression cycles, and partial cooling [2]. The benefits of the 
recompression cycle include fewer components (one compressor eliminated) and high thermal efficiency. The overall 
impact favors the use of a partial cooling cycle for the CSP compared to the more commonly analyzed recompression 
cycles, as they have advantages such as more temperature drop across the turbine which makes it much more 
compact and less costly, less material cost due lower recuperator temperature and overall LCOE cost is less in this 
despite lower efficiency.  

  

(a) 

 

(b) 

 

 (c) 

 

Fig. 2. Supercritical CO2 (a) Simple recuperator (b) recompression cycle (c) partial cooling cycle [2]. 

 

MOLTEN SALT 

Molten salt can be used as an alternative to thermal oils. Molten Salts have a higher temperature operation limit. The 
temperature of the SPT and Parabolic Collector type CSP systems is higher than the thermal oil restriction [3]. For 
HTF to function within the most variety, it is suitable that the melting point is near the ambient temperature and the 
boiling point is very excessive. The use of high-temperature operating molten salts has its benefits, such as an 
increase in heat storage capacity as ∆T is more, an increase in the effectiveness of heat exchanger, use of a sCO2 
cycle which requires very high temperature by which overall heat to electrical conversion efficiency can be increased. 
Economic evaluations have been performed for both CSP plants and TES systems, showing that CSP plants with 
TES systems are more cost-effective [4]. The techno-economic analysis of TES materials can be performed using a 
variety of key parameter indicators (KPIs), and the following were employed in this study: 

Specific mass-energy density (Em) The amount of energy that the TES material can store in its operational 
temperature range is measured by this property in MJ/kg, which is defined in Eq (1). Specific volumetric energy 
density Ev (in MJ/m3), which has a definition in Eq. (2). This is significant for assessing the flow rate and whether it 
was going to be used as HTF, as well as for estimating other KPIs in the TES system. Energy storage cost 𝑬𝒄: In 
this, the direct cost of the stored energy is obtained and is defined in Eq. (3). The units in which it is considered are 
in $/MJ. 

𝐸𝑚 = ∫  
𝑇dec 

𝑇𝑓𝑢𝑠

 𝐶𝑃𝑑𝑇 (1) 

𝐸𝑣 = ∫  
𝑇dec 

𝑇fus 

 𝜌𝐶𝑃𝑑𝑇 (2) 
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𝐸𝑐 =
𝐶

𝐸𝑚
 (3) 

 

where, 𝑇𝑓𝑢𝑠 is fusion Temperature (Melting Point) in  ∘C, 𝑇dec  is decomposition temperature (Thermal Stability Limit) 

in  ∘C, 𝜌 is the density (in kg/m3 ), 𝐶𝑝 is the specific heat (in J/kg ∘C ), and 𝐶 is the cost (in $/kg ) of the molten salts. 

These Molten Salts Presented below could also be an alternative in the future. The volume-specific heat of each salt 
is calculated using Eq. (4) and tabulated in Table 1. 

Volume-specific heat =
𝜌𝐶𝑃ΔT

103 × 3600
  kWht/m3 (4) 

From Table 1, it can be seen that the operating temperature of several chlorides, Fluorides, and carbonate salts is 
above 600 °C, But all these salts cannot be used due to their toxicity and corrosive behavior due to which their 
expense of storage tanks would increase steeply. Two salts are selected based on consideration of cost-benefit to 
energy densities. The two salts are KMg Chloride and LiNaK Carbonate, which have very good volume-specific heat.  

 

LIQUID METAL 

Metals have unique properties as some of them have low melting points, which might be lower than the room 
temperature, but those among these having high boiling points are ideal to use as HTFs in high-temperature TES 
systems because freezing problems would be minimized or eliminated and have near zero vapor pressure at high 
temperatures. Some metals provide up to 50% Efficiency, but these also have the drawbacks of being easily corroded 
and costing more. In Fig. 3, liquid metal plant can be seen where the receiver is operated at a temperature of 1400 
℃. Combined power cycle efficiency of 60 % [5] can be seen. 

 

Fig. 3. LM Plant [5]. 

Before the 1950s, little was known about the thermophysical properties of liquid metal, as there was not enough 
research done in this field. Research on their properties began in the 1950s and 1970s due to the need for nuclear 
technology to develop rapid cooling reactors. The three main categories taken into consideration are alkali, heavy 
and fusible metals. Alkali Metals: Sodium and Lithium are primary candidates suitable for use in the CSP Plant. The 
major drawback of this group of metals was their corrosive nature and flammability due to their low melting 
temperature [6]. Heavy Metals: Lead-Bismuth is the feasible candidate in this group. The disadvantage is the high 
rate of corrosion [7]. The major drawbacks of this metal are corrosion and dissolution; the steel alloys increase this 
effect when these are operated at high temperatures. Fusible Metals: In the fusible group, tin, gallium, and Galinstan 
were deemed feasible candidates. Table 1 consists of liquid metals along with their thermophysical properties, cost, 
and energy densities.  

 

SELECTION 

While comparing the three categories, compatibility with materials and safety concerns come up most frequently. 
The alkali group is the worst option due to the high safety risks and the best option in terms of compatibility with the 
materials. Regarding those two concerns, heavy and fusible metals exhibit extremely similar traits. Both pose minor 
safety risks; in particular, fusible metals are more corrosive than alkalis despite not even being poisonous. Fusible 
metals are thought to be more corrosive than heavy metals, though it is unclear to what amount, and there is 
insufficient data on their compatibility at temperatures beyond 600 ºC. 
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Table 1. Molten salts [MS] and liquid metals [LM], along with their thermophysical properties, cost of the metals, volume-specific 
heat, and energy density [8]–[14]. 

 

CONCLUSIONS 

Molten salts are investigated based on their thermophysical properties to operate under high temperatures (>700 
°C). In this study, several chlorides and LiNaK carbonate salts are found to be more suitable for operating under 
these conditions. Two salts are selected based on consideration of cost-benefit to energy densities. The two salts 
are KMg Chloride and LiNaK Carbonate, which have very good volume-specific heat. 

Liquid metals are the other sensible material studied in this study with superior thermophysical properties and energy 
densities, as calculated and tabulated in Table 1. Thermophysical properties of three groups of Metals were analyzed, 
namely Alkali, Heavy, and Fusible Metals. Sodium and lithium were initially selected for their excellent properties but 
were discarded later due to cost, corrosion, and safety issues. Lead-Bismuth was selected as the final Metal 
Candidate on its overall parameters, such as safety, cost, and corrosive nature. 
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ABSTRACT 

This work aims to develop and assess an off-grid solar-powered charging station integrated with liquid CO2 energy 
storage. The excess solar power is stored in liquid CO2 for later use. The results shows that the energy and exergy 
efficiencies of the proposed system are 10.0% and 10.7%, under off-grid operating, respectively. For the 1 MW of the 
charging station capacity, 63,000 m2 of PV area is required based on yearly average solar data of Istanbul, Turkiye.  

Keywords: Energy storage, Liquid CO2, Charging station, Load shifting, Demand management 

 

INTRODUCTION 

Electrification in transportation sector has gained momentum significantly worldwide in order to reduce carbon 
emissions depending on it, currently responsible for almost one-third of total CO2 emissions. The biggest concern 
about its widespread use is the charging stations. All over the world, the grid infrastructure is an essential issue in 
building charging stations as they limit capacities. The effect of electric vehicles on the grid is ever-increasing due to 
the increasing numbers of electric and plug-in hybrid vehicles. Their shares in the market are increasing, and the 
electrical demand depending on electric and hybrid vehicles is also growing considerably. Development of the off-
grid charging station is crucial for short and long-term applications of electric vehicles, especially for remote locations 
and places that do not have grid capacity availability. In order to achieve sustainable charging stations powered by 
renewables or off-peak electricity, the integration of energy storage techniques is essential [1–2]. This study uniquely 
develops a solar-driven charging station integrated with liquid CO2 energy storage to reach off-peak operating 
condition. A thermodynamic analysis based on the first and second laws is implemented to analyze and assess the 
performance of the system. The total surface area of PV panels, the amount of CO2 and energy and exergy 
efficiencies are calculated.  

 

Fig. 1. Schematic illustration of the solar-driven charging station integrated with liquid CO2 energy storage system 
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SYSTEM DEVELOPMENT 

Fig. 1 illustrates the system layout for the solar-powered charging station integrated with the liquid CO2 energy storage 
system. To better operate the charging station without requiring external power, solar energy should be stored in liquid 
CO2 for later use. In the present system, excess solar power is used to convert gaseous CO2 into its liquid phase by 
compressing and cooling it down. CO2 is compressed in three stages. Heat is recovered in intercoolers after the first 
two stages. The recovered heat is stored for use in the discharging period. During the discharging period, the liquid CO2 
converts into its superheated gaseous state by adding heat from the heat storage. Then, electricity is generated via a 
turbine. CO2 flows to the low-pressure CO2 chamber. The performance of the proposed system is evaluated over 
thermodynamic analysis based on energy and exergy calculations. For this purpose, four main balance equations, 
mass, energy, entropy, and exergy balances, are applied in each component of the system. The proposed system is 
considered for a possible implementation at Yildiz Technical University, Istanbul, Turkiye. The location's yearly average 
hourly solar radiation is used as the solar input data, which is available in Ref. [3]. 

 

RESULTS AND DISCUSSION 

The capacity of the charging station is studied parametrically. Fig. 2 shows the energy and exergy efficiencies of the 
proposed system under off-grid operating conditions with respect to the capacity of the charging station. Under off-grid 
operating conditions, there are no significant difference in energy and exergy efficiencies, they are around 10%, as solar 
energy is the only energy input for entire system. Table 1 gives the total PV surface area, amount of CO2 required to 
store for using when solar energy is not available or adequate, and excess solar energy to provide enough energy to 
compress and cool the CO2. The need for stored energy increases with the increasing charging station capacity as 
more energy is needed during the off-solar hours. Parallel to the amount of CO2, the energy needed to be transformed 
the gaseous CO2 into the liquid CO2 increases with the capacity of the charging station. As expected, the excess solar 
energy input is expected to be higher with the increasing charging station capacity. 

 

Fig. 2. Variations of energy () and exergy () efficiencies of the proposed system versus the capacity of the charging station 

According to the yearly average solar data of Istanbul, Turkiye, while 15,717 m2 of PV area is required for off-grid 
operating in the charging station capacity of 250 kW, 31,457 m2 is needed for 500 kW of the capacity. For 750 kW and 
1000 kW of the charging station capacities, 293,802 and 391,800 m2 PV panel surface area is required to run the 
charging station off-grid. Round-trip efficiencies of the liquid CO2 energy storage system are found to be 56 by 
considering electricity input and output for the liquid CO2 energy storage. 

Table 1. The total PV area, amount of CO2 and excel solar energy for off-grid operating condition 

Capacity PV Area (m2) Amount of CO2 (kg) Excess Solar Energy (kWh) 

250 kW 15,717 97,807 8,941 

500 kW 31,457 195,805 17,900 

750 kW 47,197 293,802 26,858 

1000 kW 62,938 391,800 35,817 

 

CONCLUSIONS 

This study deals with the development of solar-powered charging station integrated with liquid CO2 as an energy storage 
option to operate the station without requiring any external energy sources. The performance of the charging station is 
assessed over energy and exergy efficiencies. The following key remarks are reached: (i) The energy and energy 
efficiencies are observed approximately 10% for both under off-grid operating conditions. (ii) The round-trip efficiency 
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of the liquid CO2 is observed to be 56%. (iii) For the charging station capacity of 1 MW, while 391 ton of CO2 has to be 
stored, 35 MWh energy is required for providing that much of liquid CO2.  
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ABSTRACT 

Lift energy storage in railway systems involves transferring electrical power generated by intermittent renewable energy 
sources such as solar or wind to electrically powered railway wagons with dual motor/generator systems travelling up 
mountainous terrain to convert the electrical power to stored gravitational potential energy. Existing demonstration 
systems incorporate straight tracks up inclines of fixed angles, where the movement of wagons that are regularly spaced 
follows a clear first up/first move cascading approach, however in real railway networks the topology and elevation are 
irregular, and the wagons are unevenly spatially distributed along the track due to various practical considerations. In 
this paper the corresponding optimization problem is mathematically formulated and an approximate numerical solution 
strategy for a mountainous region is proposed.       

Keywords: Wind energy, gravitational potential LEST, railway, optimization, Monte Carlo   

 

INTRODUCTION 

In renewable energy work a current major shortcoming is the intermittent nature of solar and wind energy generation 
and the lack of a readily available cost-effective method of energy storage.  Within South Africa, the majority of energy 
consumption for both residential, municipal as well as heavy industry users is presently generated with coal and 
nuclear power stations by the state-owned enterprise Eskom, however there are planned initiatives underway for the 
private sector to supply energy through solar and wind farms. Solar energy is anticipated to be mainly generated in 
the north-western and central parts of the country where the incident solar irradiance has the highest intensity, whilst 
wind energy is anticipated to be mainly generated in the south-western and south-eastern parts of the coastal regions 
of the country where the prevailing wind velocity is high. Referring to the maps in Fig. 1. it may be observed that an 
integrated resource plan (IRP) for energy that combines both solar as well as wind energy is considered 
complementary, and that the increased elevations in mountainous regions in the central Drakensberg and bordering 
regions of Lesotho may be used for pumped hydroelectric schemes such as the planned Phase II of the Lesotho 
Highlands Water Project (LHWP) as reported in [4]. An excess reliance on pumped storage is considered 
undesirable, both from an economic, political and climatic perspective as it may lead to diplomatic tensions between 
neighbouring countries such as has been encountered in the Grand Ethiopian Renaissance Dam (GERD) if climate 
crisis effects persist in the coming decades [5].  

To mitigate against reduced rainfall and droughts, the use of Lift Energy Storage Technology (LEST) as reported by 
[6] may be a potential beneficial energy storage strategy for a water scarce country such as South Africa that has 
mountainous regions in geographic regions that are spatially close to high wind intensity regions and this background 
context provides the research motivation for the present paper. A current limitation in existing LEST work is that the 
focus has mainly been on localized office building based micro-scale applications such as elevators/lifts in high rise 
residential and commercial buildings [6] and in macro-scale applications such as Buoyancy Energy Storage 
Technology (BEST) as reported by [7] for projects in the range from 10 MW to 100 MW that are coupled with some 
battery storage systems. Unfortunately, existing Battery Energy Storage System (BESS) solutions using 
commercially available battery components as reported in [8] is considered excessively financially prohibitive at 
present as a 360 MW/1440 MWh BESS system with about 4 hours of battery storage in a commercial tender would 
cost approximately 11 billion ZAR (17.12 ZAR = 1.00 USD). Nevertheless [9] reports that Mechanical Energy Storage 
System (MESS) options such as Flywheel Energy Storage System (FESS), Pumped Hydro Energy Storage (PHES) 
and Compressed Air Energy Storage (CAES) offer advantages such as fast system response time and relatively 
negligible environmental effects. Due to the fact that a FESS has a short storage time similar to super capacitors, 
and a CAES is impractical both in the natural caves occurring in the Drakensburg mountains as well as in 
manufacturing costs of artificial storage containers, a useful alternative for a LEST approach is to use an Advanced 
Rail Energy Storage (ARES) approach, as South Africa has a relatively extensive railway network of roughly 30400 
km of tracks that have an axle loading of 20 to 30 metric tons per axle. 

The objective of this work is to investigate how to mathematically formulate/optimize an ARES LEST system in a 
real-world railway network that exhibits non-linear coupling effects where the topology/elevation are irregular and the 
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railway wagons are distributed in an inhomogeneous and irregular pattern, which differs from earlier work in which 
the elevations were at fixed angles and an intuitively clear first up/first move cascading sequence was applicable in 
an ideal network.                  

 

Fig. 1. Overview of elevation topography, wind intensity and railway infrastructure in South Africa from Ref. [1], Ref. [2] and Ref. 
[3] 

 

MODELING AND ANALYSIS  

Referring to Fig. 2. consider a railway network line of total length 𝑠𝑚𝑎𝑥 where the elevation 𝑧 is parametrized by the 
distance 𝑠 with some known semi-empirical function along the railway line such that  0 ≤ 𝑠 ≤ 𝑠𝑚𝑎𝑥, and assume that 

there are 𝑛 railway wagons that are irregularly distributed along the line with some known initial distribution 𝑠𝑖
0 for 1 ≤

𝑖 ≤ 𝑛 where each wagon has a unique mass 𝑚𝑖. Suppose that a total amount of intermittent energy 𝐸 from a nearby 

wind farm is available to be partitioned in increments of 𝐸𝑖 to each of the wagons such that 𝐸 = ∑ 𝐸𝑖
𝑛
𝑖=1  where 𝐸𝑖 must 

be determined. 
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Fig. 2. Representative non-ideal real-world distance/elevation data of a Transnet railway network in South Africa with 10 wagons 

At any given initial point 𝑠𝑖
0 it follows that the gradient 

d𝑧

d𝑠
 may be negative, zero or positive and that the magnitude of the 

gradient determines how the point will move along the railway if supplied with an energy partition 𝐸𝑖. When the gradient 

is zero with 
d𝑧

d𝑠
= 0 let the distance travelled by the wagon of mass 𝑚𝑖 be proportional to the supplied energy such that 

𝑠𝑖 = 𝑘𝑓𝐸𝑖 where 𝑘𝑓 is a suitable constant of proportionality if the slope is flat. Similarly, if the slope is negative or positive 

let 𝑘𝑛 and 𝑘𝑝 be appropriate constants of proportionality such that the corresponding distance travelled is proportional 

to the product of the reciprocal of the slope and the supplied energy. The physical reasoning for this modeling 
assumption is that a higher slope would be more difficult to transverse and would require proportionally more energy. 
To account for the direction of motion introduce a discrete parameter 𝑑𝑖 where 𝑑𝑖 ∈ {−1,0, +1} and where a value of −1 
signifies a reverse direction, a value of 0 signifies no motion, and a value of +1 denotes a forward direction. Under 

these modeling assumptions where δ is the Dirac-delta function the elemental distance d𝑠𝑖 travelled for an elemental 

energy packet d𝐸𝑖 is then 

 

𝑑𝑠𝑖 = 𝑑𝑖 [𝑘𝑓 + δ (−1,sgn (
d𝑧

d𝑠
)) 𝑘𝑛

d𝑠

dz
+ δ (+1,sgn (

d𝑧

d𝑠
)) 𝑘𝑝

d𝑠

d𝑧
] 𝑑𝐸𝑖                                                                                              (1) 

 

A numerical integration may be used to evaluate Eq. (1) by splitting the energy partition 𝐸𝑖 into small energy bundles 

ε1, … , ε𝑝 such that ∑ ε𝑗
𝑝
𝑗=1 = 𝐸𝑖 and then sequentially applying Eq. (1) to work out d𝑠𝑖

(𝑗)
 as the wagon is moved along 

the track for each small energy bundle and then adding up the piece-wise elemental distances such that 𝑠𝑖 = ∑ d
𝑝
𝑗=1 𝑠𝑖

(𝑗)
. 

In general, the instantaneous potential energy that is stored for a point would be 𝑚𝑖𝑔𝑧𝑖 however since the point is 
assumed to travel along a continuous path on the railway track, the total energy transferred to the point would be a line 

integral such that 𝑉𝑖 = ∫ 𝑚𝑖𝑔
𝑠𝑖
0

𝑧𝑖  d𝑠 which adds up the increments of potential energy that are imparted to the point as 

it travels along the railway line. With these assumptions the optimization problem then becomes  

 

max 𝒱 = ∑ [∫ 𝑚𝑖𝑔
𝑠𝑖
0

𝑧𝑖  d𝑠]
𝑛
𝑖=1                                                                                                                                                       (2) 

 

Since the mass 𝑚𝑖 for each wagon is constant and so to is the gravitational acceleration Eq. (2) may be numerically 

approximated as ∫ 𝑚𝑖𝑔
𝑠𝑖
0

𝑧𝑖  d𝑠 = 𝑚𝑖𝑔∑ [𝑧𝑖
(𝑗)
− 𝑧𝑖

(𝑗−1)
]𝑛

𝑗=2  in simulations. To complete the modeling process, it is 

necessary to include appropriate constraint conditions for the above optimization problem. Noting that the weight 𝑊𝑖 =
𝑚𝑖𝑔 will always act in a vertically downwards direction from standard vector analysis the normal component of the 
weight along any point is 𝑊𝑛 = 𝑊 cos(θ), the tangential component is 𝑊𝑡 = 𝑊 𝑠𝑖𝑛(θ), and where the instantaneous 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

351 

angle θ is defined from the equation tan(θ) =
d𝑧

d𝑠
. Utilizing the normal component of the weight it follows that the 

instantaneous frictional force as the point moves along the railway line is then μ𝑖𝑊𝑖 cos(θ) where μ𝑖 is a coefficient of 
friction. This frictional force may now be used to calculate the energy loss due to friction as the point moves along as 

∫ μ𝑖𝑊𝑖
𝑠𝑖
0

cos (arctan (
d𝑧

d𝑠
))  d𝑠. As a result, the constraints for the optimization problem may then be written as  

  

𝑑𝑖 ∈ {−1,0, +1}, 0 ≤ 𝐸𝑖 ∈ ℝ, ∑ 𝐸𝑖
𝑛
𝑖=1 = 𝐸 ∀ 𝑖 ∈ [1, 𝑛],  𝑠𝑖−1 < 𝑠𝑖 < 𝑠𝑖+1,  𝑠𝑖 ∈ [𝑠𝑚𝑖𝑛 , 𝑠𝑚𝑎𝑥]                                                               (3) 

 

min Δ = ∑ ∫ μ𝑖𝑚𝑖𝑔
𝑠𝑖
0

𝑛
𝑖=1 cos (arctan (

d𝑧

d𝑠
))  d𝑠                                                                                                                            (4) 

 

Referring to the above mathematical model where the solution is to determine the values of the energy partitions 𝐸𝑖 and 

wagon directions 𝑑𝑖 for 𝑖 ∈ [1, 𝑛], it may be observed that the optimization is technically a Pareto multivariate 
optimization problem and would require specialist techniques as reported in [10]. If the minimization of the frictional 
energy losses through Eq. (4) are disregarded by assuming that the frictional losses of the wagon wheels along the 
railway track as the wagons move backwards/stationary/forwards are negligible and unavoidable, then the modified 
problem specified by the system Eq. (1), Eq. (2) and Eq. (3) whilst still non-linear is nevertheless a considerable 
simplification as it no longer requires a Pareto optimization approach. Under these circumstances a stochastic based 
Monte Carlo simulation to explore the design space [𝐸1, … , 𝐸𝑛] × [𝑑1, … , 𝑑𝑛] may then be used to solve the system of 
equations by generating simulation events and analysing the statistical influence of the energy partitions 𝐸𝑖 on the total 

potential energy 𝒱 to determine a final solution.       

 

RESULTS AND DISCUSSION 

The mathematical approach that has been developed is considered technically feasible if experimental data becomes 
available to fit the three semi-empirical parameters 𝑘𝑓 , 𝑘𝑛, 𝑘𝑝 for electrical locomotives with dual motor/generator 

systems and is planned future research work. A key remaining challenge is the dimension of the underlying problem 
which corresponds to the number of wagons in the railway track network. For a real-world railway network system in 
South Africa a typical wagon length is about 27 meters long, and in a network of 100 km or more in a mountainous 
region the value of 𝑛 can easily approach almost 84 self-hauled wagons so that the computational complexity is of order 

𝒪(𝑛2). Consequently to incorporate hourly variations in intermittent wind energy generation would require a continuous 
monitoring system running on a cloud distributed parallel computing system as the intermittent wind energy is generated 
and the energy partitions are dispatched to the wagons. 

 

CONCLUSIONS 

A mathematical model in terms of a non-linear coupled Pareto optimization has been derived to optimally determine 
how to distribute intermittent wind energy in a railway LEST in mountainous regions to store the largest amount of 
gravitational potential energy. The developed model is considerably simpler than a full Lagrangian equation dynamics 
system model [11]. An approximate form of the problem by disregarding railway wagon wheel rolling frictional energy 
losses is proposed as that may instead be directly solved through Monte Carlo simulations which is more amenable to 
parallel computing.  
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ABSTRACT 

Storage at production sites, from highly fluctuating renewable resources (solar), would enable better management 
of the network. At the level of consumers connected to the grid, storage would ensure continuity in the event of an 
outage as well as better sizing of the installations. 

This paper deals with the modeling and control of photovoltaic system with a storage battery on an isolated site. 
The solar conversion chain considered as well as the converter and PnO strategy commands were programmed 
under the MatLab simulink and the result of simulation agree with theories regardless variations meteorological 
conditions. 

Keywords: Photovoltaic effect, Boost converter, Modelling, storage Battery, Simulation.  

 

INTRODUCTION 

Photovoltaic generators are usually coupled to a storage system to ensure continuous energy availability. The type 
of storage generally used in this system is the lead acid battery. The maturity of this technology and its low cost are 
the main reasons for the use of these batteries. 

Therefore, in this work we are interested in the study of a photovoltaic system equipped with a storage battery.  

We present some types of DC-DC converters, and the modelling and simulation of the boost converter used in 
photovoltaic systems. The methods of MPPT control of DC-DC converters based on the perturbation and 
observation method are described. Thus, the simulation of a photovoltaic system with storage will be presented. 

 

STRUCTURE AND MODELING OF THE CONVERSION CHAIN 

The considered configuration is intended for installation in an isolated site and it is comprened GPV connected to a 
DC load via a step-up boostconverter who is controlled by a signal (duty cycle) delivered by PnO MPPT, see figure 
1. 

 

Fig.1. The conversion chain conguration. 

 

Photovoltaic Cell 

In this work, for the model of the cell it is considered that of a single diode (D) whose equivalent circuit is represented 
by figure 2 [1], where, Rp and Rs are the parallel and serie resistances, respectively: 
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Fig.2 Equivalent circuit of a photovoltaic cell 

From which, we deduce the expressions of the output current are, respectively, given by the following equation [2]: 
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 I0 (A): saturation current of the diode; 
 K:  Boltzmann constant;  
Tc (K), the charge of the electron;  
n: non-ideality factor of the junction of the diode. 
Where, 
Icc(A): Short circuit current (Photovoltaic); 
Id (A): Current through the diode; 
IRp (A): Current through the parallel resistor. 
So,with different conditions and assumptions, the current-voltage equation of cell is written [3]: 
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q

cc eIII
+

−=
                                                                                        

(3) 

 
Boost Converter 

The electrical connection circuit is presented by figure 3. 
 

 

Fig.3 Electrical circuit of Boost converter 

 

For this, the operation during a cycle having a duty cycle is defined by [2]. 
For (αT), S is closed, the current in L increases progressively, and as it goes, this inductance stores energy. When 
the switch (S) is opened, the inductance (L) opposes the reduction of the current (IL) in the circuit. So, a voltage will 
be added to that of the input source (Vpv) and thus increase the output voltage (Vdc). The mathematical model of 
the parallel converter is: 
 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝐸 − 𝑉𝑑𝑐(1 - α)                                                                                                            (4) 

𝐶
𝑑𝑉𝑑𝑐

𝑑𝑡
= 𝑖𝐿 (1 - α) -

𝑉𝑑𝑐

𝑅
                                                                                                               (5) 

 
The dynamic converter equations are derived for the current in the inductor and capacitor voltage are expressed by 
(4) and (5), where, IL: current in the coil. 
E: input voltage; Vdc: output voltage and α: dury cycle. 
Let x1 = IL and x2 = Vdc then the equations of state become: 
 
diL

dt
=

E

L
−

(1−α)

L
Vd  c                                                                                                                      (6)                                                             

dVdc

dt
=

(1−α)

C
iL −

Vdc

RC
                                                                                                                     (7) 
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Buck-Boost Converter 

A Buck-Boost converts a DC voltage at its input (Vpv) into another of the same nature but of a value lower or higher 
than that of the input voltage [4].The corresponding electrical circuit is shown by figure 4. 

 

Fig. 4 Electrical circuit of  Buck-Boost 
 

The operation presentation of this type of converter by mathematical equation must be carried out taking into account 
the state of switch S. When the switch is in the on state, then Ton = α.Ts. As a result, the energy stored in the 
inductance increases. When S is blocked, then Toff= (1 -α) .Ts the inductance energy stored transfers to the 
capacitance and the output. 
 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝛼𝐸 + 𝑉𝑑𝑐(1 − 𝛼)                                                                                                              (8) 

𝐶
𝑑𝑉𝑑𝑐

𝑑𝑡
= −𝑖𝐿(1 − 𝛼) −

𝑉𝑑𝑐

𝑅
                                                                                                           (9) 

 

In switch-on mode, S is equal to 1, the diode is blocked and the equations in this case are: 
 

𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝛼𝐸                                                                                                                                (10) 

𝐶
𝑑𝑉𝑑𝑐

𝑑𝑡
= −

𝑉𝑑𝑐

𝑅
                                                                                                                           (11) 

 

P&O (Perturbation And Observe) Method  

The characteristics (power and voltage) of the PV panels are measured and a small perturbation of the voltage is 
induced to analyse the resulting power variation. As mentioned before, the voltage across the panels is voluntarily 
perturbed (increased or decreased) with a constant (C) and the power is compared to the power before perturbation. 
Specifically, if the power at the panel terminals is increased due to the disturbance, the next disturbance is made in 
the same direction. Conversely, if the power decreases, the new disturbance is made in the opposite direction. 
 
Batterymodeling 

The main properties of a battery are its voltage V_nom (V) and its capacity C or Q_cellen (Ah). The product of these two 
values is a measure of the amount of energy contained in the battery. In an ideal voltage source, the voltage should 
remain constant at all times, until the battery is completely discharged, regardless of the current demand. Thus the 
autonomy of a battery should be able to be calculated directly by equation (12), where t_dech is the discharge time and 
I is the required current [5]. 
 

𝑡𝑑𝑒𝑐ℎ=
𝑄𝑐𝑒𝑙𝑙

𝐼
                                                                                                                                 (12) 

 
However, because lithium batteries do not adopt a behavior, 𝑡𝑑𝑒𝑐ℎ is estimated by the following relation: 
 

𝑡𝑑𝑒𝑐ℎ=
𝑄𝑐𝑒𝑙𝑙

𝐼𝑏
                                                                                                                                 (13) 

 
The cellular potential (E) during the discharge of a battery is given by the following equation [6]. 
 

𝐸 = 𝐸0 − 𝐾 (
𝑄

𝑄−𝑖𝑡
) 𝑖 − 𝑅𝑖                                                                                                          (14) 

 
State of charge (SOC) and State of discharge (SOD) are calculated by the relations (15) and (16), respectively [7]: 
 

𝑆𝑂𝐶(𝑡) = ∫ 𝐼𝑏𝑎𝑡(𝑡) ∙ 𝑉𝑏𝑎𝑡
𝑡

𝑡−1
(𝑡)𝑑𝑡                                                                                              (15) 

𝑆𝑂𝐷(𝑡) =
∫ 𝑖(𝑡)𝑑𝑡
𝑡
0

𝑄𝑚𝑎𝑥
∙ 100%                                                                                                       (16) 

 
And, the Depth of Discharge (DOD) 
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𝐷𝑂𝐷 = 1 − 𝑆𝑂𝐶    
                                                                                                                      (17) 
SIMULATION AND INTERPRETATION  

In this test, the temperature and sunshine are kept constant. The values of the standard conditions are taken: 
temperature equals 25°C and sunshine equals 1000W/m2 and at time 1s E=500W/m2 The aim of these simulations is 
to visualise the different power trends P, voltages and currents delivering from the photovoltaic panel and reaching the 
storage element (the battery) via a Boost chopper with the method of pursuing the maximum power (P&O) 
 

 

Fig.5 the tension, current and power output of the PV generator   
 

 
Fig.6 the tension, the current and the power at the output of the charge   

CONCLUSION 

Solar batteries store the energy produced by the photovoltaic panels in order to ensure the power supply in all 
circumstances. The conditions on the variation of the irradiation and the constancy of temperature correspond 
perfectly to the evolutions of the powers of the PV, battery and load. They clearly show the two modes of battery 
operation.  In the three intervals considered, the battery actually operates in charge mode during the first interval and 
in discharge mode for the last two intervals. 
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ABSTRACT 

Cogeneration units which produce both heat and electric power have played an increasingly important role in many 
process industries. These units can provide not only electrical power but also heat to the customers. For most 
cogeneration units, the heat production capacities depend on the power generation and vice versa. These units are 
used along with other units which produce either heat or power exclusively, hence the economic dispatch problem 
for these plants optimizing the fuel cost is quite complex and several classical and meta-heuristic algorithms have 
been proposed earlier. In this paper an improved harmony search algorithm (ihs) is proposed to solve the economic 
dispatch problem for the cogeneration systems.  

Keywords: Cogeneration, Combined heat and power, Economic dispatch, Improved harmony search algorithm (ihs), 
Optimization. 

 

INTRODUCTION 

Electricity production plays a very important role. Normally the fossil fuel is converted into electricity and this 
conversion is very efficient process. In this conversion process, heat is wasted mostly. Then the efficiency will be 
poor due to wasted energy. The cogeneration process gets better this heat and makes use of it usefully. On the 
whole, the efficiency of the conversion is moved up. Comparing with the other form of power suppliers, the 
cogeneration process known as combined production of heat and power (CHP) is more energy efficient and lower 
green house gas emission power supplier . 
In this study, IHS algorithm has been applied to solve the non-smooth/non-convex combined heat and power 
economic dispatch (CHPED) problem. The valve-point loading and forbidden working regions of conventional thermal 
generators are taken into account consideration. Two test systems are exploited here. Test results are compared 
with those acquired by other evolutionary techniques. It has been observed that the IHS algorithm offers the best 
solution. 
 

PROBLEM FORMULATION 

The CHP economic dispatch problem of a system is to determine the unit heat and power production so the total fuel 
cost is minimized while the heat-power demands and other constraints are met. The total fuel cost includes the costs 
related to the cogeneration units, power-only units and heat-only units. The operation cost of the units and equality 
and inequality constraints of the CHPED problem are studied in this section. 

The cost function of power only-unit considering the valve-point effect can be represented as follows: 
 

𝐶𝑖(𝑃𝑖
𝑃) = 𝑎𝑖(𝑃𝑖

𝑃)2 + 𝑏𝑖𝑃𝑖
𝑃 + 𝑐𝑖 + |𝑑𝑖 𝑠𝑖𝑛 (𝑒𝑖(𝑃𝑖

𝑃𝑚𝑖𝑛 − 𝑃𝑖
𝑃))|       (1) 

 

𝐶𝑖(𝑃𝑖
𝑃) is the cost of power-only, 𝑃𝑖

𝑃 is the power generated by the power only, 𝑎𝑖 , 𝑏𝑖 and 𝑐𝑖  are the cost parameters 

of power only, 𝑑𝑖 and 𝑒𝑖 are the cost parameters of the valve-point effect.  𝑃𝑖
𝑃𝑚𝑖𝑛  is the lower power boundaries of the 

power only in MW. 

Additionally, the cost function of cogeneration unit is stated as follows: 

𝐶𝑗(𝑃𝑗
𝑐 , 𝐻𝑗

𝑐) = 𝑎𝑗(𝑃𝑗
𝑐)
2
+ 𝑏𝑗𝑃𝑗

𝑐 + 𝑐𝑗 + 𝑑𝑗(𝐻𝑗
𝑐)
2
+ 𝑒𝑗𝐻𝑗

𝑐 + 𝑓𝑗𝐻𝑗
𝑐𝑃𝑗

𝑐         (2) 
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𝐶𝑗(𝑃𝑗
𝑐 , 𝐻𝑗

𝑐)  is the cost function of cogeneration, and 𝑎𝑗, 𝑏𝑗, 𝑐𝑗, 𝑑𝑗,  𝑒𝑗 and 𝑓𝑗  are the cost parameters of cogeneration  

𝑃𝑗
𝑐 is the power generated by the cogeneration, 𝐻𝑗

𝑐 is the heat generated by the cogeneration. 

Moreover, the double-dip function can model the cost of heat only, which is stated as follows: 

𝐶𝑘(𝐻𝑘
ℎ) = 𝑎𝑘(𝐻𝑘

ℎ)
2
+ 𝑏𝑘𝐻𝑘

ℎ + 𝑐𝑘                  (3) 

 

𝐶𝑘(𝐻𝑘
ℎ) is the cost function of heat only and 𝑎𝑘, 𝑏𝑘 ,𝑐𝑘 are the cost parameters of heat only. 

The objective function of the CHPED problem can be written as follows: 
 

𝑀𝑖𝑛𝑚𝑖𝑧𝑒 𝑓𝐶 = ∑ 𝐶𝑖(𝑃𝐼
𝑃) + ∑ 𝐶𝑗(𝑃𝑗

𝑐 , 𝐻𝑗
𝑐) + ∑ 𝐶𝑘(𝐻𝑘

ℎ)
𝑁𝑝+𝑁𝑐+𝑁ℎ
𝑘=𝑁𝑝+𝑁𝑐+1

𝑁𝑝+𝑁𝑐
𝑁𝑝+1

𝑁𝑝
𝑖=1

            (4) 

 

where 𝑓𝐶  is the total cost ($). Np, NC, and Nh are the respective number of power only units, cogeneration units, and 
heat units. The variables i, j, and k are respectively the power only-unit number, cogeneration unit number, and heat 
only-unit number. 

Two types of constraints are taken into account:  Equality constraints are the power and heat balance constraints 
and . Inequality constraints are the capacity limits on heat and power generated by each unit and the forbidden 
working regions of conventional thermal generator . 

 
Power balance constraint 
 

∑ 𝑃𝑖
𝑃 + ∑ 𝑃𝑗

𝑐 − (𝑃𝑑 + 𝑃𝐿) = 0
𝑁𝑝+𝑁𝑐
𝑗=𝑁𝑝+1

𝑁𝑝
𝑖=1

                 (5) 

In which, Pd and PL are the indexes of power load and the power transmission losses.  

Transmission loss PL is a function of power of all generating units and can be stated as: 

 

𝑃𝐿 = ∑ ∑ 𝑃𝑖
𝑃𝐵𝑖𝑗𝑃𝑗

𝑃 +∑ ∑ 𝑃𝑖
𝑃𝐵𝑖𝑗𝑃𝑗

𝑐 + ∑ ∑ 𝑃𝑖
𝑐𝐵𝑖𝑗𝑃𝑗

𝑐 + ∑ 𝐵0𝑖𝑃𝑖
𝑃 + ∑ 𝐵0𝑗𝑃𝑗

𝑐 + 𝐵00
𝑁𝑝+𝑁𝑐
𝑗=𝑁𝑝+1

𝑁𝑝
𝑖=1

𝑁𝑝+𝑁𝑐
𝑗=𝑁𝑝+1

𝑁𝑝+𝑁𝑐
𝑖=𝑁𝑝+1

𝑁𝑝+𝑁𝑐
𝑗=𝑁𝑝+1

𝑁𝑝
𝑖=1

𝑁𝑝
𝑗=1

𝑁𝑝
𝑖=1

     (6) 

 

Matrix B is the coefficients of the transmission power loss with dimension (Np + Nc) × (Np + Nc). 𝐵0 is a vector with 

dimension (Np + Nc), and 𝐵00 is a real constant number. 

 

Heat balance constraint    

 

∑ 𝐻𝑗
𝑐 + ∑ 𝐻𝑘

ℎ =
𝑁𝑝+𝑁𝑐+𝑁ℎ
𝑘=𝑁𝑝+𝑁𝑐

𝑁𝑝+𝑁𝑐
𝑗=𝑁𝑝

𝐻𝑑                     (7) 

 

Where, 𝐻𝑑 is heat load. Moreover, 𝑁ℎis the number of heat only-units. 

 

Capacity boundary 

𝑃𝑖
𝑃𝑚𝑖𝑛 ≤ 𝑃𝑖

𝑃 ≤ 𝑃𝑖
𝑃𝑚𝑎𝑥 ,    𝑖 = 1, … , 𝑁𝑝                          (8) 

  𝑃𝑗
𝐶𝑚𝑖𝑛(𝐻𝑗

𝑐) ≤ 𝑃𝑗
𝑐 ≤ 𝑃𝑗

𝐶𝑚𝑎𝑥(𝐻𝑗
𝑐),          𝑗 = 𝑁𝑝+1, … , 𝑁𝑝 + 𝑁𝑐                 (9) 

𝐻𝑗
ℎ𝑚𝑖𝑛(𝑃𝑗

𝑐) ≤ 𝐻𝑗
𝑐 ≤ 𝐻𝑗

ℎ𝑚𝑎𝑥(𝑃𝑗
𝑐),         𝑗 = 𝑁𝑝+1, … , 𝑁𝑝 + 𝑁𝑐               (10) 

𝐻𝑘
ℎ𝑚𝑖𝑛 ≤ 𝐻𝑘

ℎ ≤ 𝐻𝑘
ℎ𝑚𝑎𝑥 ,       𝑘 = 𝑁𝑝 +𝑁𝑐 + 1,… ,𝑁𝑝 +𝑁𝑐 + 𝑁ℎ              (11) 
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IMPROVED HARMONY SEARCH ALGORITHM  

Let 𝑋_𝑖 = [𝑃1
𝑃 , 𝑃2

𝑃 , … , 𝑃𝑁𝑃
𝑃 , 𝑃𝑁𝑃+1

𝐶 , 𝑃𝑁𝑃+2
𝐶 , … , 𝑃𝑁𝑃+𝑁𝐶

𝐶 , 𝐻𝑁𝑃+1
𝐶 , 𝐻𝑁𝑃+2

𝐶 , … , 𝐻𝑁𝑃+𝑁𝐶
𝐶 , 𝐻𝑁𝑃+𝑁𝐶+1

ℎ , …𝐻𝑁𝑃+𝑁𝐶+𝑁ℎ
ℎ ]  be the initial 

vector designating the ith population to be evolved. The elements of Xi are the real power outputs of power –only 
units and cogeneration units and heat outputs of cogeneration units and heat-only units.  

The elements of Xi should satisfy the constraints given by “(5)” until “(11)”. The IHS algorithm implemented to solve 
CHPED problem is stated in the following steps. 

Step 1: Initialize the parameters HMS, HMCR, PARmin, PARMax, bwmin, bwMax, NI, gn=1. 

Step 2: Initialize harmony memory. Calculate the fitness value for all solution vectors in harmony memory. 

Step 3: Improvisation process of harmony memory as mentioned in “(14)”, with the parameters PAR and bw change 
dynamically with generation number as given by “(17)” until “(18)”. Calculate the fitness value for the entire new 
improvised harmony/solution vectors. 

Step 4: Select the best improvised solution out of entire new improvised solution vectors. Update the harmony 
memory if it is better than the worst harmony. Put gn = gn + 1. 

Step 5: Stopping criterion if gn < NI if not repeat Steps 3 and 4 until the termination criterion has been satisfied. 

 

NUMERICAL RESULTS OF OPTIMIZATION 

In this section, the results of the simulation on two test systems are presented to evaluate the effectiveness of the 
IHS algorithm proposed. The simulation results and eventually the comparison of the results of the IHS Algorithm 
proposed with the other methods in the literature will be provided.  The IHS algorithm proposed is utilized by using 
MATLAB 8.1 on a PC (Intel® core™ i5, 4.00 GO, 2.60 GHz). 

Here, the harmony memory consideration (HMCR) and the harmony memory sizes (HMS) have been selected as 
0.95 and 100 respectively, and  the minimum and maximum pitch adjusting rate (PARmin, PARmax) have been selected 
as 0.001and 0.99 respectively , and  the minimum and maximum bandwidth (bwmax, bwmax)  have been selected as 
0.00001 and 0.1 respectively, for the test  systems under consideration.  

The maximum number of iterations (Nmax) has been set to 100 for the test system 1 and 200 for the test system2, 
according to the algorithms references to compare the results. The fuel Cost is in “dollar ($)”, heat output is in 
“megawatt thermal (MWth)”, and power output is in “megawatt (MW)” in all the test systems.  

 

Test system 1 

The IHS algorithm proposed is applied on this test system has 24 units consists 13 power only-units, with the valve-
point loading effect, 6 CHP units and 5 heat only-units.  The system data is given in Appendix B [24]. The power and 
heat demands of the test system are 2350 MW and 1250 MWth respectively. The power and heat generations 
corresponding to best cost attained using the IHS algorithm proposed are gathered in Table.1.  

The optimum solution and average CPU time obtained through the suggested method are compared with CPSO , 
TVAC-PSO , TLBO , and MTLBO  as in Table 2.  It has been observed seen from Table 2 that the cost found by 
using IHS algorithm proposed  is the lowest among all other techniques.. The cost convergence characteristic of test 
system 1 is described in Figure 1. 

Table 1. Power generation (MW) and heat generation (MWth) of Test System 1. 

Output IHS proposed Output IHSproposed Output IHS proposed 

P1 451.133 P11 91.7464 H15 90.5124 

P2 175.198 P12 70.196 H16 160.181 

P3 126.795 P13 113.771 H17 23.6555 

P4 70.1245 P14 196.366 H18 33.0812 

P5 63.2411 P15 96.9626 H19 33.1107 

P6 149.384 P16 83.0565 H20 811.265 
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P7 108.633 P17 62.3548 H21 5.20882 

P8 123.608 P18 48.4639 H22 59.1894 

P9 120.198 P19 67.4826 H23 81.5206 

P10 66.1183 H14 116.96 H24 31.5057 

Table 2. Comparison of performance of Test System 1. 

Techniques Best cost ($) CPU time (s) 

CPSO 59736.26 8.00 

TVAC-PSO 58122.74 7.84 

TLBO 58006.99 5.67 

MTLBO 57829.49 5.19 

IHS 51950.25 4.86 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Cost convergence characteristics of test system 1 

 

CONCLUSION  

Improved harmony search algorithm has been developed and pertained to solve two different test system of the 
combined heat and power economic dispatch problems. Test results acquired from two test systems of the combined 
heat and power economic dispatch problems have been compared with those acquired by other evolutionary 
techniques suggested in the literature.  It has been observed from the comparisons that Improved harmony search 
algorithm performs better than other evolutionary techniques in the literature. Due to these properties, improved 
harmony search algorithm can be tried to complex power system optimization problems. 
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ABSTRACT  

Nowadays, the current strategy for achieving the energy transition target is to use biodiesel as a fossil diesel fuel blend. 
Twenty percent of biodiesel in diesel fuel (B20) is already a fuel specification standard in ASTM. The B30 has been 
established as a fuel standard in EN and the tropical nation of Indonesia. However, technical studies are still required 
to examine the impact of using a biodiesel mixture with a percentage greater than 30% on diesel engine filtration 
systems. These studies are an effort to support the sustainability of the mandatory program and increase the utilization 
of biodiesel with a percentage greater than 30%. Here, the filterability properties of higher biodiesel blends, i.e., B30, 
B35, and B40, were conducted by filter blocking tendency by ASTM D 2068 and filter rig test for evaluating the pressure 
drop of fuel filter by JIS 1617. The current study concludes that the higher operating biodiesel runs affect the filterability 
properties. The increase in the amount of contaminant particle content and the influence of the biodiesel mixture at low 
temperatures results in a tendency for clogging of the filter compared to using higher temperatures. 

Keywords: biodiesel blend, filter blocking, filter rig test, diesel fuel filter, wax contaminant 

 

INTRODUCTION 

Biodiesel is a renewable fuel with a chemical structure of fatty acid methyl esters and is produced from vegetable 
oils or animal fats using a transesterification process. Using biodiesel as a diesel fuel substitution is an option for 
increasing renewable fuels in the automotive industry. Its methyl ester nature gave several advantages, for example 
improving lubrication properties, increasing cetane number, and lowering sulfur content and its net carbon emissions 
[1]. However, some differences in characteristics, such as hygroscopic properties, solvency effects, oxidation 
stability, the potential for precipitation, and the problem issues of filter clogging, are significant enough to be 
considered and studied comprehensively. Therefore, technical testing is still necessary to fully confirm the impact of 
using a biodiesel blend with more than 30% content on the diesel engine filtration system. The diesel-biodiesel blend 
meets all the quality standard requirements, which can sometimes clog the fuel filter.  On the other hand, it also 
increased the number of complaints and clogging of the diesel fuel filter over time [2, 3]. Diesel fuel filters are usually 
clogged caused of naturally occurring oxidized hydrocarbon chains dissolved in the fuel. These events shorten filter 
life and can cause engine failure and possible damage to the fuel injection system. Insoluble and dissolved 
contaminants in diesel, biodiesel, and their blends, including microbes, waxes, poorly mixed coolant additives, 
polymers, water, and by-products of oxidation processes, also contribute to these fuel filter clogging issues. While 
fuel filters must be resistant to contamination, in some cases, they can perform poorly over their useful life as deposits 
build up [4].  

Proc et al [5] observed that the filter clogging was caused due to the presence of sterols in the biodiesel and 
sediment from the bottom of the tank with a low fuel level in the storage tank. Previous studies have reported 
that filter blockage is caused by a wax-like material formed from a group of fatty acid esters [6, 7]. Due to the 
minor pore size requirement, a higher proportion of particles retained in the filter leads to increased pressure 
drop and filter clogging compared to conventional filters [8]. With such high precision, the main components of 
the high-pressure injection system are susceptible to contaminants originating from the process during 
storage, transportation, and refueling, which are feared to cause damage resulting in the injection sys tem not 
functioning and vehicle engine maintenance becoming more expensive [9]. Previous studies of filtration systems 
on fuel filter pressure reduction were mainly carried out with Karanja-based biodiesel blends [1, 6] and pressure drop 
at various temperatures with soybean-based fuels [10]. The data shows that specific biodiesel feedstock can change 
the filterability characteristics. Aside from that, biodiesel has limitations in cold conditions because the complex flow 
properties of biodiesel are relatively poor.  

It has been described above that the phenomenon of fuel filter blocking occurs due to the tendency of saturated 
components in biodiesel and its blends to crystallize at low temperatures. In addition, filter blockage can also occur 
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due to the accumulation of other impurities in the diesel engine filtration system. Here, the filterability properties of 
higher biodiesel blends, i.e., B30, B35, and B40, were conducted by filter blocking tendency (FBT) by ASTM D 2068 
and filter rig test for evaluating the pressure drop of fuel filter by JIS 1617. The total contaminant and cleanliness of the 
fuel test were also discussed concerning fuel filter performance. This research deals with a comprehensive filtration 
study of biodiesel blends with petroleum diesel fuel and palm-based biodiesel by measuring the filter pressure drop 
for the smooth operation of diesel engines over a long period. The experimental data is expected to offer a more 
accurate perspective on the clogging issue. 

 

MATERIALS AND METHODS  

Fuel Preparation and Analysis 

In this study, palm oil-based biodiesel (FAME) was supplied by one of the Indonesia biofuel companies, where it was 
prepared by mixing 30%, 35%, and 40% of pure biodiesel produced from the transesterification and 70%, 65%, and 
60% of petroleum-based diesel fuel (cetane number 48). Several characterization techniques were employed to study 
the physical and chemical properties of the as-prepared biodiesel blend test samples. Meanwhile, FBT was measured 
according to ASTM D 2068. The fuel sample is run through a filter with a 1.6 um pore size at a constant flow rate (20 
mL/min). Until the pressure hits 105 kPa or 300 mL of fuel is passed, the pressure difference between before and after 
the filter was monitored. 

 

Pressure Drop Measurement on Filter Rig Test 

The filter rig test was performed following the JIS D 1617 standard method by Thangamani, Saravanakumar, et al. [6]. 
The fuel temperature is conditioned at 15 oC to represent the extremely low temperatures near the cloud point and 25 
oC to represent ambient temperature. The fuel flow is then set to 30 liters per hour. A data logger program was used to 
track changes in filter pressure. The filter element consists of paper filter media with type AWJK 331 (55x12x67 ± 2) 
with an effective filtration area of 747.72 cm ± 22.32cm.  

 

 

Fig. 9. Schematic diagram of the experimental filter rig test set-up 

 

RESULTS AND DISCUSSION 

The fuel characteristics of petroleum diesel, biodiesel, and their blends are shown in Table 1. It was clear that the 
addition of biodiesel resulted in a higher cetane number, density, and kinematic viscosity compared to diesel fuel 
pristine [12]. Meanwhile, biodiesel has a higher water content and has monoglycerides as a contaminant. The B30, 
B35, and B40 have a cloud point of 13,0 oC which exhibits harsh conditions that raise the risk of filter clogging while 
running a filter rig test on a temperature of 15 oC 
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Table 3. Higher biodiesel blends (B30, B35, B40), petroleum diesel fuel, and biodiesel properties 

Parameter 

Result 

Limit Spec. 

EN 16709 
Method 

Petroleum 
Diesel 
Fuel 

Pristine 

B30 B35 B40 

Biodiesel 
(FAME) 

Pristine 

Cetane Number 48,2 52,5 53,4 54,3 57,6 Min. 51 ASTM D 613 

Density at 15 ⁰C (kg/m3) 849,1 853,4 854,5 855,4 871,9  825-865  ASTM D4056 

Kinematic viscosity at 40  ⁰C (cSt) 2,969 3,319 3,389 3,467 4,515 2,00-4,62 ASTM D445 

Cloud point (⁰C) 13,0 12,9 12,9 13,0 12,8 Not Regulated  ASTM D5773 

Water content (mg/kg) 90 140 150 170 250 500 max ASTM D6304 

FAME content (%-vol) 0 29,8 35,1 39,9 - 24-30 D7806 

Total Contaminant (mg/L) 7,2 9,9 10,3 11,1 14,1 Maks. 24 ASTM D 6217 

Cleanliness (ISO Code) 22/21/16 22/21/18 22/21/18 22/21/18 23/22/19 Not Regulated ASTM D 7619 

Monoglycerides (mass %) - 0,162 0,188 0,215 0,543 - ASTM D 6584 

Methyl Ester Content - - - - 98,69 - EN 14103 

 

 

Fig. 1. FBT function of FAME content on diesel fuel and its FBT of B30, B35, and B40 

 

Figure 1 shows the FBT value of biodiesel blend test samples with the inset figure for FBT of B30, B35, and B40. In 
this experiment, FBT analysis was done under two different temperatures —25 oC and 15 oC. FBT was evaluated at 
15 oC to simulate extreme temperatures near the fuel cloud point and at 25 oC to approximate typical room 
temperature. As a result, the effect of biodiesel blends on filterability demonstrates a polynomial regression between 
the FBT value. It was clear that the temperature, monoglyceride content, and FAME concentration in diesel oil affect 
their FBT. The precipitation of monoglyceride molecules creates waxier (soft, like wax) impurities at lower 
temperatures because the fuel is closer to its cloud point. The FBT value may rise as a result of a quicker filter-
blocking propensity. 
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Fig. 10. Pressure difference comparison for the fuel test sample on filter rig test at 15⁰C and 25⁰C.  

 

Figure 2 compares the pressure difference at 15⁰C and 25⁰C for B30 and B40 at a flow rate (0.03 m3/h) for 5 hours 
of running time. The samples did not exhibit any changes in pressure drop at 25 oC B30 and B40, indicating no filter 
blocking. At the lower temperature of 15 oC, a pressure drop change indicates a filter blockage. There was a pressure 
drop increase of 40 kPa at 0.8 hours of filtration time, as determined by the intersection of the tangent lines of the 
B30 sample. The B40 sample experienced a pressure drop increase of 80 kPa under identical circumstances. 
However, there was an increase in pressure drop of 180 kPa at the tangents line intersections of the B40 sample at 
1.7 hours of filtering time. The exact circumstances resulted in a 50 kPa pressure drop increase for B30. It was clear 
that the stability of the fuel's liquid phase changes at a low temperature near a fuel cloud point. It led to the formation 
of precipitates that were initiated by monoglycerides [13], [14]. The pressure difference increases when using B40 
due to the higher amount of waxy contaminants as well as monoglycerides content compared to other fuels. The 
higher monoglyceride levels bring a measurable pressure drop in B40 (0,215 mass%) compared to B30 (0,162 
mass%).  

 

CONCLUSIONS 

The filter blocking tendency (ASTM D 2068) and filter rig test (JIS 1617) tests have been used to examine the impact 
of higher biodiesel blends on the diesel engine filtration system. The relationship between the FBT value and the impact 
of biodiesel blends on filterability can be seen as a polynomial regression (R2 >0,98). It was evident that the temperature, 
monoglyceride content, and FAME concentration in diesel oil influence their FBT. At 25 oC of the filtration test, the B30 
and B40 indicated no filter blocking. At the lower temperature of 15 oC, a pressure drop change indicates a filter 
blockage. Near the cloud point, monoglyceride molecules precipitate, resulting in waxier impurities affecting filterability. 
The results show that the higher the biodiesel mixture, the higher the pressure increases due to the lower fuel 
temperature and the formation of waxy contaminants that can clog the filter.  
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ABSTRACT  

In recent years, thermal energy storage (TES) has become very attractive as one of the energy saving technologies. 
Phase change materials (PCMs) used in latent TES offer versatile compact storage options. Developing and finding 
new PCM candidates are key subjects to expand and increase energy savings of TES applications. The encapsulation 
is one of the most preferred R&D techniques to meet these expectations. Cost-effective, stable and sustainable 
microencapsulation of PCMs can be achieved by understanding the mechanisms of encapsulation. In this study, CaCO3 

as an environmental friendly shell material was used to encapsulate stearic acid. Encapsulation process and thermal, 
physical and chemical properties of samples were investigated. Encapsulation of stearic acid with CaCO3 was achieved 
with a 57% yield and latent heat of 153.7 J/g.  Scanning Electron Microscope (SEM) results show that the samples were 
in composite form with flake shaped particles.  

Keywords: Thermal Energy Storage (TES), CaCO3, Phase Change Materials (PCMs), Composite, Encapsulation  

 

INTRODUCTION 

The limited and unclean energy resources of the world bring about a lot of environmental and economic problems. 
Clean energy sources and technologies are seen the way out of this vicious circle. 

Nowadays, thermal energy storage (TES) has become the most attractive energy saving technology. TES can be 
done with three methods; latent heat storage (LHS), sensible heat storage (SHS) and thermochemical heat storage 
(TCS). Phase change materials (PCMs) are used as storage materials in LHS systems to supply efficient use of 
renewable energy sources such as waste heat and solar energy [1]. PCMs exhibit advantages and disadvantages 
based upon TES application types. Therefore, the enhancement and exploring of novel PCMs are extensively studied 
to fulfil the demand of TES application effectively.   

Encapsulation of PCMs is one of the techniques used to prevent leakage problems and to improve thermal and 
mechanical properties of PCM. The shell material structure effects thermal conductivity, heat capacity, thermal 
stability and morphology of encapsulated PCMs. Organic and inorganic shell materials can be preferred depending 
on their thermal and chemical properties. Inorganic shell materials are usually used due to having good thermal 
conductivity and being non-flammable [2]. Organic shells materials that are polymers are usually fossil fuel based.  
Inorganic shells can be more sustainable. 

In this study, calcium carbonate (CaCO3) is used as inorganic shell material owing to its environmental friendliness, 
possessing good thermal and chemical stability. Stearic acid a bio-based fatty acid is used as core material. The 
thermophysical and chemical properties of the synthesized CaCO3 microcapsules were determined and the 
encapsulation performance of the capsules was discussed. 

 

MATERIALS AND METHODS  

Materials 

Stearic acid (Merck) was used as the PCM, which is the core material of the microcapsule. For the for CaCO3 

preparation, CaCl2 (Sigma Aldrich), Na2CO3 (Sigma Aldrich) were used, Tween 80 (Merck) was used as surfactant to 
obtain emulsion phase. 

 

Preparation of stearic acid with CaCO3 shell capsule 

The synthesis of CaCO3 microcapsules was done by self-assembly precipitation method [3]. The reaction was carried 
out in three-neck flask equipped with a thermostatic bath at 70°C. Melted stearic acid was mixed with 1 g Tween 80. 
CaCl2 (22.2 g) was dissolved in 150 mL deionized water and 20.8 g Na2CO3 was dissolved in 100 mL deionized water. 
CaCl2 solution was added drop wise into stearic acid Tween 80 mixture and was stirred for 1 hour. After this step, 
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Na2CO3 aqueous solution was added into the stearic acid emulsion mixture by drop wise and continued to stir for 4h. 
The white precipitation that was formed was filtered, washed and dried.   

 

Characterization of CaCO3 capsules 

Fourier Transform Infrared (FTIR, Perkin Elmer RX-1)) at 400 to 4000-cm−1 wavelength range with 16 scans 
spectroscopy was used for the chemical characterization of products. Thermal properties, latent heat storage capacities, 
thermal stability, and melting/solidification temperatures of CaCO3 capsules were determined by Simultaneous Thermal 
Analysis (STA, Perkin Elmer STA-6000). Morphological analysis was done by Scanning Electron Microscopy (SEM) 
(JEOL JSM-6700F) for this study.  

 

RESULTS AND DISCUSSION 

Thermal performance of composites and core materials determined by DSC show that the storage capacity of 
composites was 87.5 J/g, while core material had storage capacity with 153.7 J/g. The encapsulation percentage 
was calculated as 57%. The morphological analysis shows that the samples were not in spherical capsules as 
expected but their morphologies were observed in flakes form as seen Fig.1. TGA analysis revealed that PCM 
composite degraded in two-steps .Weight loss percentage of about 55% at the first step corresponds to the 
degradation of the core material.  This is in accordance with the DSC results.Inorganic shell materials do not have 
long chain molecules as in the organic polymer capsules. This affects the reaction mechanism and hinders the micelle 
formation that leads to spherical shape. Inorganic shell has no chain molecule therefore the encapsulation occurs by 
precipitation or pickering emulsion methods as shown in Fig.2 schematically [4]. The encapsulated PCMs with 
inorganic shells can be formed in different shapes and irregular sizes as shown here. Our SEM images confirm these 
irregular shape and size tendency seen with inorganic shells.  Moreover, FTIR analysis was done to verify chemical 
structure of composite and core material.  

 

 

Fig. 1.  SEM images of PCM-CaCO3 composite 

 

 

Fig. 2. The schematic diagram of shape formation of PCM during encapsulation. 
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CONCLUSIONS 

The CaCO3-PCM composite was synthesized and its thermal, physical and chemical properties were determined. The 
encapsulation ratio found as %57 in this study can be a reasonable result for TES applications. This pre-study aims to 
investigate mechanism of encapsulation of PCMs and shell structure interaction.The morphological analysis of this 
study confirms that different encapsulation mechanisms and type of shell materials influences the morphologies of 
encapsulated PCMs. The size and shapes of microcapsules is important in terms of heat transfer for TES applications 
[5] therefore the enhancement of size and shape will be studied on calcium carbonate shell for further studies. Besides, 
the thermal conductivity of this new PCM composite candidate will be determined. 
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ABSTRACT  

The ability to store and utilize the vast amount of waste heat in the UK could go a long way toward decarbonizing the 
industrial sector. The potential of thermochemical energy storage (TCES) materials such as magnesium hydroxide, 
Mg(OH)2, have been established but there is a limitation regarding the dehydration temperature which limits its 
application for a wider range of heat resources. In this paper, we have developed and characterized four samples of 
doped Mg(OH)2 with varying proportions of 5,10, 15, and 20 wt% of KNO3 for TCES application. The results showed 
that 5 wt% KNO3 was able to lower the dehydration temperature by about 23˚C with an increase of 6% in the energy 
storage capacity. The results also showed good surface topology and the highest mass loss in the non-isothermal 
test, indicating a fast rate of dehydration. The composite Mg(OH)2-KNO3 material has therefore shown an 
encouraging potential for medium heat storage applications ranging from 293˚C to 300˚C. Further development 
towards long-term material cyclability and storage integrity is however recommended. 

Keywords: thermochemical energy storage, composite material, characterization, dehydration 

 

INTRODUCTION 

According to a published report [1] the total waste heat from the UK industry and power generation sectors 
is estimated at approximately 391 TWh which is 35% more than UK’s total annual electricity demand. Industrial waste 
heat sources alone account for around one-sixth of the overall industrial yearly energy use which is about 2.8% of 
current total UK energy consumption. Apart from the industrial sector, there is also a vast amount of waste heat from 
renewable energy sources such as solar and geothermal. It is therefore imperative to utilize efficiently all possible waste 
heat sources which may be classified according to their temperatures as; low grade (ambient - 250°C), medium grade 
(250 - 500°C), and high grade (> 500 °C). Within this classification, the bulk of the low-grade heat is often considered 
to be unusable and irrecoverable and commonly dissipated to the external environment via air-cooled heat exchangers 

With appropriate technologies, a large proportion of this exergic waste energy could potentially be recovered for useful 
applications and thus minimize energy consumption and CO2 emissions The dehydration/rehydration reactions of metal 
hydroxides have been identified as very promising heat storage materials, one of which is magnesium hydroxide, 
Mg(OH)2 [2]. Thermochemical energy storage (TCES) in magnesium hydroxide (Mg(OH)2 has a strong potential for 
such application due to its relatively high energy storage density [3]. However, the practicable dehydration temperature 
and pressure for Mg(OH)2 are far from the theoretical equilibrium conditions [4]. To address this issue, enhancement of 
Mg(OH)2 by doping has been suggested [4]. It is shown that Mg(OH)2 is adaptable when doped with nitrate salts and 
can significantly reduce the onset dehydration temperature. For instance, Li et. al [5] were able to reduce the 
dehydration temperature of Mg(OH)2  by 56˚C with a 10 wt%  of LiNO3. Similarly, a dehydration temperature reduction 
of 76˚C was obtained by Shkatulov and Aristov [4] with LiNO3-doped Mg(OH)2. A previous study by Shkatulov et al. 
[6] also achieved 25°C and 50°C reductions in dehydration temperatures of Mg(OH)2 with 2 wt% and 20 wt% of 
NaNO3 respectively. However, in all these investigations relatively reduced energy storage densities were obtained 
and were attributed to the particle coalescence and deactivation of Mg(OH)2 [3]. There is, therefore, the need to 
further dope Mg(OH)2 to enable it to harness a wider range of medium-temperature heat sources without affecting 
its energy storage integrity.  

This study is, therefore, intended to synthesize and characterize composite Mg(OH)2/ KNO3 as a potential 
thermochemical energy material for industrial heat decarbonization. The choice of KNO3 dopant is informed by its 
thermal stability over the other nitrates that are prone to decomposition under experimental conditions [7]. 
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MATERIALS AND METHODS  

Materials Selection  

The core material used in this work is 99.87% Mg(OH)2 purchased from Sigma Aldrich. Due to the aforementioned 
shortcomings, composites were developed to enhance the Mg(OH)2 material. The doping material is KNO3 selected 
based on the potential efficacy. Previous studies [7] suggest that the nitrate anions incorporate into the brucite lattice 
and facilitate the MgO nuclei formation, resulting in the breakdown of the nitrate lattice at a lower temperature.   

 

Materials Development 

Composites were made from Mg(OH)2 with variable proportions of 5, 10, 15, and 20% of the KNO3 dopants. The 
KNO3-doped Mg(OH)2 composites were prepared in a total controlled sample mass of 6 g. The weight of KNO3 in 
each composite (5%, 10% 15%, and 20%) were 0.3 g, 0.6 g, 0.9g, and 1.2 g, respectively. Initial mixing of the KNO3 
and Mg(OH)2 powders was done in an agate mortar for 10 min, then transferred into a beaker for liquid mixing with 
20 ml distilled water. The mixture was stirred at 90oC for 1.5 hours and oven-dried at 120oC for 12 hours. The Mg(OH)2 
(MH) composites with 5, 10, 15, and 20 wt% KNO3 are designated as MH-PN5, MH-PN10, MH-PN15, and MH-PN20. 

 

Materials Characterization  

Powder X-ray Diffraction  

Powder X-ray diffraction (XRD) was carried out to identify the phases of the composition of elements within the 
developed samples. The test was performed at room temperature using a PANalytical X’Pert PRO diffractometer with 
CuKa radiation (l = 1.5406 Å, 40 kV, 40 mA), for values of 2Theta between 2˚ and 70˚..  

 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) measurements were performed using TA Thermal Instrument to determine 
the dehydration enthalpy and assess the temperatures at which heat could be stored in the samples. A baseline 
measurement was taken in the range of 25˚C to 550˚C at 10˚C/min. A 5 mg sample was then heated in the same 
temperature range and heating rate.  Nitrogen was used as the purge gas at a volumetric rate of 20 ml/min under 1 
atm pressure.  

 

Thermogravimetry Analysis  

Thermogravimetry analysis (TGA) was performed with the TA SDTQ600 instrument in relation to the vapour pressure 
at 1 atm when a 20 mg sample was placed into the alumina crucible. This was then subjected to a temperature ramp 
from 25˚C to 600˚C at a heating rate of 10˚C/min, under a nitrogen atmosphere with a volumetric rate of 20 ml/min.  

 

Scanning Electron Microscopy 

The samples were imaged to observe the surface morphology by means of a JEOL 6490LV scanning electron 
microscope (SEM). The SEM was operated in high vacuum mode at 15 kV, and with a secondary electron detector. 
The SEM facility was extended to obtain chemical composition maps for the samples using energy-dispersive x-ray 
spectroscopy (EDX) analyses. 

 

RESULTS AND DISCUSSION 

The XRD of the developed composites in Fig. 1 shows reflexes from KNO3 detected, and thus proves the successful 
addition of the dopant into the core material.  

The DSC results for the samples are summarised in Table 1 showing the respective energy storage densities and the 
onset temperatures at which dehydration started. It can be clearly seen that the sample MH-PN5 with 5 wt% KNO3 
achieved the lowest onset or dehydration temperature of 293.82˚C which is about 23˚C less than the dehydration 
temperature of pure Mg(OH)2. It also recorded the highest energy content of 1317.90 J/g which is also about 6% higher 
than Mg(OH)2. Minute peaks were however observed at 132˚C with progressing troughs as the dopant ratio increased 
beyond 10 wt%. A similar observation was reported in the literature and was attributed to the fusion of crystalline 
KNO3.around 334˚C [8]. 
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Fig. 1. XRD patterns of Mg(OH)2 composites 

 

Table 1. The onset temperatures and heat storage densities of the pure and KNO3-doped Mg(OH)2 

Material Onset temperature (˚C) Heat content (J/g) 

MH 317.03 1246.40 

MH-PN5 293.82 1317.90 

MH-PN10 297.82 1171.60 

MH-PN15 296.47 1103.40 

MH-PN20 308.20 1044.00 

 

Table 2 shows the results of the thermogravimetry test. A higher thermal mass loss is an indication of a higher rate of 
dehydration for the material [9]. For the pure Mg(OH)2 material, the weight loss at 295.25˚C was 28.79% as against 
sample MH-PN5 which recorded the highest mass loss (28.80%) and lower dehydration temperature (291.65˚C) as 
compared to all the other materials. 

 

Table 2. TG onset temperatures and weight loss in the pure and KNO3-doped Mg(OH)2 composites 

Material Onset temperature (˚C) Weight loss (%) 

MH 295.25 28.79 

MH-PN5 291.65 28.80 

MH-PN10 293.56 27.73 

MH-PN15 292.00 26.56 

MH-PN20 293.69 24.82 

 

                 

(a)                                  (b)                               (c)                                 (d)                               (e)  
Fig. 2. SEM images of the (a) pure (b) 5 wt% (c) 10 wt% (d) 15 wt% and (e) 20 wt% KNO3 addition 
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The SEM micrographs of the pure Mg(OH)2 and the composites are shown in Fig. 2. The MH-PN5 sample with 5 wt% 
KNO3 improves particle distribution and pores, thus demonstrating a reduction in the sintering effect (Fig. 2 b).  There 
was, however, a progressive increase in particle compaction for proportions >5 wt% which eventually resulted in 
coalescence at 20 wt% mass ratio (Fig. 2 e).     

The EDX spectra obtained for the MH-PN5 composite revealed that the element distribution maps mostly consisted of 
Mg, O, K, and N in the material, as seen in Fig. 3. The quantitative elemental data showed corresponding standard 
deviation values of 0.16,0.13, 0.03, and 0.00 respectively for the elements. This indicates that the material had uniform 
atomic weight distribution.  

   

Fig. 3. EDX spectra of the MH-PN5 composite material 

 

CONCLUSIONS 

The aim of this paper was to synthesize and characterize KNO3-doped Mg(OH)2 composites for medium-temperature 
industrial waste heat storage applications. The phases in the XRD patterns confirm that the composites were 
successfully developed. The DSC results confirmed the alteration in the dehydration temperatures of Mg(OH)2 of which 
an optimal ratio of 5 wt% KNO3 achieved the highest reduction in the dehydration temperature from 317.03˚C to 
293.82˚C while increasing its heat storage capacity from  1246.40 J/g to 1317.90 J/g. This implies that the storage 
system can be utilized for the application of medium-temperature waste heat storage. Similarly, the 5 wt% KNO3 additive 
ratio showed a slightly higher mass loss of 28.80% than pure Mg(OH)2 at 28.79%. Faster mass loss indicates a faster 
rate of dehydration which is desirable. The EDX and SEM characterizations revealed uniformly distributed quartzite-
shaped grains in the MH-PN5 composite. This morphology would suppress sintering in Mg(OH)2 material. It can, 
therefore, be concluded that KNO3 doping of Mg(OH)2 has the potential for medium-temperature heat storage 
application.  Further improvements toward achieving long-term storage capability and cyclability are therefore 
encouraged. 
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ABSTRACT 

In order to reduce greenhouse gas emissions globally, governments target to replace fossil fuel driven activities with 
solutions which emit less or no greenhouse gases. Renewable-based energy solutions are potential alternative to fossil-
based energy systems. However, the intermittency and lack of flexibility challenge grids and cause imbalances between 
source and system. Nuclear-based systems can meet the base load, but to overcome the lack of flexibility issue, molten 
salt storage coupled nuclear systems are potential solutions. The current study investigates a solar and nuclear-based 
hybrid system integrated with molten salt storage system, which can store the molten salt both from the nuclear and 
solar subsystems. In order to reduce the production of waste, excess energy in the form of electricity and heat is 
exploited by using additional units to generate useful outputs such as hydrogen, cooling, heat, and fresh water. The 
integrated system consists of a sodium-cooled fast nuclear reactor, a parabolic-trough concentrated solar plant, a 
molten salt storage system, a steam-based power generation unit, a Li-Br absorption chiller, an anion exchange 
membrane electrolyser, a multi-effect desalination unit, and a district energy system. A case study is carried out for a 
region in California, the United States, which has a 345 MWe sodium-cooled fast nuclear plant which can generate 1000 
MWth heat, along with a parabolic trough concentrated solar plant which can generate 500 MWth heat, as well as molten 
salt heat storage tanks with 31080.7 MWhth. A time-dependent analysis is carried out with energy and exergy 
approaches of thermodynamics. The calculations exhibit that the overall system energy and exergy efficiencies are 
43.49% and 52.71% in a typical meteorological year for above-mentioned capacities. 

Keywords: Grid balancing; sodium-cooled fast reactor; molten salt heat storage; concentrated solar; nuclear; 
desalination; hydrogen; district heating and cooling; exergy; sustainability 

 

INTRODUCTION 

The sixth Intergovernmental Panel on Climate Change reports that almost half of the world population are threaten by 
the global warming and its effects [1]. The CO2 ppm in the atmosphere already passed the pre-industrial periods’ peaks 
by more than a quarter. Global warming also leads weather anomalies and triggers catastrophic weather events, such 
as droughts, hurricanes, tornadoes, blizzards, etc. Replacing fossil-fuel based energy infrastructure with a renewable 
or low-carbon based alternatives is a potential solution, which can minimize especially anthropogenic caused 
greenhouse gas emissions. Solar is one of the fastest growing renewable energy solutions and showed significant cost 
drops in the last decade. Solar energy plants are important to tackle climate challenges but are not a silver bullet. 
Intermittency of renewables and volatility of demands are major challenges which brings grid imbalances and further 
issues. Coupling storage systems can minimize the imbalance, compensate the peak demands and can store the 
excess energy. Moreover, integrated subsystems can reduce the production of waste and exploit the excess energy to 
hydrogen, heat, cooling and fresh water. 

The current study investigates a concentrated solar-based system’s integration with a sodium-cooled fast nuclear 
reactor to balance the grid and also to generate multiple useful outputs. A thermodynamic-based analysis with energy 
and exergy approaches, is carried out. A time-dependent analysis is made in a case study for a region in California, the 
USA. 

 
SYSTEM DESCRIPTION AND EVALUATION 

The proposed system consists of a parabolic trough concentrated solar plant, a sodium-cooled fast nuclear reactor, a 
molten salt storage system, a steam-based power generation unit, a Li-Br absorption chiller, an anion exchange 
membrane electrolyser, a multi-effect desalination unit, and a district energy system; in order to produce electricity, 
heat, cooling effect, hydrogen, freshwater, and to balance the grid. The excess heat after the power generation is used 
in heat driven absorption chiller, multi-effect desalination unit, and district heating system. The district cooling system is 
integrated with the Li-Br absorption chiller. The excess electricity is used to produce hydrogen. The proposed system 
is analyzed in a time-dependent manner, to present the extensive details about the performance when there is a 
dynamic renewable source with dynamic energy storage system. The Meteonorm database is used for the solar source 
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data, which is generated by using 92% of land-based weather station measurements and 8% of satellite-based weather 
measurements. The source data are taken from the National Renewable Energy Laboratories for the wind.  

The overall energy and exergy efficiencies of the system are evaluated by [2]: 
 

ηen,ov =
Ẇ El,net+ṁH2LHVH2+ṁfwhfw+Q̇District Heating +Q̇District Cooling 

Q̇GHI,FPV +Q̇SCFR
                         

 

ηen,ov =
Ẇ El,net+ṁH2LHVH2+ṁfwexfw+ExQ̇ District Heating 

+ExQ̇ District Cooling 

ExQ̇ GHI,CSP 
+ExQ̇ SCFR

                        

 

with ĖxQGHI,CSP = APV × q̇GHI,CSP × (1 −
4

3
 
To

Tsun
 (1 − cos δ )1/4 +

1

3
 (

To

Tsun
)4)                                

 

where Q̇GHI denotes global horizontal irradiation, Q̇CSP denotes the converted thermal energy, δ denotes the sun’s cone 
half-angle, and A represents the area. 
 

 
Fig.1. Layout of the overall system. 

 
 
RESULTS AND DISCUSSION 

The proposed system is designed with 345 MWe sodium-cooled fast nuclear plant which can generate 1000 MWth heat 
along with a concentrated solar plant with 500 MWth heat generation capacity. The molten salt-based heat storage tanks 
have 3108.7 MWhth heat storage capacity, which is used for grid-balancing purposes. A significant decrease of 
fluctuations with grid balancing in electrical power output during a typical meteorological year can be seen in Fig.2a. 
The overall energy and exergy efficiencies of the proposed system found as 43.49% and 52.71%, respectively (see 
Fig.2b). During a typical meteorological year (TMY), parabolic trough concentrated solar plant driven electricity 
generation is found as 169302.42 MWh of electricity.  
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Fig.2. a) Grid balancing, b) the overall energy and exergy efficiencies of the proposed system during a TMY 

 
 
CONCLUSIONS 

The current investigation shows that a molten salt storage system along with integrated subsystems has potential to 
mitigate imbalances between demand and supply, also to reduce production of waste by exploiting the excess for 
various useful commodities such as hydrogen, heat, cooling, and fresh water. The imbalances are significantly reduced, 
and the efficiencies are found higher than the conventional nuclear to electricity or concentrated solar to electricity 
conversion systems. The overall integrated system’s energy and exergy efficiencies are found 43.49% and 52.71%, 
respectively. Moreover, the proposed system can increase the cost-effectiveness of the conventional nuclear or 
concentrated solar system due to the increased flexibility which can be beneficial when the real-time electricity market 
is considered.  
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ABSTRACT  

Metal-organic frameworks (MOFs) containing para-aminobenzoique acid ligands and its derivatives have attracted 
great attentions of many research groups due to their intriguing structural diversity and potential applications in 
luminescence, magnetism and gas storage [1]. However, there are rare reports of ligands based on P-
aminobenzoique acid ligands and carboxylate groups as building blocks for the construction of MOFs. So, we 
synthesized several coordination compounds by such ligands. Here we report the structure of a compound prepared 
with P-aminobenzoique acid ligands. The title compound was establish by an X-ray structure determination [2]. The 
structural data were collect on a CAPPA CCD diffractometer [3], (Table 1).  

 

RESULTS AND DISCUSSION 

The compound was prepared by the reaction of P-aminobenzoic acid with nickel (II) nitrate hexahydrate in water. 
The reaction mixture was stirred for 30 min and then filtered. Green crystals suitable for X-ray diffraction were 
obtained by slow evaporation after two weeks [yield: 65%].The geometry examination of the structure of bis-
aminobenzoato diaqua dinitrato-Nickel(II) phase shows that it crystallizes in the P21/c monoclinic space group, where 
the molecule takes Trans conformation stabilized by O…H attractions. The structure of the title compound consists 
of discrete neutral unit [Ni(C7H7NO2)2 (NO3)2 (H2O)2], where the NiII ion lies on an inversion center and is coordinated 
by two N atoms from two (PAA) ligands and four O atoms from two water molecules and two nitrates in an all- trans 
fashion. The coordination polyhedron around the Ni ion is a slightly distorted octahedron as shown in fig.1.  

 

 

Fig. 1: Molecular unit of [Ni(C7H7NO2)2 (NO3)2 (H2O)2] phase 

 

The stacking of the molecules in the crystal is close to make sheets parallel to (a,b) plane. Superimposing these 
sheets create channels parallel to the a axis that run through the apices and the center of the unit-cell. The packing 
of the compound is stabilized by weak intermolecular N—H···O and OW—H···O hydrogen bonds (Table 2) which 
form a three-dimensional network, fig. 2 and fig. 3.  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjpsf6u15X7AhVmhf0HHTE-C5gQFnoECA0QAQ&url=https%3A%2F%2Fwww.concordia.ca%2Fartsci%2Fchemistry%2Ffaculty.html%3Ffpid%3Dgeorges-denes&usg=AOvVaw2YNSPGFdP02Vtz-Giqc898
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjpsf6u15X7AhVmhf0HHTE-C5gQFnoECA0QAQ&url=https%3A%2F%2Fwww.concordia.ca%2Fartsci%2Fchemistry%2Ffaculty.html%3Ffpid%3Dgeorges-denes&usg=AOvVaw2YNSPGFdP02Vtz-Giqc898


The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

380 

 

The nitrates and the molecules of water ligands are weakly coordinated through their O atoms in the equatorial plane. 
The Ni—N1 distance of 2.140(2) Å is slightly lengthened, while the distances of Ni—O1W and Ni—O3 bonds (Table 
3) is slightly shorten compared with the values observed in related compound [4,5,6].  

 

 

Fig. 2: Three-dimensional network of the crystalline structure showing intermolecular N—H···O hydrogen bonds 

 

Fig. 3: Three-dimensional network of the crystalline structure showing intermolecular OW—H···O hydrogen bonds 

From the supramolecular point of view, this structure can be described as chains of compounds along the a axis 
where the molecules are connected to each other via the intermolecular hydrogen bonds O-H…O in addition to other 
intermolecular C-H…π type interactions.  
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Table 1. Crystal Data and Details of the Structure Determination 

Crystal Data 

Formula C14 H18 N4 Ni O12 

Formula Weight 493.01 

Crystal System monoclinic 

Space group P21/c (No. 14) 

a, b, c [Angstrom] 11.295(5), 12.497(5), 6.674(5) 

alpha, beta, gamma [deg] 90, 97.716(5), 90 

V [Ang**3] 933.5(9) 

Z 4 

D(calc) [g/cm**3] 1.754 

Mu(MoKa) [ /mm ] 1.116 

F(000) 508 

Crystal Size [mm] 0.10 x 0.10 x 0.20 

Data Collection 

Temperature (K) 293 

Radiation [Angstrom] MoKa, 0.71073 

Theta Min-Max [Deg] 1.8, 25.0 

Dataset 999:-99 ; 999:-99 ; 999:-99 

Tot, Uniq. Data, R(int) 6068, 1598, 0.000 

Observed Data [I > 2.0 sigma(I)] 1498 

Refinement 

Nref, Npar 1598, 178 

R, wR2, S 0.2500, 0.8100, 1.20 

Max. and Av. Shift/Error 0.00, 0.00 

Min. and Max. Resd. Dens. [e/Ang^3] -0.389, 0.367 

 

Table 2 - Hydrogen Bonds (Angstrom, Deg) 

O2-- H1          O3       0.71(3)        2.41(3)       3.097(3)       163(4) 1_655 

O1W-- H6      O1       0.89(3)        1.75(3)       2.637(3)       176(4) 3_655 

O1W-- H7      O4       0.85(4)        2.04(4)       2.778(3)       145(3) 

N1 -- H8         O5       0.89(3)        2.39(3)       3.231(4)       158(3) 2_545 

N1 -- H9         O4       0.89(2)        2.17(2)       3.053(3)       176(2) 4_555 

C3 -- H2         O1       0.94(3)        2.46(3)       2.783(4)       100.0(19) 

C4 -- H3         O5       0.92(2)        2.57(2)       3.365(4)       146(2) 2_545 
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Table 3 - Bond Distances (Angstrom) 

Ni             -O1W           2.036(2) N1             -C5            1.429(3) 

Ni             -O3               2.102(2) N1             -H8            0.89(3) 

Ni             -N1               2.140(2) N1             -H9            0.89(2) 

Ni             -O1W_a       2.036(2) C1             -C2            1.482(3) 

Ni             -O3_a           2.102(2) C2             -C3            1.382(3) 

Ni             -N1_a           2.140(2) C2             -C7            1.387(3) 

O1            -C1               1.212(3) C3             -C4            1.373(3) 

O2            -C1               1.324(3) C4             -C5            1.387(3) 

O3            -N2               1.273(2) C5             -C6            1.388(3) 

O4            -N2               1.243(3) C6             -C7            1.381(3) 

O5            -N2               1.229(3) C3             -H2            0.94(3) 

O1W        -H6               0.89(3) C4             -H3            0.92(2) 

O1W        -H7               0.85(4) C6             -H4            0.91(2) 

O2            -H1               0.71(3) C7             -H5            0.94(2) 

 

 

CONCLUSION 

To conclude, it seems necessary to base on the main characteristic traits of this species. The essential characteristic 
of the compound is the Tans-coordinated octahedral environment of the metal ion by two PABA ligands, two 
molecules of nitrates and two molecules of water in a coordination of the type (NiN2O4). In this structure, the stacking 
of the molecules by the action of the symmetry elements of the space group generates a distinct mode of sequence 
of the molecules, in the form of layers parallel to the plane (ac). Also, this study highlighted the different interactions 
in the whole structure where the hydrogen atoms serve as bridges ensuring the crystalline cohesion of the O-H…N 
type between the majority of the nitrogen atoms, of the O-H…O type between the majority of oxygen and C-H…π 
type interactions. All, ensuring crystal cohesion. 
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ABSTRACT  

The present paper focuses on adopting an integrated multi-criteria decision-making (MCDM) approach using the AHP-
TOPSIS structure, with the Analytical Hierarchy Process (AHP) utilized for ascertaining rules weightage and the 
Technique of Order Preference by Similarity to the Ideal Solution (TOPSIS)  for choosing fitting innovation among 
choices of Air-Protected Substation (AIS), Gas-Protected Substation (GIS) and half-breed substation, to guarantee 
educated and supported choice among a few innovation alternatives. The results reveal that the GIS is the most 
preferred technology by area experts, considering all the criteria and their relative preferences.  

Keywords: Substation technology, power system, MCDM, AHP, TOPSIS 

 

MATERIALS AND METHODS  

For this research study, all possible alternatives have been explored. There are three major types of substation 
however application or function wise there may be named in multiple ways. Three main types based on insulating 
medium technology available are: 

Air Insulated Substation (AIS): The substation is an outdoor type and the air is used as an insulating medium between 
live supply buses. 

Hybrid Substation: Substation is the partially outdoor type and partially gas-insulated indoor mounted. 

Gas Insulated Substation (GIS): Live supply bus is housed inside a metallic enclosure filled with SF6 gas and the 
substation is indoor mounted. 

These alternatives are evaluated based on the 8 evaluation.  

 

RESULTS  

Table 1: Positive and negative ideal Matrix 

Positive/ 
Negative 
Ideal 
Matrix 

Land 
Selection 

Capex 
Cost 

Future 
Extension 
Flexibility 

Safety Reliability 
Maintenance 
Periodicity 
& Cost 

Breakdown 
Restoration 
Time 

Energy 
losses 

C1 C2 C3 C4 C5 C6 C7 C8 

Positive 
Ideal, A* 

0.1681 0.0936 0.1984 0.9878 0.8202 0.1100 0.4777 0.1818 

Negative 
Ideal A' 

0.0244 0.2380 0.1099 0.4626 0.5858 0.1919 0.8872 0.3253 

 

Table1: Rank of alternatives based on the TOPSIS method. 

Relative Closeness measure Ci*= Si’/(Si*+Si’) Rank 

AIS (A1) 0.190686106 3 

Hybrid (A2) 0.394729466 2 

GIS (A3) 0.809313894 1 

 

Alternative Preference Order Equation: 

GIS (A3)  >  HYBRID (A2)  >  AIS (A1) 
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Based on the results of the proximity coefficients, presented in Table 10, the appropriate substation technology for 
an electricity distribution system, which satisfies several criteria of a contradictory nature, is the gas-insulated 
substation (GIS). 

 

CONCLUSIONS 

This research provides a scientific framework for the selection of suitable substation technology in an electrical power 
distribution network. In a real-life situation, it is often difficult to finalize appropriate substation technology in presence 
of multiple criteria of conflicting nature. This research attempts to overcome this challenge by using an integrated 
fuzzy AHP / fuzzy TOPSIS approach in a multi-criteria decision-making (MCDM) framework. Fuzzy AHP is utilized to 
calculate the weights of criteria and fuzzy TOPSIS is used to create the ranking of alternative solutions.  
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ABSTRACT 

Wireless networks are very useful today and give many facilities to users. Among them we find IEEE.802.11n 

standard. This paper focuses on evaluating the performances of IEEE.802.11n network in order to deploy it in a 

campus. Simulations are performed in OPNET network simulator tool, to demonstrate the performance of the 

IEEE.802.11n. Multiple scenarios with different parameters have been used. The simulation results clarified the 

impact of these scenarios and parameters on throughput and delay, and show that IEEE 802.11n performances are 

dependent on the choice of appropriate criteria. 

Keywords: WLAN, IEEE 802.11n, Throughput, OPNET,   Aggregation mechanism. 

 

INTRODUCTION 

Today, wireless communication have been very popular almost everywhere, especially to transmit data. The most 

using technology is IEEE 802.11 [1]. It has flourished resulting in wireless local area network (WLAN) getting 

deployed   almost   ubiquitously. These deployments have changed the way people think about networks, by offering 

users freedom from the constraints of physical wires. Mobile users are interested in exploiting the full functionality of 

the technology at their fingertips, as wireless networks bring closer the ”anything, anytime, anywhere” promise of 

mobile networking. 

IEEE 802.11n is now a widely used interface on Laptops, tablets and smart phones. With the arrival of new 
applications that require more throughputs, the 802.11n standard has been defined for the two frequency bands at 
2.4 GHz and 5 GHz. Indeed, speeds up to 600 Mbps can be achieved, by means of spatial multiplexing of the MIMO 
(Multiple-Input Multiple Output), increasing bandwidth (40 MHz) and using a shorter guard interval [3]. The MAC 
(Medium Access Control) layer also gains in terms of efficiency: MAC aggregation and block acknowledgment. The 
802.11n standard guarantees backward compatibility with previous versions.  
Our study is to evaluate the performance of IEEE 802.11n. To meet our objectives, we have used the simulator 
OPNET (Optimized Network Engineering Tool) [4] that provides a comprehensive development environment 
supporting the modeling of communication networks and distributed systems. Next section of our paper will describe 
IEEE 802.11n. Results of simulation will be presented in Third section. The last section will conclude our paper. 

 

IEEE 802.11n STANDARD 

IEEE 802.11 [1] standard focuses mainly on the data link layer and the physical layer of the OSI (Open Systems 

Interconnection) model. It makes some modifications on the lower layer of the data link (precisely MAC level) and 

on the level of the physical layer with the possibility of supporting several radio access methods. The following figure 

shows the link layer and the physical layer of the IEEE 802.11 standard [1], [5]. 

The physical layer ensures the transmission of data on the medium. It consists of two sub-layers which are PMD 
(Physical Media Dependent) and PLCP (Physical Layer Convergence Procedure). The PMD sub-layer: ensures the 
management of data encoding and modulation so that it can be transmitted over the air. The PLCP sub-layer: its role 
is to listen to the support. It is directly connected with the MAC sub-layer to indicate that the support is free. According 
to the IEEE 802.11 standard, the PMD sub-layer is based on one of the following four transmission techniques: 

• FHSS (Frequency Hopping Spread Spectrum) 
• DSSS (Direct Sequence Spread Spectrum) 
• IR (Infrared) 
• OFDM (Orthogonal Frequency Division Multiplexing) 

Data link layer are responsible of the following tasks: 

• Fragmentation and reassembly of the frames. 
• Support access procedures. 
• Packet addressing. 
• Formatting of frames. 

mailto:bilal340@gmail.com
mailto:2s.medjedoub@univ-bouira.dz
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• CRC (Cyclic Redundant Check) error check. 

 

The IEEE 802.11 data link layer is broken down into two sub-layers: Logical Link Control (LLC)and Medium Access 
Control (MAC).  
IEEE 802.11n standard aims to increase the speed of Wi-Fi networks. It was the following of the standards IEEE 
802.11a/b/g, also called by the name High Throughput WLANs. With increasing levels of data transmission the 
802.11n standard achieves a theoretical speed of up to 600 Mbit/s on each of the usable frequency bands (2.4 GHz 
and 5 GHz). This new standard is formed to be fully compatible with previous standards.  

 

OSI Layer 2 
Data Link Layer 

802.11 Logical Link Control (LLC) 

802.11 Meduim Acces Control (MAC) 

OSI Layer 1 
Physical  Layer (PHY) 

FHSS DSSS IR OFDM 

Fig 1. IEEE 802.11n layers model 

 
IEEE 802.11n was developed with many enhancements to the physical and MAC layer, which leads to improve 
significantly the performance and reliability of WLAN. 
 
A detailed description of several enhanced physical and MAC features in IEEE 802.11 n is presented in the following. 

• Physical layer enhancement [6], [8], IEEE 802.11 n uses OFDM-MIMO (Multiple Input Multiple Output) in 
order to provide higher data rates and higher range. Channel bonding was introduced in this standard to 
deal with combining two adjacent 20 MHz channels to create a 40MHz channel. 

• MAC layer enhancement [7], [8], many MAC enhancements were made in IEEE 802.11 n to decrease MAC 
overhead. These enhancements lead to achieve high throughput in WLANs. Among these enhancements 
we can find, Frame Aggregation, Block Acknowledgement, Reverse Direction. 

 

SIMULATION AND RESULTS 

In this section we analyze the 802.11n [2] standard which is the high speed standard for wireless networks. In order 

to evaluate this wireless transmission standard, we chose to use the OPNET (Optimum Network Performance) 

simulator. OPNET [4] is a family of network modeling and simulation soft- ware aimed at different sectors such as 

operators, companies and scientific research. The OPNET environment gives the possibility of modeling and 

simulating communication net- works based on different models and libraries (workstations, routers, switches,, 

servers,...) and protocols (FTP, TCP/IP, Ethernet,...). The OPNET Radio module is therefore used to simulate radio 

networks: radio, cellular and satellite telephony. An illustration of the different simulations scenarios, which we have 

proposed in order to analyze the performance of the 802.11n standard, are given in the following parts. In our 

scenarios some workstations are connected to a server through an access point. The server and the access point 

are connected together by a switch. The access point and workstation simulation parameters are presented in the 

table I. 

 
Table 1. Parameters configuration of node’s topology. 

 

Attribute Access point Workstation 

Operating mode 802.11 n 802.11n 

Node Model Wlan ethernet route Wlan wkstn 

Data rate 65Mbps 65Mbps 

Transmission power 0.005W 0.005W 

 
 
Distance between the workstation and the access point 

In this simulation we have carried out three scenarios according to figure 2 and this to study the influence of the 
variation of the distance between the workstation and the access point on the throughput. In the first scenario, the 
distance between the computer and the access point is significant is 65 meters. Then we changed this distance in 
the second scenario to 50 meters and the third scenario to 25 meters. Each of the three scenarios has four nodes 
which are: Server, Switch, Workstation and Access Point. Figure 3 shows that the attainable throughput decreases 
as a function of the distance. In the first case, the through- put is too low. However, in the second case (where the 
distance between the workstation and the access point has reduced) throughput is around 35Mbits /s. For the third 
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case where the workstation is very close to the access point, the throughput is higher (in the order of 48 Mbits/s). 

 

 

.Fig 2. Distance impact topology, x represents the distance between the workstation and the access point 

 

Number of workstations 

The number of workstation varies from one to eight. Figure 4 shows the simulation topology with different station 
numbers. Figure 5 shows the WLAN delay for the three scenarios (figure 4). Note that the delay increases with the 
number of workstations in the network. This increase is explained by two reasons. The first one is the number of 
Workstation that compete to access to the medium. So, each time there is a Workstation occupying the channel, the 
others will delay their access to the channel. Consequently, the delay increases. Secondly, Workstation number 
increasing in the network has an effect of increasing the collision probability. When a collision is detected by a 
Workstation, it doubles its contention window. This window represents the time spent in the backoff before trying to 
transmit a packet, and this generates an increase of delay. 
 
Figure 6 shows the WLAN throughput for the three scenarios (figure 4). The throughput for a single workstation is 
high because the collisions were low or zero. Consequently, the contention window will be reduced; because the 
time spent listening to the channel is reduced. On the other hand, we see a reduction of the throughput in the case 
of 5 and 8 workstations because many workstations tried to access to the channel in the same time. The influence 
of collisions dominates the gain obtained in terms of access speed to the support when the number of workstation 
increases. 

 
 

Fig  4. WLAN topology with different number of workstations 
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Fig 5. WLAN delay in second 

   

Fig 6. WLAN throughput (bits/s) based on workstation number  

 

Mobility in WLAN 

The proposed network consists of a mobile station where its path is chosen as shown in figure 7. The movement of 
the mobile station is carried out for 1 minute with a speed of 1.5m/s in a plan of 100m × 100m. The simulation results 
are shown in figure 8 and figure 9.According to the two figures ( 8 and 9), we notice a high throughput if the 
workstation is close to the access point, at the moment when the workstation moves away from the access point the 
throughput decreases more and more. The time when the throughput is very low is 21s, from this value, the maximum 
distance calculated between the two nodes is: 65m. At instant 21s we notice that the delay becomes higher where 
the top of the graph represents the longest distance between the workstation and the access point. 

 

 

Fig 7.  WLAN topology with a mobile workstation. 
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Fig 8. Mobile station throughput (bits/s). 

 

Fig. 9. Mobile station delay in second 
 

 

Fig 10. (a) The size of the queue line, (b) Retransmission packets 

We note from Figure 10(a) that the queue line is empty until time 21s. Then the size of the queue line increases 
rapidly, because there are packets waiting for transmission (between the workstation and the data server). The 
workstation tries to send these packets which were shown in Figure 10 (b). Once the transmission link is established, 
the workstation begins transmitting packets in the queue. Then, the queue size and the retransmission curve are 
reduced automatically. 
 

MSDU aggregation mechanism evaluation 

In this section, we have studied the influence of the A-MSDU aggregation mechanism on throughput (figure 2). Figure 
11 shows the resulting throughput by increasing the frame size of A-MSDUs, using the MIMO-OFDM technique 
(1×1×1) on a 40MHz channel. Thus, only the A-MSDU aggregation mechanism is used in a network comprising one 
station. It is observed that the throughput resulting from the A-MSDU aggregation mechanism increases with the 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

390 

increase of aggregation size. We also note that the throughput stabilizes at around 56Mbits/s. This relates to the 
physical bit rate which is 65Mbits/s. 
 

 
 

Fig 11.  WLAN throughput based on A-MSDU size. 

 

MPDU aggregation mechanism evaluation 

The influence of the A-MPDU aggregation mechanism on throughput will be evaluated in this section, using the same 
previous topology (figure 2). Figure 12(a) and   12(b) show the variation of the throughput according to the size of 
the A-MPDU frame, on a MIMO (1x1x1) and MIMO (3x 3x3) system respectively, for 40MHz channel. As shown 
infigure 12(a), we observe that the throughput increases with the increase of A-MPDU frame size until stabilization 
at around 57Mbit/s and this for an A-MPDU frame size equal to 32767 and 65535 bytes. After having exceeded this 
threshold (32767 bytes), it is observed that the bit rate stabilizes even with the increase in the A-MPDU frame size. 
These results are hardly surprising, since we use in this simulation a MIMO technique (1x1x1), thus, a peak physical 
speed of 65Mbits/s. In other words, the amount of data that comes from the MAC layer to the physical layer cannot 
be contained by the latter. If we follow the indications of figure 12 (b), we observe that the throughput reached 
62Mbit/s and with an A-MPDU frame size of 65535 bytes and this shows that we had an increase in throughput 
compared to the previous simulation that used the same A MPDU size. So, we obtained this increase in speed 
because the physical layer integrates the MIMO (3×3×3), which offers a physical speed of 65Mbits=s. To summarize, 
the A-MPDU aggregation mechanism used at the MAC layer implies the use of a MIMO technique (3x3x3), at the 
physical layer, to take advantage of MAC improvement (AMPDU). 

 

Fig 12. WLAN throughput based on A-MPDU: (a): MIMO(1x1x1) with 40 MHz, (b): MIMO (3x3x3) with 40MHz 
 

CONCLUSION 

In our paper, we have based on the performance analysis of the IEEE 802.11n standard. We have proposed many 
scenarios of WLAN networks to evaluate the performance of IEEE 802.11n standard. We have studied the influence 
of the size of the MSDU and MPDU frames, which have been used by the MIMO system at physical layer, on the 
performance of IEEE 802.11 n standard in term of throughput and delay. Simulation results show a significant 
decreasing in the performance of the IEEE 802.11 n standard when the aggregation mechanism is not activated at 
the MAC sub-layer. Our study shows that the physical rate will be high, if the MIMO system (3x3x3) has been used. 
The application of the two aggregation mechanisms defined in the IEEE 802.11n standard allow a significant level of 
improvement and constitute an effective solution for the improvement of throughput with the use of an appropriate 
MIMO system. Finally, to take advantage of the broadband offered by the MAC enhancement, which is the 
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aggregation, it is necessary to choose suitable MIMO system at the physical layer. 
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ABSTRACT  

The amount of energy generated by Conventional power plants varies from time to time. Surplus energy sometimes 
create uncertainties to spend where. Energy storage technologies always draw attention of researchers when it 
comes to store excessive energy generated at peak hours. It is expected that the role of energy storage systems will 
become much more important in the future. Every energy storage system requires feasibility, availability and reliability 
in detail before It is installed. Storage technologies are currently under development. In this paper, a pump hydro 
energy storage system with a multistage centrifugal pump is designed for purpose of buildings. 

Keywords: energy , storage , pump, electricity    

 

INTRODUCTION 

The need of energy increases due to technologies developments and increasing world's population. Fossil energy 
resources needed to produce energy at conventional power plants are rapidly reducing. Therefore energy efficiency 
and energy storage technologies get a key point for many scientists who work on energy.  

A PHES serves to stabilize the electricity grid through peak shaving, load balancing, frequency regulation, and 
reserve generation. A PHES plant is generally equipped with pumps, drives, pipeline, control valves and generators 
connecting an upper and a lower reservoir. The pumps use relatively cheap electricity from the power grid at off-peak 
hours to transport water from the lower reservoir to the upper one to store energy. During periods of high electricity 
demand (peak hours and when electricity is expensive), water is released from the upper reservoir to generate 
power.[1]  

 

Turbo-machines in PHES 

 A PHES consists of a pump, a turbine, a generator, pipeline, control valves and other equipment. Reversible pump-
turbines can also be used: the system consists of a reversible hydraulic machine, a fixed coupling and a motor-
generator for storing and producing energy. In this system there is only one hydraulic machine, which works as either 
a pump or a turbine (with flow direction reversed), and one electrical machine, which works either as a motor or a 
generator [2]. 

The most used standard pump-turbine is the centrifugal and diagonal types and it must be furnished with special 
electrical equipment that allows variable speed in order to cover the required operating range in both modes of 
operation[2]. 

 

MATERIALS AND METHODS   

Proposed Phes Model For Buildings 

In this model, water is transported from lower reservoir to upper reservoir through a centrifugal pump driven by  
electric motor. The storage tank is on the  roof of a 5 storey building. The storage has volume of 50m3 and is at a 
height  of 20m.The lower  reservoir can hold water up to 50 m3.A multistage pump is  deployed to pump water  to the 
upper reservoir. This pump is used as a turbine in the system. 

This pump has a shaft power of 1HP, a shaft speed of 2888RPM, a maximum flowrate of 4,4 m3/h and a maximum 
pump head of 500kPa. 

It is planned that the multistage centrifugal pump operation points are 3,13 m3/h and 312kPa with 2888RPM and 
50Hz.This pump is operated for 8 hours  every night during off peak hours. 
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Pump Power Calculations 

𝑃𝑃 = (𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄𝑃)/(𝜂𝑃 ∗ 𝜂𝑒.𝑚)                                                                                                     [3] 

𝑃𝑃: Pumping power(W) 

ρ: Density of water (kg/ m3) 

g: Acceleration of gravity(m/ s2) 

H: Water  Head in meter(m) 

ηp : Pump efficiency 

ηe.m: Electric motor efficiency 

𝛥𝑃 = 𝐻 ∗ 𝑔 ∗ 𝜌 

ΔP=312kPa 

H=312*1000/(9,81*998) 

H=31,8m 

Qp=3,13 m3/h 

ηe.m:0,74 (from motor producer) 

ηp :0,8(from pump producer) 

𝑃𝑃 = (𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄𝑃)/(𝜂𝑃 ∗ 𝜂𝑒.𝑚) 

PP= 9,81*998*31,8*3,13/3600/0,74/0,8 

PP =457W 

 

Turbine and Generator Calculations 

𝑃𝐺 = 𝜌 ∗ 𝑔 ∗ 𝐻 ∗ 𝑄𝑇 ∗ 𝜂𝑇 ∗ 𝜂𝐺                                                                                                        [3] 

QT=3,3 m3/h 

HT=20m 

ηT =0,7 

ηG =0,9 

PG=998*9,81*20*3,3/3600*0,7*0,9 

PG= 113W 

η= PG/ PP 

η=113/457=0,24=%24 

 

Layout of the PHES 

Turbine manufacturers are unwilling  to produce hydraulic turbines for low power applications One solution is to utilize 
a pump in reverse mode, a technique known as Pump as Turbine (PAT). For PHES this is especially convenient, as 
two components (the pump and the turbine) can be replaced by a single one. Data of PATs is usually not provided 
by pump manufacturers [4]. 
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Fig. 1. Layout of PHES 

RESULTS AND DISCUSSION 

The power generated by  a multistage centrifugal pump as a reverse turbine is adjusted and varies. So it is important 
to carry out further tests to evaluate the efficiencies of multistage centrifugal pump as a reverse turbine. Probably 
adding some equipment to the PHES system could increase efficiency of the system. In the near feature centrifugal 
pumps can efficiently work in turbine mode without any challenges. 

 

CONCLUSIONS 

In buildings, It seems possible that centrifugal pumps can be used as a turbine to generate electricity. In that way, 
investment cost of the pump hydro system can be significantly reduced. Moreover a centrifugal pump can be a 
reasonable option as a reverse  hydraulic machinery. Nonetheless, the efficiency of centrifugal pumps  tend to reduce 
when electricity  generating. Because, Centrifugal  pumps are primarily designed to transport fluids. 

Adding a VFD to the PHES system is good selection. Because, it can reduce energy consumption during pumping 
period of times  and  regulate electricity frequency. 

 

NOMENCLATURE  

PAT     Pump as Turbine  

PHES     Pump Hydro Energy Storage 

VFD       Variable Frequncy Drive 
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ABSTRACT  

Ice thermal energy storage (ITES) systems are one of the applications that will significantly reduce the cost of cooling, 
balance energy supply and demand profiles and shave peak loads. In this study, ice storage tanks, one of the most 
important elements in ITES systems, has investigated thermodynamically. In the experimental study different ambient 
conditions, different charging temperatures (-8, -10, -12 °C), the effects of different storage medium volumes (0,1, 
0,2, 0,3, 0,4, 0,5 m3) on the ITES system has been investigated. As a result of the study, it has been determined that 
the increase in the storage volume in addition to the decrease in the storage temperature increases the capacity from 
tank. In addition, exergy destruction increased with decreasing storage temperature both charging and discharging 
periods. However, since the decrease in storage temperature causes a significant increase in viscosity in heat 
transfer fluid (HTF), there is a decrease in exergy destruction at low storage medium volume at low temperature. 

Keywords: Thermal energy storage, Ice thermal energy storage, energy analysis, exergy analysis  

 

INTRODUCTION 

Buildings are responsible for more than one-third of the global energy consumption. In the past, the largest share of 
energy consumption in buildings was from heating, but nowadays the share of cooling and fresh air has increased 
significantly due to factors such as increasing global warming, increasing population, increasing the time spent in 
buildings and the number of activities. Therefore, it is one of the most significant contributors to electricity demand 
profiles as cooling systems are operated simultaneously on a daily, weekly and seasonal basis. In addition, the use 
of cooling systems coincides with daylight hours when electricity prices are high in many countries. As a result, 
meeting cooling demands is both costly for users and significantly increases grid energy demands. Ice thermal energy 
storage (ITES) systems provide unique advantages in cooling applications to solve these problems. 

One of the most significant system components in ITES systems is the storage tank, especially for encapsulated ITES 
systems. In the present experimental study, the influence of the tank porosity on the thermal performance of the ITES 
system is investigated thermodynamically. 

 

MATERIALS AND METHODS  

Fig. 1. demonstrates the experimental setup, which is consisted of the ice storage tank, cooling unit, heat exchanger, 
pump, electricity meter, thermocouples, flowmeters, pressure sensors, datalogger, computer and installation 
elements. A 40% ethylene-glycol solution is used as the HTF in the system. The schematic representation of the 
experimental setup has given in Fig. 2. The operating periods are controlled with the valves.  
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Fig. 1. The view of the experimental setup (1: ITES tank, 2: Charging pump, 3: Flowmeter, 4: Discharging pump, 5: Collection 
tank, 6: Computer, 7: Datalogger, 8: Electric meter, 9: Heat Exchanger, 10: Cooling Unit) 

 

Fig. 2. The schematic representation of the experimental setup 

 
Experimental Procedure 

All the experiments in the scope of the study were performed in two stages. Firstly, the energy charging experiment 
was performed, followed by the energy discharge periods. In the energy charging periods, the temperature of HTF 
was set as -8 °C, -10 °C, -12 °C, respectively along with the flow rate. At these temperature values, capsules that 
had volumes of 0.1, 0.2, 0.3, 0.4, and 0.5 m3 were placed in the tank, and experiments were performed.   

Some assumptions were made during the evaluation of the experiments and are given below. 

• The heat loss from the tank to the environment was neglected. 

• The fluids were incompressible. 

• The phase changes in the evaporator exchanger and condenser occur under constant pressure  

   in the refrigeration cycle. 

 

RESULTS AND DISCUSSION 

Effect of the Number of Ice Capsules on Energy Exchange 

The energy change graph of the ITES tank is given in Fig. 3. according to the storage medium volume. As expected, 
the increase in the storage medium volume caused an increase in the energy exchange in the tank during the storage 
period. 

 

Fig. 3. ITES tank energy change graph according to storage medium volume a) charging periods b) discharging periods 
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The amount of energy obtained increased with increasing storage medium volume. However, the duration was 
prolonged both in the energy storage period and in the energy discharge period because the volume of HTF 
decreased in the ITES tank. 

 
Effect of the Number of Ice Capsules on Exergy Destroyed 

The exergy destroyed graph of the ITES tank is given in Fig. 4. according to the storage medium volume during the 
energy charging period. The increase in the storage medium volume increased the exergy destruction as expected. 

 

 

Fig. 4. ITES tank exergy destroyed graph according to storage medium volume a) charging periods b) discharging periods 

Exergy destruction increased with increasing storage medium volume. The decreased storage temperature 
increased the exergy destruction in the discharge period. 

 

CONCLUSIONS 

This article examines the storage tank, which is one of the most important system elements of ITES systems, 
thermodynamically. With increasing storage volume and decreasing storage temperature, both the cold capacity 
obtained from the tank and the exergy destruction increased. 
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NOMENCLATURE  

E Energy changing (kWh) 
Exd Exergy destruction, (GJ/kg) 

Subscripts 

ITES Ice thermal energy storage 

HTF Heat transfer fluid 
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ABSTRACT  

The 3D numerical study of the melting process of the phase change material (PCM) in the Triplex Tube Heat 
Exchanger (TTHX) was discussed in this research. This research has key intentions to appraise the effect of different 
arrangements of radial fins or a section of them on the fusion process and compare it with conventional TTHX with 
longitudinal fins. The results indicate that the fin radius and its number along the heat exchanger length should be 
optimally selected to increment the heat transmission and heat penetration depth to the PCM. Using a sector of the 
radial fins instead of full radial fins causes an excellent distribution of the heat transmission surface of the radial fins 
along the length and radius of the heat exchanger. This leads to an increase in local heat transfer in areas with a 
lower temperature gradient, ultimately reducing the melting time and creating a more uniform melting along the length 
of the heat exchanger. TTHX with sector fins indicates a 15.57% reduction in fusion time compared to TTHX with 
longitudinal fins. 

Keywords: Phase change material, Triplex tube heat exchanger, Melting process, Segmented radial fins  

 

INTRODUCTION 

PCMs, due to their absorption or release of a high thermal amount over the phase transition, are widely used in 
energy storage systems. Latent thermal storage systems equipped with PCMs have low melting and freezing rates 
because these materials have low thermal conductivity. One of the several options to beat this limitation is to augment 
the heat transfer areas between the heat transfer fluid (HTF) and the PCM. For this purpose, using expanded 
surfaces, i.e., fins, and the geometric shape of heat exchangers, especially using triplex-tube heat exchangers 
(TTHX), is common. Vast structures of fins include rectangular/longitudinal, radial/circles, and triangular [1]. 
Researchers have also investigated other shapes of fins, such as V-shaped fins, Y-shaped fins, spiral fins, and 
perforated fins [2-5]. Their characteristics, such as thickness, length, and distance pitch, have also been investigated. 
In addition, full radial fins or particular forms of them have also been widely used in various industries. Serrated fins 
are an example of complex and particular-form radial fin structures used in heat exchangers. These fins are used in 
heat exchangers and energy recovery in different temperature ranges. Some research has been done on the 
applications of serrated fins in heat exchangers, such as investigating pressure drop and thermal behavior in 
economizers and moist air condensation [6, 7]. Investigations on energy storage systems, especially horizontal 
TTHX, show that there is little research on using radial or sector fins. Therefore, this research has tried to consider 
the use of radial or segmental fins as an introduction to the use of serrated fins in energy storage systems and to 
compare the amount of energy storage with conventional longitudinal fins in TTHX.  

 

PHYSICAL MODEL AND NUMERICAL APPROACH  

The 3-D geometry of the TTHX studied is shown in Fig. 1. All the sizes of the TTHX were according to the 
experimental work by Al-Abidi et al. [8].  As depicted in Fig. 1, HTF at 90 °C is pumped into internal and external 
tubes, and PCM occupies the space of the middle tube. The total mass flow rate was 8.3 lit/min, evenly distributed 
between the inner and outer tubes.  

The governing mathematical equations, including mass and momentum conservation equations for water and PCM, 
are given in the following. The kw SST model [9] is chosen for predicting the turbulent flow regime based on the 
calculated Reynolds numbers. The assumptions on the phase change process of PCM, for instance, laminar and 
incompressible flow, are assumed to simplify the simulation. The Boussinesq approximation is applied to estimate 
density variations in buoyancy force as a stimulus factor for natural convection currents. The PCM's thermophysical 
properties are assumed to be constant under variable temperatures.  

 

(1) 
𝜕(𝜌)

𝜕𝑡
+

𝜕

𝜕𝑋𝑖
(𝜌𝑢𝑖) = 0 
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(2) 
𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑋𝑖
(𝜌𝑢𝑖𝑢𝑗) = 𝜇

𝜕𝑢𝑖
𝜕𝑋𝑗𝑗

−
𝜕𝑃

𝜕𝑋𝑖
+ 𝜌𝑔𝑖 + 𝑆𝑖 

(3) 
𝜕(𝜌ℎ)

𝜕𝑡
+
𝜕(𝜌∆𝐻)

𝜕𝑡
+
𝜕(𝜌𝑢𝑖ℎ)

𝜕𝑋𝑖
=
𝜕(𝐾𝜕𝑖𝑇)

𝜕𝑋𝑖
 

(4) 𝑆𝑖 = 𝐴(1 − 𝛽)2
𝑢𝑖

𝛽3 + 휀
 

In the above equarions, H illustrates the total enthalpy of the substance obtained as the aggregate of the sensible 
enthalpy ℎ and the enthalpy variations of the latent heat of the substance (∆H). Si is the source term [10] in which A 

is the mushy number and, 𝛽 represents the volume fraction of the liquid. 

 

VALIDATION  

The numerical simulation efficiency is evaluated using experimental data of Al-Abidi et al. [8]. The outcomes of this 
comparison can be seen in Fig. 2, which is validated with an average error of 2.7%. The whole melting time for this 
geometry is numerically obtained as 101.15 minutes, which is considered as a basis to compare other investigations 
in this study. 

 

 

 

 

Fig. 1. Different views of the TTHX equipped with radial fins 
Fig. 2. Verification of the numerical simulation for average 

temperature in comparison experimental work [8]. 

 

 

RESULTS AND DISCUSSION 

Analysis of the number of radial fins in TTHXs 

Fig. 3 shows the phase change time of different geometries according to table 1 are given compared to the TTHX 
with longitudinal fins. The results show that in cases 1 to 3, increasing the number of fins causes an improvement in 
the phase change process. Investigations show that the excessive reduction of the radius of the fins is due to the 
reduction of the depth of heat penetration into the PCM, which causes a delay in melting in these areas. 
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Table .1. Geometrical characteristics of studied heat exchangers 

10 9 8 7 6 5 4 3 2 1 Case Number 

36 36 18 18 20 18 14 10 9 7 The number of inner fins 

36 18 18 18 20 18 14 10 9 7 The number of outer fins 

13 13 27 27 24 27 36 24 27 36 
interval between two 
sequential fins (mm) 

21.2 21.2 10 21.2 12.6 14 18 25.2 28 36 d (mm) (inner fin radius) 

9 9 16.6 9 12.6 14 18 25.2 28 36 D (mm) (Outer fin radius) 

 

1.  

2.  

3.  

Fig. 4. Stored energy for different cases Fig. 3. Melting time for different cases 

 

Altering the relative positions of inner and outer radial fins 

The relative positions of the internal and external radial fins are analyzed. The radially inward and outward fins are 
placed in front of each other in cases 4 to 6. The geometric parameters of these cases are analogous to those in 
cases 1 to 3. As the data in Fig. 3 suggests, a slight reduction of melting time exists in the new series of geometries 
relative to the former series. However, altering the relative position of the internal and external fins is not a decisive 
factor in melting enhancement since the highest decrement observed in the melting time is 3.8%. 

 

Analyzing the effects of relative radius variation of the radially inner and outer fins 

The next parameter to be investigated is the relative variation of internal and external fin radii. Under the data 
presented in Fig. 3, incrementing the inner fin radius concerning the outer fin leads to a better phase change time. It 
must be pointed out that the area available for heat transmission from the internal HTF flow to the PCM is smaller 
than the external HTF flow. Despite this, the average temperature of the internal boundary of the PCM is higher. 
Accordingly, the total heat transfer to the PCM improves if the heat transmission area of the inner surface is 
increased. However, relative variation of the inner and outer fin radii is not a decisive factor since the decrease in 
melting time is 1.88%. 

 

Employing serrated fins instead of full radial fins 

The next parameter to be examined is the replacement of a circle sector instead of a complete radial fin. As evident 
in Fig. 3, the melting time of the PCM has been improved sue to the installment of sector fins on the inner boundary 
(case 9) or on both inner and outer boundaries (case 10). Fig. 3 shows that segmenting the fins reduces the melting 
time for cases 9 and 10 by 7.2% and 15.67%, respectively, compared to a reference case. By segmenting the fins, 
the number of fins and the area of heat transfer in different zones of PCM increase locally. This arrangement of fins 
increases conductive heat transfer at the early time intervals of the phase change and subsequently creates a better 
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convective flow in the axial and radial directions. According to previous studies, the weakness of the melting process 
in the lower part of the tube is partially removed due to segmenting the fins and placing a larger number of them in 
the lower part of the tube. It is observed that the melting happened faster in the lower districts of the tubes, and the 
convection flow near the fin areas was pushed upwards. Fig. 4 also shows the amount of energy received by the 
material for cases with better performance in their category up to the melting time of 80 minutes. Cases 9 and 10 
show an increase of 1 and 2.57% in absorbing energy with the segmentation of fins, respectively. 

 

CONCLUSIONS 

This paper investigated the fusion process of (RT82) in a TTHX with radial fins. As regards the numerical analysis, 
the following results have been obtained: 

• The buoyancy force makes the fusion process faster in the PCM chamber's upper section, while the lower sections 
are feeble in the fusion process. 

• The fusion process depends on the fin number and radii. The positions of the inner and outer radial fins and the 
relative radius variation of the radially inner and outer fins slightly influenced the fusion process.   

• Segmenting the radial fins increases the conductive heat transfer at the initiation of the fusion process and 
accelerates the natural convection in the rest of the fusion process. 
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ABSTRACT  

Battery technology clearly is a multi-disciplinary area which includes energy, material, mechanical, electrical, and 
chemical engineering majors in all its areas in R&D, manufacturing, engineering, and applications sectors. The 
applications of batteries are ranging from electronic personal devices, electric vehicles (EV) to solar farms. That is why 
the advanced countries has introduced battery related research direction among the top priority ones. Recent highly 
promising advances in interactive optimization, machine learning (ML), and simulation lead us toward proposing a 
comprehensive scheme to utilize the full capabilities of analytical and data-driven models to make a system which 
supports next-generation battery research and technology by keeping expert-user in the loop of ML, simulator, and 
optimizer components. In this paper, we will explain in detail the proposed scheme and their components’ specifications 
with corresponding collaborations. The introduced scheme can address conflicting design objectives simultaneously 
when it satisfies the functional and non-functional constraints. We believe that designing and developing such a 
comprehensive system can bring a huge benefit to research and technology development communities by tackling the 
battery design by using an end-to-end system, which not only uses the-state-of-the-art optimization, ML, and simulation 
algorithms, but also utilizes human knowledge and the knowledge hidden in the collected real-world big databases.  

Keywords: Battery, Optimization, AI, Machine Learning, Simulation, Human Interaction, End-to-End System.   

 

INTRODUCTION 

Optimal designing of a battery for a specific application is a challenging task, specially when we consider several 
conflicting objectives simultaneously, such as, cost, safety, capacity, performance, charging time, lifespan, and 
recycling. It gets more complex when we know that the decision variables cover material type, geometrical shape, 
chemical properties, electrical properties, and control parameters, which unfortunately, all are strongly correlated and 
non-separable.   Generally speaking, our AI/ML, optimization, and simulation models can be analytical, data-driven, 
or hybrid. The hybrid models use analytical and data-driven approaches at the same time. When developing an 
analytical model is impossible or very hard, the data-driven models are used to tackle a high complexity by leaning 
from a collected real-world data. In this paper we introduce a human-in-the-loop hybrid-augmented system which 
utilizes power of triple successful components, i.e., optimization, simulation, and machine learning. Three real-world 
databases (if available) are used to support making data-driven models for the optimizer, simulator, and/or machine 
learning. After physical designing and building of a specific battery; its qualities are assessed, recorded, and shared 
with all other components to learn from as the most trustable data.  The gap between simulation results and real 
verification will be discovered and investigated for further improvement of the system.  Nowadays, the-state-of-the-
art algorithms in optimization and deep learning areas are shown very promising results on solving real-world 
complex problems; so, it is expected that, using them in our proposed scheme would able us to employ them toward 
advancement of research and development of battery-related technologies. It seems we are faced with an interactive, 
expensive, many-objective, mixed-type, highly-constraint, and multi-level optimization problem. In this paper, we 
propose designing and developing a comprehensive system which not only uses the-state-of-the-art optimization, AI, 
and simulation techniques, but also utilizes human knowledge and data-driven knowledge stored in the collected 
real-world big databases over the many years of conducted real experiences. 

 

PROPOSED COMPREHENSIVE END-TO-END SCHEME  

The Fig. 1 illustrates the proposed comprehensive scheme; it consists of five main components in a fully connected 
loop, namely, Simulator (Sim.), Optimizer (Opt.), Machine Learning/AI (MLAI), Expert-Human (Exp.), and Real-
world Verification (Ver.). The components of this system will collaborate closely to provide all required information and 
knowledge by other components.  All of five main components are crucial key role players to complete design of a 
battery for a specific application, ranging from application in an eclectic vehicle to a power plant. In addition, there are 
five main real-world collected databases which the mentioned main five components utilize them for building and 
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improving their internal data-driven models. We explain the scheme’s main five components and their corresponding 
databases as the follows:  

A. Simulator (Sim.):  We believe that the most complex component of this system is the current component, 
which can be integration result of several simulators. How much the simulation results are close to the real-
world verification (Ver.) results is very crucial success factor of the system. The simulator should be more 
tailored to the type of the battery and its specific targeted application. This simulator is taking the responsibility 
of objective functions evaluation for the optimizer (Opt.), and the surrogate models utilized by the optimizer 
should replace simulation after a while to create cheap function evaluations to reduce the time-consuming 
expensive simulation runs. The Sim. will guide the Opt. on the solution search space, and any high error rate 
on the simulation can easily divert optimizer from the suitable solutions, and there is no way for the optimizer 
to recognize it; so, the role of the simulator is extremely important in this system. The simulator should also 
support a very advanced visualization and results reporting system to the Expert-Human (Exp.) which will allow 
him/her to interact with the simulator to help it using his/her valuable knowledge. There are some commercial 
battery simulators [1,2], but it seems still there is a big room to work on developing more comprehensive 
simulators in this field.     

B. Optimizer (Opt.): In order to handle highly complex optimization cases, this optimizer should be a black-box 
optimization algorithm with the capabilities of solving expensive [3], large-scale [4,5], many-objective [6,7], 
mixed-type, highly-constraint, and multi-level [8] optimization problem effectively. This optimizer will work in a 
coupled way with the Sim. to pass design decision variables vector ([x1,x2,…,xn], xi can be an integer, real, or 
categorical variable)) to it and receive vector of objective values ([f1,f2,…,fm], fi is an objective function which 
should be minimized or maximized). Each function evaluation for the optimizer is equivalent to one time running 
of the simulator, which would be the most time-consuming part of the process, that is why an expensive 
optimization is highly expected. The optimizer should support at least the bi-level optimization, because the 
outer-level would address the structural design optimization and the inner-level the optimization of decision 
variables; the optimizer should be able to handle equality and inequality constraints properly. The best 
candidates for this component would be many-objective, multi-level, evolutionary algorithms with proper 
surrogate models to handle expensive optimization cases. On top of the all, the optimizer should strongly 
support an interactive optimization [9] which means using the expert-human’s (Exp.) feedback (knowledge) 
during the optimization process. By providing the sample design, constraints, selection or ranking of candidate 
solutions, control parameter settings, etc. Exp. will collaborate with the Opt. to enhance an efficient and effective 
optimization process.   

C. Machine Learning/AI (MLAI): AI and Machine learning techniques are shown very successful in building data-
driven models, which can be utilized in our battery design system to learn design rules and patterns and/or 
generating a recommendation system to help optimization and/or simulation processes. In fact, the discovered 
knowledge by ML can be transferred to other components to improve their performances. Depends on problem 
specifications and size of the available data various learning methods can be utilized, such as deep neural 
networks [10] or reinforcement learning [11]. Based on our previous experiences with a small size training data; 
the Genetic Programming (GP) has shown very promising results [12]. Discovering design rules by AI and/or 
machine learning based innovization techniques [13] can play an important role in battery design process. 
Interaction of the MLAI and Exp. can cause creating of high-quality results.  

D. Expert-Human (Exp.): Interaction of expert user with the optimizer, simulator, and machine learning 
components can be very beneficial to accelerate the process of leaning, search, and optimization. Any feedback 
from an expert user would be based on many years’ experience and human-knowledge which will help system 
to converge designing a battery which meets functional and non-functional requirements and expectations. 
Indeed, it would be possible when the other components (i.e., Opt., Sim., and MLAI) provide an enhanced 
comprehensive facility for a proper human-computer-interaction (HCI) [14]. The range of the Exp. feedback to 
the components is very wide, to name some, ranking the candidate solutions, parameter settings, providing 
design requirements, sample high-quality designs, defining design constraints and limitations, defining expert 
rules, and defining test cases can be considered as the major ones.     

E. Real-world Verification (Ver.): When the Opt. under the supervision of the Exp. meets the termination 
condition, and the Exp. selects some non-dominated design solutions from the Pareto-front resulted from the 
many-objective optimization, then, that is time to physically make them and conduct verification tests on the 
built cases. After collecting all required information and numerical data, now, we have a set of trustable 
information to save in the corresponding databases (i.e., Ver.DB, Opt.DB, Sim.DB, Exp.DB, and MLAI.DB). 
The other models will use this trustable information to fine tune their models accordingly. For example, the 
simulator can make the gap between real-case and simulated model smaller and smaller over the time.  
The Sim.DB, Opt.DB, MLAI.DB, Exp.DB, and Ver.DB are external databases which will be used by the Sim., 
Opt., MLAI, Exp., and Ver. components, respectively.  
In this section, we explain data and/or information which is submitted from one component to another one as 
the follows: 
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1) Opt. → Sim.: The vector of design decision variables and components which simulator needs for the battery 
simulation. 

2) Sim. → Opt.: The vector of objective values. 
3) Opt. → Exp.: All required visualization and numerical results during HCI process.  
4) Exp. → Opt.: Ranking the candidate solutions, parameter settings, providing design requirements, sample 

high-quality designs, defining design constraints and limitations, defining expert rules, discovering the design 
rules during innovization process, decision making after optimization to select subset of non-dominated 
solutions from Pareto-front set.   

5) Sim. → Exp.: All required visualization and numerical results during HCI process. 
6) Exp. → Sim.: Setting simulation parameters and providing test cases.  
7) Opt. → MLAI: Numerical and analytical information.  
8) MLAI → Opt.: AI or ML based recommendation and knowledge transfer to enhance optimization process. 
9) Sim. → MLAI: Numerical results of simulation to enhance ML models.  
10) MLAI → Sim.: AI or ML based recommendation and knowledge transfer to enhance simulation process. 
11) Opt. → Ver.: Optimal design of the battery.  
12) Ver. → others: Sharing verification test results of physically built battery with all other components and 

corresponding databases.  
 

 

Fig. 1. Diagram of the proposed end-to-end scheme. Its main components and corresponding data and information passing are 
illustrated.   

CONCLUSION REMARKS 

In this paper, a comprehensive end-to-end scheme is proposed for designing of a battery based on application 
requirements and specifications.  The main components of the scheme have been explained in their general forms to 
support universality of the proposed scheme. In this scheme, the interactive simulation and interactive optimization 
processes work under supervision of an expert-human to facilitate design process. The pair of optimization-simulation 
is a natural way of utilizing the powerful capabilities of optimization and simulation simultaneously. The simulator will 
play a pivotal role in this process and developing a more accurate simulator would be success secret of the whole 
system. As the same level of importance, the optimizer will play a crucial role in this process. The optimizer should be 
able to handle large-scale, many-objective, bi-level, and expensive optimization cases properly.  The proposed end-to-
end scheme in the paper illustrates the roadmap toward building a system which can employ the full power of several 
collaborative complementary components, namely, AI, ML, optimization, simulation, and human-knowledge in the 
benefit of the next-generation battery research and technology.  
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ABSTRACT  

In this paper, an evacuated tube solar collector is used with supercritical CO2 to increase the efficiency of the solar 
collector. The critical temperature and pressure of CO2 are 31.1°C and 7.38MPa, respectively. The pressure and 
temperature of the working fluid, which is CO2, increased with the help of a pump and evacuated tube collector. The 
maximum temperature achieved in this is around 188.2°C, and pressure is 9MPa after leaving the collector. Overall 
efficiency, winter efficiency, and non-winter efficiency of collector come around 37.64%, 41.31%, and 35.81%, 
respectively. The result shows that the collector has high efficiency in winter as compared to non-winter seasons. 
The energy which is stored in supercritical CO2 is used for generating electricity and for heating purposes/refrigeration 
or air conditioning. Maximum QHRS is 999.98W in May because of the high solar irradiance in May month of the 
year. The exergy analysis of the solar evacuated tube collector is also studied in this paper. Furthermore, the heating 
and cooling of systems are also compared. Heating in winter and cooling in non-winter come to around 717.60W and 
564.88W, respectively.  

 

INTRODUCTION 

In our daily life, it is evident that CO2 is easily available and is present in high quantities. CO2 is nontoxic, has a higher 
volumetric quantity and is cheaper. Most of the energy that is being used presently comes from fossil fuels, but 
nowadays, the world is moving toward a non-conventional source of energy which is environment friendly. Solar 
energy is the best example of a non-conventional source of energy. Solar energy is easily available over the entire 
earth's surface, and it can be harnessed in many ways, such as solar heating, solar thermal energy, photovoltaic cell, 
etc., and it is used for the heating purpose or in electricity generation. Earth's upper atmosphere receives about 
174PW of solar radiation, and only 70% of it reaches the earth's surface, while the remaining 30% is sent back into 
space by the outer atmosphere. With the combination of solar energy with the CO2-based Rankine cycle, the 
performance of the solar energy-based systems can be enhanced. 

 

MODELING AND ANALYSIS  

The proposed CO2-based Rankine cycle for power generation, space heating and refrigeration system consist of several 
elements such as a pump, evacuated tube collector, turbine, high-grade heat exchanger and a condenser, as shown in 
fig. 1. CO2 is used to flow inside this loop because of the certain useful properties which are already discussed earlier. 
The critical temperature and pressure of CO2 are 31.1°C and 7.38MPa, respectively, which is much lower than any 
other fluid, e.g., water. 

 

Fig. 1. Illustrative diagram of the tCO2 Rankine cycle. 
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RESULTS AND DISCUSSION 

In this study, the focus is on the ambient conditions of Delhi. Solar radiation for Delhi is also given, and according to 
these two variables, the other performance parameters can be calculated. The inlet and outlet pressure for the 
collector is known; therefore, Qcoll (heat absorbed by the collector) can be calculated. In Fig.  2, Tamb (ambient  

 

temperature) and solar irradiance are given for each month. Both of them affect the performance of the solar 
evacuated tube collector. Maximum solar radiation and ambient temperature for Delhi are 754W/m2 and 46.5°C, 
respectively. After the collector, the heated CO2 is fed into the turbine and used for the generation of electricity, and 
only a few portions of heat energy are converted to electricity at the cost of pressure reduction. A major portion of 
heat energy is used up by a heat removal system, where it is used either by a heat pump during winter or by a 
refrigeration system during the non-winter season. Turbine output, heat removal system, etc., depending on these 
variables.  

 
Fig.  1. Monthly solar radiation and ambient temperature 

 

Fig.  2. Monthly collector efficiency and temperature at collector outlet. 

It is clearly seen from Fig.  3 that the collector's efficiency decreases from January to June, but after that, it slightly 
increases and then decreases up to October and then again increases. The collector's efficiency is more in winter 
and less in the non-winter seasons. During the winter season, the solar irradiance that the collector absorbs is low 
as compared to the non-winter seasons because solar irradiance is less in winter compared to the non-winter season. 
Due to this, collector output temperature is not very high, i.e., the minimum temperature in winter is 108.65°C, and 
the maximum in summer is 178.76°C. The temperature difference between the collector outlet and ambient in winter 
is less as compared to summer, which is why heat loss in winter is less, due to which collector efficiency is more in 
winter as compared to non-winter seasons. 
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Fig.  3. Monthly turbine work output and heat recovery 

Work done by the turbine and QHRS increases as solar radiation and ambient temperature increase. As represented 
in Fig.  4, the Maximum QHRS is 999.98W in May, but after that, it decreases a little bit due to the monsoon season 
and then again increases in August, followed by a decrement due to the decrease in solar radiation. 

 

Fig.  4. System output for winter and non-winter seasons. 

 

The heat absorbed by the collector is more in the non-winter season; that’s why work done by the turbine and heat 
extracted by the heat recovery system is high in non-winter seasons. The QHRS from the heat recovery system is 
used for heating applications in winter and for cooling applications in non-winter seasons. Average work done by 
turbine and QHRS in winter is around 88.19W and 717.60W, respectively and 131.73W and 925.56W in the non-
winter season. 

 

Fig.  5. Power output for winter and non-winter seasons. 

The heat removed from the heat recovery system is higher for non-winter seasons and low for winter, but the output 
of the cooling application is less as compared to the output of the heating application, as shown in Fig.  6. This is 
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because of higher COP of the heat pump as compared to COP of refrigeration system, i.e., 1.2 and max 0.6 
respectively. So, it is more beneficial if the system is used for heating purposes during the winter season. 

 

Fig.  6. Monthly variation of energy efficiency 

A heat pump is used during winter seasons, and a refrigerator is used during non-winter seasons; therefore, the 
heating and cooling efficiency are used during winter and non-winter seasons, respectively, for system evaluation. 
As shown in Fig.  7, energy efficiency during winter is higher during winter because heat pumps have higher COP 
than refrigeration mode. The variation of exergy somehow acts differently from the energy analysis with respect to 
all the months. Its variation almost remains the same throughout the year. Firstly, it decreases and then increases, 
as shown in Fig.  8. 

 

Fig.  7. Monthly variation of exergy efficiency 

 

CONCLUSIONS 

In this report, a numerical formulation on the evacuated solar collector is carried out for the Delhi region, in which solar 
energy is powered by the Rankine cycle using CO2 as a working fluid. 

• Maximum turbine output Wt =142.72W is achieved in May due to maximum solar radiation, and the efficiency 
becomes minimum due to the high temperature at the solar collector outlet. Tout = 118° and eff=34.33%. 

• Average for QHRS winter and non-winter seasons are 717.60W and 925.56W, respectively. 

• With the increase in mass flow rate of CO2 in the loop, QHRS also increases to maximum QHRS=873.45W in 
winter and QHRS=985.14W in non-winter seasons, at m=0.015kg/s. 
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ABSTRACT   

MgO appears as a promising material for photocatalytic applications to degrade unwanted species, and doping is a 
common strategy to increase some physical properties. On this work, we report the fabrication of MgO and Er 
doped MgO nanoparticles (NPs) by the sol-gel method, their microstructural characterization and the evaluation of 
their photocatalytic activity. Different concentrations of Er (1, 2 and 3 wt. %) were chosen.  The fabricated MgO and 
Er-doped MgO NPs were analyzed by XRD, which indicated the appearance of cubic structure MgO and Er2O3 

secondary phase, as well as a decrease in the average size of crystallites upon Er incorporation.  UV-visible 
spectroscopy shows that all samples are transparent in visible region and presents a strong absorption in UV field. 
The photocatalytic activity against methylene blue (MB) dye was evaluated using the fabricated samples under UV 
light irradiation. The photocatalytic study showed an improvement in degradation efficiency after using Er-doped 
MgO NPs in MB aqueous solution compared to pure MgO NPs, especially for short irradiation times. 

Keywords: MgO, Er doped MgO, Sol-gel 

INTRODUCTION 

In recent years, humanity has suffered enormously from the pollution caused by uncontrolled industrialization. The 
efforts made by scientists constitute a great challenge. The degradation of pollutants in water has grown rapidly. The 
use of oxide semiconductors in the degradation of organic pollutants has emerged rapidly].  MgO  is one of the oxide 
semiconductors which exhibits good dye degradation. It is interesting inorganic substance which has FCC type crystal 
packing, abundantly used raw material because of its high thermal stability, biodegradability and low toxicity. MgO is 
a chosen material due it’s potential application in chemical industry as it is used as air pollutant scrubber for gases, 
catalysis, optoelectronics, insulating material filler, refractory materials, and as a catalyst support [1.2].  In 
photocatalytic application MgO is seen one of the promising photocatalyst and have been successfully applied for 
methylene blue dye degradation.  Doping of MgO is an effective method to increase photocatalytic activity of MgO 
catalyst. This work presents the results of the photodégradation  of methylene blue dye by undoped and Er doped 
MgO NPs under UV radiation. 

 

EXPERIMENTAL PROCEDURE 

Undoped MgO and Er-doped MgO (Er: 1, 2 and 3 wt%) NPs were fabricated by solvathermal method. The precursor 
species used in the preparation solution were: Magnesium acetate tetra-hydrate Mg (CH3COO)2·4H2O  as a 
magnesium source, Erbium III chloride hexahydrate Er Cl3.·6H2O as a dopant source, absolute ethanol C2H5OH  
as a solvent, and oxalic acid dihydrate (C2H2O4)·2H2O as a complexing agent. First, magnesium acetate tetra-
hydrate and erbium (III) chloride hexa-hydrate were dissolved in 20 ml of absolute ethanol under magnetic stirring of 
1.5 M with [Er]/[Mg] weight ratios of 0, 1, and 2 wt%. The pH of the solution was then adjusted to pH 5 using 1 M 
oxalic acid. The result mixture was sealed into a Teflon-lined autoclave at 180 °C. The obtained products were 
washed with DI water and ethanol. Finally, the MgO nanopowder formed was dried at 80 °C for 12 h.  

 

PHOTOCATALYTIC PROCEDURE 

A UV light source (VL -215.LC, 15W), with emission maximum at 365 nm was employed to check the photocatalytic 
activity of undoped and Er doped MgO. 10 ml MB solution with an initial concentration of 10-5 mg/ml was taken in a 
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glass beaker. A thin glass strip (5×2.5 cm) containing the films of undoped MgO(or Er doped MgO) was put in the 
beaker containing MB. The beaker was kept undervisible light at a distance 20 cm emitted by a 300 W iodine 
tungsten lamp (Philips and Co). The whole system was covered by cloth so that natural white light would have no 
role in catalysis. During irradiation the aliquots of solution was taken out after every 30 min from the reactor and 
checked by analyzed by a 723 UV–Vis spectrometer (UV-1800 Shimadzu LC 2010-HT). 

 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD pattern of the nanocrystalline powder of undoped and Er doped MgO. A small broadening 
of the diffraction peaks is observed, which is due to the nanometric size of the of undoped and Er doped MgO powder. 
The nanocrystalline powder of of undoped and Er doped MgO has a cuubic structure (JCPDS No. No 00-045-0946). 
Well, the peaks situated at 2θ = 36.88, 42.86, 62.24, 74.83, 78.70, 93.97, 109.79 and 127.27° correspond to (111), 
(200), (220), (311), (222), (400), (331) and (420) plane respectively. For MgO doped with 2 and 3% Er , in addition 
to the MgO peaks, peaks corresponding to ErO2 are observed (2θ = 29.32, 33.98 and 48.80 °, JCPDS card No. 01-
077-0460) . 
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Figure 1 : XRD patterns of undoped and Er doped MgO 

Table 1 shows the diffraction angles, half-height width (FWHM), diffraction planes and sizes of NC CdS. The size 
was estimated using the Scherer formula [21]: 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where D is the size of the CdS CNs.  is the wavelength of the X-rays (1.5402 Å). represents the full half 
width at mi height (FWHM).  is the diffraction angle. The apparent sizes of MgO and ErO2 are nanometric 
(Table 1). 

Figure 2 displays UV-visible spectra of undoped and Er doped MgO. It was observed that all nanoparticles are almost 
transparent in the visible region and show a strong absorption in the UV region. The UV-visible absorption spectra 
displayed with the absorption peak of undoped MgO at about ~ 200 nm while doped MgO samples donated the 
absorption peaks at the range of (210–230 nm). Therefore, owing to the Er doping the absorption edge slight shifted 
towards the higher wavelength (redshifted) which proved that the Er were successfully doped, this shifting results 
decreasing the band-gap of the fabricated nanoparticles which is a considerable factor that promoted the 
photocatalytic activity. 
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Table 1 Structural parameters of the most intense peaks of MgO :(200) and Er2O3: (222). 

Er % Phase 2θ (°) (hkl) β (°) dhkl (Å) D (nm) 

0 MgO 42.86 200 0.20 2.11 49.0 

1 MgO 42.80 200 0.29 2.11 32.2 

2 

MgO 42.82 200 0.24 2.11 39.0 

Er2O3 29.23 222 0.28 3.05 32.2 

3 

MgO 42.90 200 0.26 2.11 35.9 

Er2O3 29.32 222 0.32 3.04 28.0 

 

Figure 2 Absorbance spectra of undoped and Er-doped MgO NPs 

The optical band-gap was estimated from the absorption spectrum using the relation between energy and 
wavelength. 

Eg =  
1240

λedge
 eV                                                 (Eq IV.1) 

where λ edge indicates the absorption limit of the materials, λ edge can be determined using the absorption spectrum by 
estimated the derivative of absorption with keep the wavelength near the absorption edge and the maximum values 
of derivative spectrum represents λ edge of the samples. This maximum values is similar to that the reflection point 
values of the absorption curve, the tangent line of the absorption curve at the reflection point intersects with the x-
axis on which absorbance reaches 0 and shows the λ edge [5]. The gap was found to be 5.9, 5.66, 5.61 and 5.56 eV 
repectively correspond to undoped and (1, 2, and 3% in wt) Er doped MgO. 

The photocatalytic activity of undoped and Er-doped MgO (Er: 1, 2 and 3 wt. %) NPs were evaluated through the 
degradation of methylene bleu (MB) dye under UV-light irradiation. The evolution of absorption spectra of MB 
aqueous solution in the presence of undoped and Er-doped MgO (Er: 1, 2 and 3 wt. %) NPs under UV-light irradiation 
are recorded. The dark adsorption the photolysis of MB and catalyst was done of during 30 min before achieving the 
photocatalytic. To monitor the temporal variation of MB dye concentration the maximum absorbance at 664 nm was 
selected, the intensity of the absorption peak gradually decreased with irradiation time on MB solution; the catalyst 
phenomena shows that less than 50% of MB was degraded for pure MgO, and it was increased with increasing of 
Er doping concentration in MgO NP's. Also Er-doped MgO NPs exhibited improvement photocatalytic activity 
compared to pure. After 90 min Er-doped MgO enables us to completely degrade MB in water. Figure 3 shows the 
concentration ratio (C/C0) of MB dye versus the irradiation time of undoped and Er-doped MgO (Er: 1, 2 and 3 wt. %) 
NPs, there is no degradation of MB in the absence of NPs under UV-light irradiation. It is observed that the catalyst 
and the photocatalytic performance of Er-doped MgO is greatly improved compared to undoped MgO, 3 wt. % Er-
doped MgO NPs show faster catalyst and photocatalytic activity.  
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Figure 3 : C/C0 vs irradiation time for undoped and Er-doped MgO (Er: 1, 2, and 3 wt. %) nanoparticles. 

 

CONCLUSION  

Undoped MgO and Er-doped MgO nanoparticles samples were prepared successfully by the  sol-gel method. The 

crystalline structure of NPs was checked by XRD, which confirms the cubic structure of MgO NPs and the 

appearance of Er2O3 secondary phase, the crystallite size decreases when the Er doping is incorporated in the 

MgO lattice.  UV-visible measurement shows that the optical gap decrease when the Er concentration increases. 

Finally, MgO and Er-doped MgO NPs were used for the removal of MB dye from water and showed that the 

removal efficiency of dyes increases as the concentration of Er increases, more particularly for short irradiation 

times.  The maximum MB dye removal was 99 % for 3 wt. % Er-doped MgO NPs.  
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ABSTRACT  

Renewable hybrid energy systems have great potential to provide high quality and more reliable power. This offers 
the advantage that the strengths of each type of sources can be used to complement one another. In this article, with 
the estimation of the energetic potential of renewable energy resources that can be extracted from a given site; and 
then proposes the determination of their repartition in order to optimize the exploitation of these available resources 
while meeting specific energy demands. The general problem can be formulated as a problem of optimal allocation 
of limited resources constrained to meet specific demands. We specifically consider situations where the installed 
energetic capacity of each resource is continuous. The Simplex linear programming method is adopted to solve this 
problem. We consider the combination of three renewable energy resources, namely photovoltaic panels, wind 
turbines, and biodigesters with limited capacities to meet an energetic demand in a specific site with a lowest cost. 

Keywords:Hybrid renewable, Photovoltaic, Wind turbine, Biodigester, Linear programming 

 

INTRODUCTION 

The topic of optimizing the integration of renewable energy sources in a complementary way is a very interesting but 
a challenging one both scientifically and technologically. The general issue of combining renewable energy sources 
we are considering can be stated as follows. In a specific site, given the capacities of some renewable energy sources 
and an energetic demand, how to determine the optimal repartition of these energies that meets the demand. We 
will consider the combination of two or more renewable resources such as photovoltaic energy and wind turbine 
energy. We address the problem in case where the energy to be allocated can be continuous. There have been few 
proposed approaches to solving this problem with and without taking into account energy storage systems such as 
batteries, diesel engines, hydrogen, etc.  Among these approaches, we can notice linear programming, dynamic 
programming, genetic algorithms techniques, etc. [1, 2, 3, and 4]. Some software for analysis and optimization of 
hybrid energetic systems has been developed and are actually largely used such as HOMER, SOMES, RAPSIM, 
SOSIM, etc. [5, 6 and 7] revise some relevant papers concerning the simulation and optimization techniques, as well 
as the tools existing that are needed to simulate and design stand-alone hybrid systems for the generation of 
electricity. As proposed in reference [1], we modeled the problem of resource allocation in terms of linear program 
and solve it with simplex algorithm. To illustrate our analysis, we provide an example combining PV, wind turbines 
and biodigesters. 

 
ENERGY RESOURCES ESTIMATION 
 
Estimation of AnnuaL Photovoltaic Energy 

The energy produced by a photovoltaic panel over a period of time depends on many factors but mainly on the surface 
of the panel, its pick power, the incident irradiance on its location and on season, hour of the day, weather conditions, 

shadowing, etc. The energy phE produced by a photovoltaic panel over a period of time can be estimated by the 

following expression [8]: 
 

c

eff

rph P
G

G
FPE )..(.

0

0=                                                             (1) 

 

We can estimate the annual power produced by one photovoltaic panel according to (1) but we can also use an 
empirical rule, in a sunny zone like our site, by considering that one Watt of peak power produces an annual energy 
of about 2 kWh.Since PV modules which are available at our laboratory are made of Silicon crystalline cells and have 
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a peak power WPc 33= so, a single photovoltaic panel (one unit) produces about: yearkWh /66 . The surface of 

a panel is: 0.42 m2 
 
Estimation of AnnuaL Wind Turbine Energy 

To estimate the power generated by a wind turbine, we use the following expression [9]: 
 

32

2

1
VRCP PTurbine =                                             (2) 

 

Where V is the wind speed, R the blade radius, 
PC the operating efficiency factor,  the density of air 

at sea level, which is about 1.2 kg/m3. The height of the turbine may improve the performances of the wind turbine 
by increasing the wind speed according to the following expression:  

 

).(
0

0
h

h
VV =                                                                      (3) 

 
In the location where the measures have been obtained, the average value of the wind speed over 27 years is about 
2.5 m/s which means that the site is not very interesting for wind turbine exploitation.  Nevertheless, there are some 
elevated sites which are more windy. Thus, if we consider our experimental small wind turbine built up in our 

laboratory with a blade diameter of 2 m and an operating efficiency factor %20=PC at a reference average wind 

speed of 4 m/s, then elevated only at 30 m height, we obtain a wind speed of about 4.67 m/s. This gives an estimated 

power of about: WattsPTurbine 38= .If we assume that the wind turbine produces an expected power of 2190 hours 

per year, then it would produce about: 83 kWh/year. The swept area of the wind turbine is 3.14 m2.However, since 
the power is varying with respect to the environment conditions (solar radiation, wind speed, temperature...), there is 
no way to avoid energy storage or energy generation to compensate the lack of energy for certain moments. 
 
Estimation of Annual Biogas Energy 

To estimate the power generated by a methane digester, we consider a completely mixed continuous anaerobic 
digester in steady state operation. We use the Chen-Hashimoto model which is given in [10]. The expression of 
methane production with respect to the different parameters that intervene in this model can be written as: 
 

VTRHMBPbio )]./0(.[=                                                      (4) 

 

.V](MO/HRT)) 1)-K+HRT- (K/µm-B0.[1Qm ==bioP                            (5) 

 
This expression is used to estimate the annual energy produced by a given reactor under given conditions of 
exploitation. On the other hand, it can be used to designing a reactor given an expected estimate of the energy. As 

example, let’s consider a continuous bioreactor of Volume 3m4V = , volumetric flow rate dm /3.0Q 3= , the 

hydraulic retention time can be deduced as days33.31V/QHRT == . In our regional context, we use the organic 

fraction of solid waste mixed with the activated sludge in mesophilic condition, with matter oxidizable 5g/lMO = . At 

a temperature of 25 °C, the kinetic coefficient can be estimated as 0.129 - T * 0.013 = µm  and /kgMO0.1mB0 3= ; 

therefore the estimate energy produced by day is about 3

m 07.0Q m= . If we consider a functioning of the reactor 

during 335 days per year, we can estimate the annual production of energy as yearm /5.23335.QE 3

mbio == . 

This energy production can be converted into various other forms of energy such as heat, electricity and both.  One 
m3 provides, when converted into electricity, about 10 kWh. If we convert the annual methane production into 
electricity, we can expect energy of about 235 kWh/year [11]. 
 
 
MODELING HYBRID SYSTEMS 

Given the characteristics and the energy demand for a specific site, the problem under consideration is to determine 
the capacity of renewable resources to be installed in order to meet the demand. Such an approach was made by [1] 
to solve a problem of rural electrification based on the integration and distribution of renewable resources in India. We 
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consider the renewable energy resources
iE with the available capacity limit

iL . We need to provide also the unit costs 

of each resource 
iC  as well as the global demand D  to be met. The general form may be that of a linear programming 

problem of minimizing a cost function 
TZ under given constraints. The problem can be expressed as follows: 
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Application 

Let’s consider three combination examples of renewable energies sources: the photovoltaic energy phE with the limit 

phL
 the wind turbine energy

wiE with the limit
wiL , the biogas energy 

bioE with the limit
bioL . Let’s also provide the unit 

costs 
iC of each energy as well as the global demand D . 

These problems have been solved by Linear Programming technique. The optimal repartition of renewable energies 
and their percentage to participate to satisfy the global demand are presented in Tab.1. 
 

Example 

According to the data provided in Tab.1 corresponding to region (a), the problem can be expressed as follows: 
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Table 1. Optimal energy repartition 

Data Results                     

Energy 
resource 

Unit cost 

(DA/kWh) 

Capacity limit 
(kWh/year) 

Energy repartition 
(kWh/year) 

Repartition in  % 

phE  0.3 66 64=phE
 

85.22  

wiE  0.08 84 84=wiE
 

30
 

bioE  0.1 132 132=bioE
 

15.47
 

D=280(kWh/year) Min Z= 39.12Da/year 

 
 

Comments 

In this region, we obtain the following distribution; biomass has the greatest capacity at the lowest cost. It participates 
at 47.15%. Other resources were used at low percentage: 30% wind and photovoltaic 22.85% according to their 
lowest cost and capacity. Finally; we notice that the management system works as follows: it initially selects the 
energy which has the lowest cost until it its completely consumed, then selects the next low cost and son on. Knowing 
the characteristics of the energy and of the site, this enables to sizing the appropriate renewable energy system to 
be used.  Various scenarios have been simulated. In most cases, we have noticed that the equality constraint is very 
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hard to fulfill leading to infeasible solutions. To overcome these cases, we need to release the equality constraint by 
an inequality constraint. 
 
 
CONCLUSIONS 

We have presented a formulation for optimally combining renewable energy sources in order to build up economical 
hybrid energetic systems in case where these energies are available in a continuous form or as specific units. The 
proposed models directly relate the group of input parameters to the estimated power and annual energy production for 
each renewable energy source. These parameters depend on environmental conditions (wind velocity, solar irradiation, 
temperature), on geographical characteristics of the site (latitude, longitude, altitude), and on the design characteristics 
of each energetic system (rotor diameter and hub height of the wind turbine, peak power, panel orientation, waste, 
volume of digester, etc.).In case of continuous energy, given an estimation of the annual energy production and a cost 
of each unit of the renewable energy source as well as an annual demand, the simplex algorithm outputs (if possible) 
the optimal repartition of each renewable energy resource. Knowing the energy and the characteristics of the site, this 
enables to sizing the renewable energy system to be used.According to various simulations; we finally notice that the 
management system works as follows: it initially selects the energy which has the lowest cost until it its completely 
consumed, then selects the next low cost and son on.  
 
NOMENCLATURE 

B Biological efficiency. 
B0 Production potential of methane. 

effG
 Effective annual incident Irradiance. 

0G Irradiance under standard conditions (1000 W/m2). 

h Hub height 

0h Reference height which is usually 10m 

HRT  Hydraulic retention time. 

K Constant of inhibition ( .Mo 0.021.10 + 0.6 =K 0.05  ). 

MO Matter oxidizable.    

cP Nominal power under standard conditions as provided by the manufacturer. 

rP
 Performance ratio (average value 0.72or 0.75) with 0.75 for an optimal orientation of the panel. 

mQ Production of methane (m3/d). 

0F  Factor that accounts for losses 

V Biodigester volume (m3). 

V Wind speed at hub height h  

0V  Known wind speed at the reference height ( mh 100 = ) 

 

Greek Letters 

 power law exponent, which is usually taken as 1/7 

 µm Kinetic coefficient ( 0.129 - T * 0.013 = µm ). 
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ABSTRACT  

 

The underground geological storage system (USS) can be used to inject, store natural gas (NG) or hydrogen (H2), 
and withdraw to i) transport to end-users (through liquefaction) or ii) use internally. Another purpose of the USS is to 
seal greenhouse gases, such as carbon dioxide (CO2), in deep underground caverns using carbon capture and 
sequestration (CCS) technology. This study defines and discusses the processes of these three technologies, 
highlights the global commercial and pilot projects, and the behavior of different gases (NG, H2, or CO2) underground. 
For underground NG storage (UGS)/underground H2 storage (UHS), a cushion gas (N2, CH4, or CO2) is needed to 
maintain subsurface conditions for efficient gas storage. UGS and UHS systems operate similarly. However, the low 
H2 molecular weight makes it quite diffusive compared to NG. UGS acts as a reliable reference for the UHS system. 
Herein, CCS system components are defined and discussed briefly. By studying all different underground storage 
technologies, a suggestion is proposed for better fulfillment of systems purposes. It is suggested to use a portion of 
CO2 captured for CCS to be delivered to UGS/UHS facilities as a cushion gas. Using CO2 as a cushion gas assists 
in storing more CO2 and slows down the mixing zone runs up.   

Keywords: Aquifer; Carbon capture; Carbon sequestration; Oil and Gas; Reservoir; Subsurface 
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ABSTRACT 

Sodium acetate trihydrate (SAT) is a phase change material that can be used to promote the development of thermal 
energy storage for long term heat storage because of its relatively high heat of fusion, a melting temperature of 58˚C 
and its ability to supercool stable. Improving and optimizing the performance of heat storage devices requires 
knowledge of the physical characteristics of the material used. The work is based on experimental research: initially 
through the measurement of basic quantities that appear in the experiment, then examination of the heating and 
cooling curve. A variety of samples and many measurements were made by simple methods. The aim was to 
determine basic physical properties of the SAT and also possible effect of adding water to stabilize supercooling was 
investigated. It was found that measured properties of samples of SAT were mostly aligned with the known values, 
and that water has effect on supercooling and that the percentage of the added water of ~ 7% wt. of the solution, 
gives most stable supercooling. 

Keywords: thermal energy storage, sodium acetate trihydrate, thermal properties, supercooling  

 

INTRODUCTION 

Thermal energy storage (TES) is one of the key technologies for energy conversion, and therefore, it is of great 
practical importance, and phase change materials (PCMs) or latent TES, appear as a promising storage technique, 
since it provides a high energy storage density, second only to chemical energy storage, and can store and release 
heat at a (nearly) constant temperature corresponding to the phase transition temperature of the heat-storage medium 
[1].  

One of the frequently investigated and used PCMs is the sodium acetate trihydrate (SAT), NaCH3COO·3H2O, 
consisting of 60.3% (wt.%) sodium acetate and 39.7% (wt.%) water [2]. As improving and optimizing the performance 
of undergoing development of heat storage devices requires knowledge of the physical characteristics of the material 
used, the first part of this article refers to the verification of these data using simple methods. 

The SAT has also the ability to supercool stable to ambient temperatures and has relatively high latent heat of fusion of 
264 kJ/kg at the melting temperature of 58˚C. Once the solidification of the supercooled SAT is activated the latent heat 
of fusion from the phase change will be released. This energy can be used for space heating and domestic hot water 
preparation [2]. The SAT may present a large supercooling degree up to 100 K. This high value of supercooling is 
generally perceived as a drawback but could be turned into a benefit if reliable supercooling stabilizing and solidification-
triggering techniques could be developed. This would lead to the long-term storing of heat and discharge of the stored 
heat on demand [3].  

Observing the phase diagram of the binary system CH3COONa - H2O it can be seen that addition of water decreases 
the solidification temperature of SAT and thus promotes the supercooling degree [4]. In the second part of the article 
experiments are done to check how adding water of the pure SAT affects stabilization and crystallization. 

 

MATERIALS AND METHODS 

During the first phase, the density was determined by measuring the volume, using a 25ml graduated cylinder and a 
250ml glass for larger volumes (calculating the volume using the measured height that the material occupies in the 
glass and the inner diameter of the glass), then by weighing the mass and finally calculating the density.  

For the second stage, the heat capacity of solid SAT was determined by measuring the temperature of water of 
known mass during heating, without and with immersion of SAT of known mass (which was in a container) in the 
water. The reference water temperature change was measured by heating water with a container without SAT. Then 
the heat capacity of SAT was calculated using the known heat capacity of water and difference of the heat of water, 
in the arbitrary temperature and time interval, with and without SAT immersed. This difference in heat of water is 
considered as the heat SAT received or gave off. For liquid SAT, the procedure is similar, but in this case the 
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temperature of water was monitored when it was cooled from a high temperature, without SAT and together with the 
melted SAT immersed using a container. 

In the third phase, the influence of water on the occurrence and stabilization of supercooling was analyzed by 
preparing three samples of pure SAT that were melted and to which different amounts of water were added and the 
temperature and appearance of crystals during cooling were monitored. 

 

RESULTS AND DISCUSSION 

Table 1 shows the results of volume and mass measurements, and calculated density for different phases of SAT. 

 

Table 1. Results of volume and mass measurements and calculated density of SAT 

Powder SAT Average 

Volume [ml] 10 20 30 40  

Mass [g] 9 19,5 28 37  

Density [kg/m3] 900 975 933 925 933.25 

Liquid SAT  

Volume [ml] 15 25 35 38  

Mass [g] 19 32 44,5 47  

Density [kg/m3] 1,266.67 1,280 1,271.43 1,236.84 1,263.74 

Solid SAT  

Volume [ml] 173.38 166.26 82.07 87.69  

Mass [g] 200 191.5 100 100  

Density [kg/m3] 1,153.54 1,151.81 1,218.47 1,140.38 1,166.05 

 

Figure 1 shows the diagrams of temperature change in time, when heating water for the case when a container with 
solid SAT is immersed in water and for the case without SAT for determining heat capacity of solid SAT and during 
water and SAT cooling for determining heat capacity of liquid SAT. In the table 2, necessary measurements and 
calculation of the heat capacity are presented. 
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Figure 1. Temperature change in time diagrams; for the case when determining heat capacity of solid SAT (left), and for the 

case when determining heat capacity of liquid SAT (right) 

 

Table 2. Measured values and calculation of the heat capacity 

 Solid SAT Liquid SAT 

Measured value Water without SAT Water with SAT SAT Water without SAT Water with SAT SAT 

dt [s] 565 565 565 1,245 1,245 1,245 

dT [°C] 36.7 32.7 8.7 22.1 20.5 15.4 

m [g] 942 974 531 500 500 100 

cp [J/g°C] 4.186 4.186  2.47 4.186 4.186  2.17 

Q [J] 144,715.88 133,323.26  11,392.62 46,255.30 42,906.50  3,348.8 

 

Figure 2 presents changes of temperature in time during the cooling of SAT with different proportions of water. In the 
case of 7.4% wt. of water added, the material was practically completely subcooled and crystallization/solidification 
was deliberately activated by adding a small piece of SAT crystal, while in the other two cases, crystallization was 
activated spontaneously: with 10.4%, almost immediately upon passing the phase change temperature, and in the 
case of 3.8%, a little before reaching room temperature. Note that in the case with 10.4% water, the early start of 
crystallization leads to a clearly smaller temperature increase up to the solidification point, as compared to other two 
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cases. The duration of the solidification, indicated by the subsequent part of the curve of a very small slope, turns 
out to be longer than in the other two cases. 

 

Figure 2. Changes of temperature in time during the cooling of SAT with different proportions of water 

 

Tables 3 and 4 show the final results after measurements and calculations compared with the data from literature. 

 

Table 3. Summary of obtained results - physical characteristics and values of physical properties from the current literature 

 

Table 4. Summary of obtained results – effect of water on supercooling 

 

 

CONCLUSIONS 

This study was dedicated to determine basic physical properties of the sodium acetate trihydrate by simple methods, 
and also possible effect of adding water to stabilize supercooling was investigated. It was found that measured 
properties of samples of SAT were mostly aligned with the known values, and that water has effect on supercooling 
and that the percentage of the added water of ~ 7% wt. of the solution, gives most stable supercooling.  

Regarding density, the bulk density of SAT was found to be ~930 kg/m3 which is aligned with literature; the liquid 
SAT density was ~1260 kg/m3, also aligned with literature; for solid SAT the average value of ~1170 kg/m3 was 
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Density 
[kg/m3] 
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S: 1,166.05 

L: 1,263.74 
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Type of 
Vessel 

Wt. % of 
water 

Mass of 
SAT 

Mass of 
Water 

Crystallization 
Triggered 

Time Being 
Supercooled 

Time of 
Solidification 

Temperature of 
Crystallization 

Glass 0.25 L 3.8% 100 g 4 g Spontaneously 150 minutes 16 minutes 56.6 – 56.4 °C 

Glass 0.25 L 7.4% 100.5 g 8 g With a crystal 5 hours 53 mins 10.5 minutes 56.4 – 56.2 °C 

Glass 0.25 L 10.4% 103 g 12 g Spontaneously 6 minutes 28 minutes 56.6 - 55 °C 
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obtained, which is not aligned with literature and the reason could be porousness of samples, although it showed no 
signs of porousness during experiments. 

Moreover, for the heat capacity for the solid, it was found to be 2,47 kJ/kgK, which matches with 2 - 3 kJ/kgK that is 
stated in the current literature; for the liquid, the value of 2,17 kJ/kgK was obtained, and it is lower than the literature 
mentions, but those values have a large discrepancy too, which suggests that further investigations on this matter 
are needed. 

Finally, it was found that water promotes supercooling, but too much cause separation and precipitation and that the 
optimal percentage is around 7% wt. of the solution. 
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ABSTRACT 

In this study, single and double loop Kalina cycles are evaluated in terms of energy and exergy. One of the Kalina cycles 
is the simple, and single loop cycle using waste heat of an internal combustion engine. The other Kalina cycle is the 
complex and double loop one and has two turbines to produce electricity. Kalina cycles are investigated for energy and 
exergy efficiencies and power output and exergy destruction. 

Keywords: Kalina cycle, waste heat recovery, energy, exergy 

 

INTRODUCTION 

Energy production, energy storage, waste heat recovery and efficiency increase are important issues that the world 
focuses on. The most important issue to consider for thermal systems should be to increase the efficiency of the system 
and reduce the amount of waste heat. Many thermal and combustion processes are used intensively in industrial 
facilities. Since these processes are energy intensive processes, waste heat recovery is of great importance. The waste 
heat source can be used directly in different thermal processes. On the other hand, electricity production can also be 
made with waste heat. There are many thermodynamic cycles used for the production of electricity with waste heat. 
The most important of these cycles are the Rankine Cycle and the Organic Rankine Cycle. On the other hand, although 
it does not have many applications yet, the Kalina Cycle, which has significant advantages, also has significant potential. 

In the 1980s, a new auxiliary cycle was proposed by Alexander I. Kalina to provide maximum efficiency from an installed 
system with low temperature waste heat [1]. In the study conducted by Ogriseck (2009), the Kalina cycle, which is not 
commonly used, was integrated and thermodynamic analysis was carried out in order to utilize the waste heat in the 
combined plant where heat and power generation is located. As a result of the analysis, it has been suggested that the 
Kalina cycle is between 12.3% and 17.1% depending on the cooling water temperature and the ammonia-water mixture 
ratio, and electricity generation is between 320 kW-440 kW for a heat input of 2.3 MW to the system [2]. Zare et al. 
(2015) separately integrated Kalina and Organic Rankine Cycle (ORC) for energy recycling of flue gas discharged to 
atmosphere from Gas Turbine-Modular Helium Reactor (GT-MHR) in a study. As a result of the thermodynamic 
analysis, the efficiency of the Kalina and ORC system was found to be 11.3% and 10.3% higher, respectively, than the 
GT-MHR system [3].  

Liu et al. (2022) proposed to improve the utilization of hot dry rock resources, a novel type of hot dry rock power 
generation system. In this system, the Kalina system is coupled with the organic Rankine cycle (ORC) system. As a 
result of this study under the same heat source conditions, the net power generation of the novel power generation 
system is higher than that of the conventional Kalina system, and as the proportion of preheating increases, the net 
power generation increases by 38%–46% [4]. Parvathy et al. (2021) aimed to improve the power output and thus the 
efficiency of a Kalina cycle by adopting two stage expansion and proposed a modification to Kalina cycle with two 
turbines in stages and reheating in between. The simulation results show that the efficiency of the modified cycle 
improves up to 4.04% compared to the simple cycle. The results obtained emphasize the dependency of intermediate 
pressure on the performance parameters of the cycle [5]. 

Within the scope of this study, the simple and double cycle Kalina cycle was examined in terms of energy and exergy. 
In this review, yields and strengths are taken into account. Although a lot of analysis has been done within the scope of 
this study, some results have been presented due to page limitation. 

 

KALINA CYCLES 

In this study, single and dual loop Kalina cycles were evaluated. Both cycles were designed to use waste heat from 
anywhere such as thermal process, internal combustion engine and furnace. Important parameters of the cycle were 
investigated in terms of energy and exergy. 
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Schematic of the single loop Kalina cycle was presented in Fig. 1. Simple Kalina cycle directly utilizes the waste heat 
at the evaporator and rejects low exergy heat at the condenser. The power is generated at the turbine traditionally. 

 
Fig. 1. Single loop Kalina cycle 

 
Schematic of the double loop Kalina cycle was presented in Fig. 2. Double loop Kalina cycle utilizes the high exergy 
waste heat at the evaporator for the first loop, and it utilizes the low exergy waste heat for the second loop. For each 
loop, a turbine and a condenser is used. Low quality heats are rejected by the condensers and power is generated by 
the turbines. 

 
Fig. 2. Double loop Kalina cycle 

 
In thermodynamic power cycles, the significant parameters are waste heat inlet temperature (Tex in), waste heat outlet 
temperature (Tex out), evaporator temperature (Tevap), condenser temperature (Tc), evaporator pressure (Pevap) and 
condenser pressure (Pc). For Kalina cycle, there is a very significant parameter that constitutes the Kalina cycle as 
ammonia-water mixing ratio. Ammonia-water mixing ratio defines the thermodynamic properties of the working fluid that 
are utilized in the performance of the cycle. Power cycles are designed with variation of these parameters. In the 
evaluations of the Kalina cycles, thermodynamic and exergy efficiencies are used with power output and exergy 
destruction. 
For the Kalina cycles, the utilized parameters and the studied cases were presented in the Table 1. Different evaporator 
temperatures were investigated to evaluate various waste heat resources. 
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Table 1. Investigated parameters and ranges 

Parameter/Case Symbol Range 

Evaporator temperature Tevap / T3 / T3 jw 200-400 oC 

Evaporator pressure Pevap / P3 / P3 jw 2-10 bar 

Condenser pressure Pc / P4 / P4 jw 10-50 kPa 

Ammonia-water mixing ratio C 0-90% 

Case 1 Tex out = Tevap + 5 oC - 

Case 2 Tex out = 110 oC - 

 
 
RESULTS AND DISCUSSION 

In this study, single and double loop Kalina cycles were investigated in terms of energy and exergy. Although many 
analyzes have been made for the parameters examined with the analyses performed, only some of them have been 
presented within the scope of this paper. For the analyses, the most critical parameter is accepted as ammonia-water 
mixing ratio. Therefore, results are presented based on the ammonia-water mixing ratio. 
Firstly, selected results for the case 1 were presented. For different evaporator temperature values, energy and 
exergy efficiencies were presented in Fig. 3 (Pc=10 kPa and Pevap=1000 kPa). As can be seen, the energy and exergy 
efficiencies increase significantly, as the evaporator temperature increases. On the other hand, as the ammonia-
water mixing ratio increases, the energy efficiency shows little decrease for single loop while the exergy efficiency 
shows little increase. The exergy efficiency increases with the increase of ammonia-water mixing ratio. 
 
 

Single Loop Kalina Cycle Double Loop Kalina Cycle 

  
 

Fig. 3. Variation of energy and exergy efficiencies for different evaporator temperatures and ammonia-water mixing ratios (Case 1) 

 
 
Results for the change of power and exergy destruction values were presented in Fig. 4 (Pc=10 kPa and Tevap=200 
oC). The power value increases as the evaporator pressure and ammonia-water mixing ratio increase. On the other 
hand, the exergy destruction value increases with the evaporator pressure and ammonia-water mixing ratio decrease. 
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Single Loop Kalina Cycle Double Loop Kalina Cycle 

  
 

Fig. 4. Variation of power and exergy destruction values for different evaporator temperatures and ammonia-water mixing ratios 
(Case 1) 

 
Then, results for the case 2 were presented for the selected analyses. For different condenser pressure values, 
energy and exergy efficiencies were presented in Fig. 5 (Pevap=10 bar and Tevap=200 oC). As can be seen, the energy 
and exergy efficiencies increase significantly, as the condenser pressure decreases. On the other hand, as the 
ammonia-water mixing ratio increases, the energy and exergy efficiencies shows little decrease. 

 
Single Loop Kalina Cycle Double Loop Kalina Cycle 

  
 

Fig. 5. Variation of energy and exergy efficiencies for different condenser pressures and ammonia-water mixing ratios (Case 2) 

 
 

Single Loop Kalina Cycle Double Loop Kalina Cycle 

 
 

 
Fig. 6. Variation of power and exergy destruction values for different evaporator temperatures and ammonia-water mixing ratios 

(Case 1) 

 
Results for the change of power and exergy destruction values were presented in Fig. 6 (Pevap=1000 kPa and Tc=25 
oC). The power value increases significantly as the evaporator temperature increases, while it decreases as the 
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ammonia-water mixing ratio increases. Exergy destruction value increases as the evaporator temperature and 
ammonia-water mixing ratio increases. 
 
CONCLUSIONS 

In this study, single and double loop Kalina cycles were evaluated for waste heat recovery. While the single loop Kalina 
cycle gives higher results in terms of efficiency, the double loop Kalina cycle provides higher values in terms of power 
generation. In terms of exergy destruction and exergy efficiency, the double loop Kalina cycle has higher values. The 
Kalina cycle has the potential to be used for waste heat recovery purposes similar to the organic Rankine cycle with a 
simple Rankine cycle. It has a serious importance as it offers the possibility of use under different conditions with 
different ammonia-water mixture ratios. 
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ABSTRACT 

This paper aims to analyze the mechanical behavior and identify the different damage mechanisms by acoustic 
emissions of the material for application in energy storage in static and cyclic fatigue. The tests were carried out 
in tension on laminated composite specimens made of GreenPoxy 56 resin reinforced with jute fibers in the 
warp and weft directions. A multivariable statistical analysis of the acoustic emission data using the k-means 
algorithm was performed to classify the different events allowing to identify the different damage mechanisms. 
Four classes of acoustic events were detected for an eco-composite with a warp direction fiber orientation and 
two classes for a weft orientation. A comparison of the classes obtained in terms of statistical dispersion and 
average properties according to the five classifiers used, allowed the following damage mechanisms to be 
attributed to the classes obtained. Class A corresponds to matrix cracking and crack propagation, class B is 
assigned to fiber / matrix interface decohesions, class C corresponds to fiber uplift and delamination and finally 
class D is attributed to fracture fibers. Classes A and B corresponding respectively to matrix cracking and 
interface decohesion appear simultaneously in the vicinity of the "bend" clearly visible on the load curve. Analysis 
of the results obtained revealed the effect of the orientation of the fibers. Indeed, the specimens made of fibers 
in the warp direction have higher mechanical characteristics than those in the weft direction. 

Keywords: Acoustic emission, Eco-composite, Jute fiber, Damage mechanisms 

 

INTRODUCTION 

Eco-composites materials with a thermosetting matrix associated with a natural reinforcement are developing  
recently  offering an interesting potential for environmental protection by using  natural vegetable  fibers, animal or 
mineral origin as reinforcement in the design  by replacing synthetic reinforcements such as glass or carbon fibers. 
They have increased their fields of application such as aeronautics, automotive, building … to generally reduce 
environmental impacts. The matrix  can belong to the family of polymers  such as  thermosetting resins or 
thermoplastic resins, metals or ceramics.Various researches have been carried out on jute-based automotive 
components and others including thermal stability, fiber orientation effect, durability and wear friction[1]. 

The mechanical properties of the composite jute / epoxy material such as tensile strength, flexural strength, impact 
strength and hardness are better by relative to a composite jute / polyester [2]. 

The mechanical properties of the composite based on short jute fibers of a length ranging between 2 and 3 mm with 
a proportion of 20% of fiber weight and 80% polypropylene resin were determined from the flexural strength testing, 
tensile, impact, elongation at break [3] where a significant decrease in bending strength is due to the impact caused 
by the damage. The impact resistance was carried out for the case of unidirectional laminates composite by many 
researchers [4]. The acoustic emission technique proves to be an effective means of understanding the mechanisms 
of damage that can lead to rupture [5]. 

Experimental tests have been used to characterize behavior of composites [6]. In this context, several studies have 
been conducted to characterize composites reinforced by synthetic glass and carbon fibers [7-8] or by natural fibers 
of flax, jute, hemp, etc. [9-10].We have developed in this paper an eco- composite based on jute fiber and green 
epoxy resin SR 56 to study mechanical properties by using an acoustic emission data in order to associate the 
acoustic signatures of the damage mechanisms during the test, and to understand their influence on the mechanical 
behavior of the material. 
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MATERIALS AND METHODS 

The eco-composite studied material  is composed of an SR GreenPoxy 56 matrix, a thermosetting epoxy resin of which 
56% of its molecular structure is of vegetable origin and a reinforcement in the form of a jute fiber fabric with two 
orientation configurations fibers (0°2) s and (90°2) s. 

We consider in this project a laminated eco-composite made of a GreenPoxy 56 resin reinforced with a jute   tissue for 
a study on the static behavior with a tensile loading until rupture according to two fiber orientations (warp direction and 
weft direction) and   and monitoring of the signals by acoustic emissions (AE) made it possible to identify the main 
acoustic signatures characteristic of the different modes of damage to the material. Behavior studies under various 
static or dynamic mechanical stresses and the damage phenomena have been developed for many applications such 
as aeronautics, automotive, housing….etc 

 

STATIC MECHANICAL TEST   

In order to study the behavior and the mechanical properties of the studied  eco-composite,   static traction  test was 
conducted until rupture by considering the cute  test samples   from  the  fibers  orientation   warp and weft direction.  
The results are shown in Table 1. 

 

 

Fig.1 Tensile tests monitored by acoustic emission 

 

 

Fig.2 stress-strain curve 

By analyzing the information obtained on the mechanical behavior during the quasi-static tensile test, by analysis of 
the acoustic emission data, and by microscopic analysis of the fracture profiles, the jute/green epoxy 56 composite 
presents a first non- behavior linearity for a deformation value close to 0.25%, corresponding to a stress of 10-25 MPa 
in the warp direction and 3-15 MPa in the weft direction in the form of an “elbow”. The stress-strain curve evolves 
almost linearly until failure. 
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Table 1:  Mechanical characteristics  of eco composite  obtained from the static tensile tests in the warp direction and the weft 
direction. 

Tissue Orientation E(young’s modulus)GPa (Stress Max) MPa (Strain Max) MPa 

Warp Direction 7,437 73,984 14,7.10-3 

Weft Direction 3,481 22,981 8,75.10-3 

 

RESULTS AND DISCUSSION 

 

 

Fig. 3 Evolution of the load and the amplitude of acoustic events perceived as a function of time 

 

For the laminated material studied, the classification of the AE signals highlights the presence of four event classes 
for the laminated specimens with a warp fiber orientation, while two classes were observed for the weft direction 
specimens.  

To classify the events, the k-means algorithm was used. This algorithm tends to group the acoustic events into classes 
according to their similarity in the sense of five temporal classifiers: amplitude, rise time, duration, energy, and the 
number of shots at the peak. The classification results obtained are shown in Figure 3. The first events appear for 
amplitudes between 35 dB (corresponding to the value defined as the acquisition threshold) and about 70 dB. During 
this test, four classes of acoustic events were observed. A comparison of the obtained classes in terms of statistic 
dispersion according to the used classifier allows to attribute damage mechanisms to this classes. Class A corresponds 
to matrix cracking and the propagation of these cracks, class B is attributed to the decohesion of fiber / matrix and fiber 
/ matrix bundles, class C corresponds to fiber shedding and delamination, and class D is attributed to fiber breakage. 

 

CONCLUSIONS 

The study of the appearance and the propagation of these damage mechanisms made it possible to provide 
explanations on the non-linearity’s of the tensil behavior of this eco-composite Results showed a different mechanical 
behavior of the eco-composite from that of conventional composites in quasi-static tensile tests. The values of Young’s 
modulus, determined from the static test are considered relatively reliable for industrial applications. Results of acoustics 
emission were obtained using the k-moy algorithm in order to classify the events. This algorithm tends to group the 
acoustic events into classes according to their similarity in the sense of five temporal classifiers. During this test, four 
classes of acoustic events were observed. 

The specimens made of fibers oriented in the warp direction have better mechanical characteristics than the specimens 
oriented in the weft direction. 
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ABSTRACT  

In single-cell or multi-cell energy conversion and storage systems, plastic gaskets are used to prevent reactants from 
spilling out of the system. The mechanical behavior of gaskets that can be used in different thicknesses is very important 
in terms of the maintenance-free lifetime of these systems. In this study, the mechanical behavior of gaskets with 
different thicknesses (3 mm, 4 mm, 5 mm, and 6 mm) under different clamping forces (1.9 N, 3.8 N, 5.7 N, and 7.6 N) 
is investigated numerically. It has been observed that the clamping force applied to the gasket has a more dominant 
effect on the displacement and Von Mises stress rather than the thickness of the gasket. 

Keywords: Numerical model, Mechanical analysis, Comsol Multiphysics, Gasket  

 

INTRODUCTION 

The world's focus has shifted to sustainable materials and a circular economy strategy using recycling pathways due to 
the growing environmental problems brought on by the excessive use of synthetic materials. Composite materials are 
widely used across various industrial sectors, resulting in a significant buildup of plastic waste in the environment. 
Discarded plastics can be converted into high-value-added materials, fuels, and chemicals instead of polluting the 
environment. Plastic waste has been transformed into valuable resources and has attracted great interest in energy 
storage and conversion technologies in the last few years. One of the common obstacles for fuel cell and flow batteries, 
which are among these technologies, is cost problems. It is predicted that the materials obtained by recycling waste 
materials benefit in terms of raw materials and cost. 

The gasket is an essential component affecting the durability and system safety of fuel cells and batteries. This 
component can be produced from plastic materials. The literature shows many research studies conducted to 
investigate the mechanical or chemical properties of the sealing gasket materials used in energy storage and conversion 
technologies. Tan et al., performed a degradation analysis of four gasket materials Silicone S (SS), Silicone G (SG), 
ethylene-propylene-diene-monomer (EP), and fluoroelastomer T (FL), respectively [1]. They found that the temperature 
resistance of Silicon SG and Silicon SS materials is lower than that of EP and FL materials. The mass losses of SG 
and SS materials increase depending on the test period. They investigated the degradation of silicone rubber material 
under a constant compression load in another study [2]. Mass losses increased as the gaskets were exposed to an 
acidic environment. The mass losses of the gaskets were 1.1% and 3.25% at 60 °C and 80 °C operation temperatures, 
respectively.  It was found that temperature greatly affected the degradation. Xiong et al. developed three-dimensional 
models to simulate stress distribution for the cell stacks [3]. Stress distributions on all cell components were investigated 
under different stack designs and mounting conditions. The maximum stresses taken up by the membrane and bipolar 
plates increased linearly with increasing clamping forces. Xiong et al. studied the effect of clamping force on a practical 
VFB stack and aimed to obtain an optimal mounting condition [4]. A three-dimensional solid mechanical model for the 
battery was constructed to examine the porosity, and permeability distribution in the felt at clamping forces of 100 kN, 
500 kN, and 1000 kN. Consequently, the increasing clamping force from 100 kN to 1000 kN and the tension on the 
electrode surface caused a decrease in the porosity and permeability of the electrode.  Xiong et al.examined mechanical 
behavior and failure analysis of the VRFB stacks based on Weibull statistics [5]. The probability of stack failure was 
calculated at the specified compression forces for two different stack designs with 20 individual cells in both stack 
mechanical behavior. The results showed that the probability of stack failure could be significantly reduced by the 
appropriate reduction of the compression forces in both designs. 

The aim of this study is to investigate the mechanical behavior of gaskets with different thicknesses under different 
clamping forces in a detail. In order to realize this purpose, the density, Poisson's ratio, and Young's modulus properties 
of ethylene propylene diene monomer (EPDM), which is often preferred as a gasket material, have been integrated into 
the 3D model prepared by using Comsol Multiphysics. The variations of displacement and the distributions of maximum 
stress are analyzed for the different thickness and clamping force conditions. 
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MODELING  

The three-dimensional model and mesh geometry are shown in Fig. 1. Fig. 1.a shows the geometry of a 9x9 cm2 gasket 
with a 3x3 cm2 active area. Clamping force is applied to the top surface of the gasket while fixed boundary conditions 
are applied on the lower surface of the gasket. The variation of total displacement with grid number is illustrated in Fig. 
1.b. There is almost no change after 50000 elements. Therefore, Fig. 1.c demonstrates the mesh geometry used in the 
modeling study which has 60840 elements. As can be seen in Fig. 1.d, a cut plane is prepared in the middle of the 
thickness of the gasket, and the displacement and maximum stress values are compared by using this surface. Different 
thicknesses (t=3 mm, 4 mm, 5 mm, and 6 mm) and clamping forces (1.9 N, 3.8 N, 5.7 N, and 7.6 N) are integrated into 
the prepared model and operated separately. The properties of the EPDM gasket are obtained from the literature 
(density=900 kg/m3, Young’s modulus= 0.0078 GPa, Poisson’s ratio=0.47) [3].  

 

 

Fig. 1. Model properties; a) Model geometry, b) Mesh independency, c) Mesh geometry, d) Cut-line geometry 

 

Units and Equations 

The three-dimensional numerical model is prepared with the following equations. These equations are 1) Newton’s 
second law, 2) Hooke’s law, 3) Stress-strain relations, 4) Different version of the stress-strain relations, 5) Eularian 
strain tensor, respectively. 
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RESULTS AND DISCUSSION 

The effects of thickness and clamping force on the displacement and Von Mises stress are numerically investigated. 
While examining the effects of different thicknesses, the compression force was kept constant at 1.9 N. The thickness 
was kept constant at 6 mm when the effects of different compression forces were examined. 

  

      

 

Fig. 2. Total displacement variation in the gasket; a) With different thicknesses at constant clamping force (1.9 N); II: e) With 
different clamping force at a constant thickness (6 mm)   

 

Fig. 2 illustrates the total displacement variation in the gasket for different thicknesses and clamping forces. Fig. 2.a 
displays the variation of displacement with different thicknesses of the gasket at the constant clamping force of 1.9 
N. The displacement increases with increasing the gasket thickness, and the maximum displacement value is 
0.00036 mm at a gasket thickness of 6 mm. Fig. 2.b illustrates the variation of displacement with different clamping 
forces at the constant gasket thickness (6mm). As can be seen from this figure, the maximum displacement is 
0.00144 mm at a clamping force of 7.6 N. It is concluded from this figure that the effect of clamping forces on 
displacement has been revealed to be more dominant than gasket thickness. 

 

Fig. 3.a and Fig. 3.b. demonstrate the Von Mises stress distribution with different thicknesses at constant clamping force 
and with different clamping forces at a constant thickness, respectively. While the maximum value of Von Mises is 
observed in 6 mm gasket thicknesses as 425 Pa. in Fig. 3.a., the value of Von Misses stress increases with increasing 
the clamping force in Fig. 3.b.. Furthermore, it is observed that the maximum value of von misses of 1701 Pa at 6 mm 
of gasket thickness. 

Since the maximum Von Mises stress occurs in the thickness 6 mm with increasing clamping force, the more 
displacement is observed in this thickness. 
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Fig. 3. Von Mises distribution in the gasket; (a) i) 3 mm, ii) 4 mm, iii) 5 mm, iv) 6 mm at constant clamping forces (1.9 N); (b) v) 
1.9 N, vi) 3.8 N, vii) 5.7 N, viii) 7.6 N at a constant thickness (6 mm)  

 

CONCLUSIONS 

In this study, a three-dimensional mechanical model of gasket materials with different thicknesses and different 
clamping forces is developed to examine the failure of gasket materials. The results demonstrate that the displacement 
and Von Mises stress increase with increasing gasket thickness and clamping force. Moreover, the increase of clamping 
force is more dominant than the thickness in terms of these parameters. 
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ABSTRACT  

Now a days renewable energy sources are considered a viable solution for mitigating the problem of drastically 
increasing energy demand. However, the intermittent nature of renewable energy sources (RESs) is a challenge which 
leads to their in efficient utilization which rather causes power quality and instability problem on the grid system. To 
solve this challenge, it is common practice to integrate RESs with efficient battery energy storage technologies. In this 
paper, a state-of-the-art simulation model and techno-economic analysis of Li-ion and lead-acid batteries integrated 
with Photovoltaic Grid-Connected System were performed with consideration of real commercial load profiles and 
resource data. Matlab and Hybrid Optimization Model for Electric Renewables (HOMER) was used for the study of the 
techno-economic analysis of these battery storage systems. The performance of these batteries is greatly affected by 
the rate of charge and discharge cycling effects which gradually degrades the capacity of the battery. This effect was 
investigated with Matlab using a simplified equivalent circuit model by considering a typical stationary application 
datasheet. The techno-economic simulation output provided that the system with Li-ion battery resulted in a Levelized 
Cost of Energy (LCOE) of 0.32 €/kWh compared to the system with lead-acid battery with LCOE of 0.34 €/kWh. Besides, 
the Net Present Cost (NPC) of the system with Li-ion batteries is found to be €14399 compared to the system with the 
lead-acid battery resulted in an NPC of €15106. According to the result found, Li-ion batteries are techno-economically 
more viable than lead-acid batteries under the considered specifications and application profile considering the turnover 
and payback duration aspects.                                      

Keywords: Techno-economic, Lead-acid batteries, Renewable energy sources, Lithium-ion batteries.   

 

INTRODUCTION 

For the installation of an optimized and reliable energy supply system, renewable energy sources integrated with 
Energy Storage Systems (ESS) are found to be the best solutions in this modern era. Energy storage sources can 
be integrated into the grid using various energy storage technologies according to the characteristics of the 
application type installed. In terms of the form of stored energy, storage technologies can be broadly classified as 
Mechanical (pumped hydro, compressed air, flywheel), electrical (capacitor, super capacitor, superconducting 
magnetic energy storage), electrochemical (secondary battery consisting of lead-acid, nickel-cadmium, sodium 
sulfate, Li-ion, etc. and flow battery consisting of redox flow batteries), thermal (heat storage and latent storage), 
thermochemical (solar fuels and solar hydrogen) and chemical (hydrogen fuel cell). Different types of ESS 
technologies can be used in stationary application sectors, however with certain technologies to be more favorable 
to meet the power (electric), others the energy (batteries), and other the discharge time and lifetime (thermal) 
requirements. After identifying the application’s needs and based on all the economical, geographical, and 
performance variables, many studies propose a hybrid solution, based on the combination of various storage devices. 
A research and development sector is focusing on the hybridization of electrical and electrochemical principles, and 
hybrid supercapacitors have also emerged with increased energy density capabilities. In electrochemical storage 
systems, current studies focus on meeting the higher energy density demands with the next-generation technologies 
such as the future Li-ion, Lithium-Sulphur (Li-S), Lithium-Air (Li-Air), Metal-Air, and solid-state batteries [1]. Moreover, 
the hybrid super capacitors and Latent-phase change material storage technologies are currently showing future 
advancement of ESS fulfilling the power quality and renewable energy integration requirements. Among ESS 
systems, electrochemical storage technologies fulfill the requirement for the stationary application area under study, 
provided that high energy and power densities are found. Furthermore, among the battery storage technologies, Li-
ion batteries are found to be more suitable for large-scale stationary applications with long discharge time 
characteristics [2] explored with new materials and chemistries. Future Li-ion cells are also expected to increased 
temperature range and are safer and more reliable throughout the whole lifetime with increased fast charging 
capabilities and lower cost. So far, different studies were conducted regarding the optimal sizing and economic 
effectiveness of energy sources installed with battery storage systems. For techno-economic analysis purposes, 
HOMER software was used by different researchers. In addition to renewable energy sources, Battery Energy 
Storage Systems (BESS) are essential as it is stated in different studies reviewed as follows. The advantage of BESS 
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technologies was significantly observed in different applications including power quality improvement, area 
regulation, smoothing of voltage-frequency deviation, efficiency improvement, and grid stability enhancement [3,4]. 
Accordingly, Lead acid and Li-ion batteries are playing the leading role in stationary energy storage applications. 
However, still various researchers stated that the cost of Li-ion batteries are expensive and not economically feasible 
[5,6].  

This paper provided a new contribution performing a comparative techno-economic analysis of Lead-acid and Li-ion 
batteries considering an existing photovoltaic grid connected stationary application system. The main contribution of 
this paper includes the simultaneous utilization of the new Equivalent Circuit Model (ECM) used for technical and 
Hybrid Optimization Model for Electric Renewables (HOMER) software was used for techno-economic analysis of 
the two battery storage systems. Where the ECM model is built-in using electrical components, which respond to the 
battery electrically. On the other hand, HOMER is software used for the optimization of the components to be used 
in the grid-connected electrical power system. HOMER uses the method of load following and cycle charging 
strategies for energy management strategies in the system. The net present cost and cost of energy contributions 
are among the key parameters used for the evaluation of the batteries' economic advantages. The performance rate 
of the two batteries was also studied using their cycling charge-discharge characteristics with the help of the Matlab-
based ECM model. The economic and technical performance results found from this study can be used as valuable 
input for the identification of the appropriate type of energy storage battery system to be used in commercial and 
industrial application sectors. 

 

MATERIALS AND METHODS 

A summary of the methodology used for conducting the performance evaluation of both energy storage battery 
technologies integrated with the micro-grid system is presented in Fig. 1. The performance analysis of these batteries 
in terms of their charge-discharge cycling impact was investigated using the ECM model. On the other hand, techno-
economic optimization analysis was performed using HOMER-Pro simulation environment providing a typical dataset 
of load profile, solar radiation, detail of component economics, and others as input variables.  

 

 

 

Fig. 1. Flow chart for performance evaluation of BESS system. 

 

Equivalent Circuit Simulation Model of BESS System 

Fig. 2 below shows the schematic representation of the BESS system used to simulate and analyze the charge and 
discharge characterstics of the BESS systems.  
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Fig. 2. Charge_Discharge_time characteristic’s circuit model of BESS system. 

 

In addition, Fig. 3 shows the schematic representation of the overall grid connected photovoltaic system connected with 
battery, modelled using HOMER software. 

 

Fig. 3. Schematic representation of grid-connected photovoltaic system. 

 

RESULTS AND DISCUSSION 

The most crucial and key performance indicators have been used to evaluate the techno-economic viability of lead-
acid and Lithium-ion battery systems. The comparative analysis result of the two battery systems for the considered 
specific use case scenario is provided interms of Voltage, charge-discharge cycling characterstics, Net Present Cost 
(NPC), Cost of Energy (COE), power and energy generation outputs. 

The representative result for the COE comparative analysis interms of number of required batteries and magnitude 
of renewable fraction are shown in Fig. 3 and Fig. 4, respectively. 

 

 

Fig. 3. Number of battery and COE comparison of batteries.   
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Fig. 4. RF and COE comparison of lead-acid and Li-ion batteries.   

 

CONCLUSIONS 

The charge and discharge cycling effect, the techno-economic analysis of lead-acid and Li-ion batteries integrated with 
photovoltaic grid connected system was performed by using Matlab and HOMER-Pro softwares with consideration of 
realistic commercial load profiles and resource data. Accordingly, the system with a Li-ion battery resulted in a LCOE 
of 0.32 €/kWh compared to the system with a lead-acid battery providing a COE of 0.34 €/kWh. On the other hand, an 
NPC of the system with Li-ion batteries is found to be €14399 compared to the system with lead-acid battery resulted 
in an NPC of €15106. In addition, the grid sales provide revenue to the system and the total COE is also reduced. From 
the investigations, it can be concluded that, the PVGCS system with Li-ion batteries requires 40% lesser batteries as 
compared to lead-acid batteries and supporting in provision of reliable power supply with lower cost. In general, Li-ion 
batteries are found to be profitable in both technical and economic aspects, and therefore, recommended as alternate 
viable solution in renewable generation based stationary application considering the typical application scenario under 
study. 
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ABSTRACT 

In this work, Keggin type heteropolyacids (HPAs), H3+xPMo12−xVxO40 (x = 0−3) (30 wt.%) supported on mesoporous 
SBA-15 material were prepared by dry impregnation method and characterized by several techniques (elemental 
analysis, nitrogen physisorption, X-ray diffraction, transmission and diffuse reflectance (DR) FT−IR, Raman and X-
ray photoelectron spectroscopies, thermal analysis (TG−DTA) and scanning electron microscopy (SEM)). The 
catalytic performances of supported HPAs were compared to those of bulk ones in the propene oxidation by 
molecular oxygen at 350 °C. It was shown that the presence of HPAs modifies the textural properties of mesoporous 
SBA-15 material (decrease of surface area) without destroying its structure. The interaction support−heteropolyacid 
leads to the formation of (≡SiOH2

+)(H2+xPMo12−xVxO40
−) surface species more stable than H3+xPMo12−xVxO40 species. 

These surface species appear to be the active sites in the propene oxidation. The supported HPAs exhibit higher 
catalytic activity and favoured the formation of acrolein, acetaldehyde and acetic acid, compared to the bulk catalysts 
that lead only to the formation of COx. 

Keywords: Heteropolyacids; Keggin structure; Mesoporous silica; Dry impregnation; Propene oxidation.  

 

INTRODUCTION 

Polyoxometalates (POMs) exhibit a large variety in their chemical composition and architecture. Among different 
structural classes, that of Keggin-type occupy an important place. The acids corresponding to POMs, namely 
heteropolyacids (HPAs), are known to possess a strong Brönsted acidity and can have a strong oxidative power. It 
was shown in several works that the POMs, particularly phosphomolybdates, have the ability to activate alkanes at 
relatively low temperatures and their efficiency increases when molybdenum atoms are substituted by vanadium 
atoms [1]. However, owing to their small surface area (< 10 m2/g), the catalytic performances are limited. In order to 
overcome this disadvantage, a possible solution is to support them on materials with large surface area. 

The mesoporous silicates are materials that possess large surface area and high pore volume with uniform 
mesopores and high thermal stability [2]. Among them, the most studied is MCM-41. The use of tri-block copolymers 
for the synthesis of SBA-15, allows to obtain a larger pore size and a better resistance to acidic media than MCM-
41. SBA-15 can thus be an attractive support in catalysis compared to MCM-41. 

In this work, we selected to support a series of Keggin-type HPAs, H3+xPMo12−xVxO40.nH2O (x = 0−3)on mesoporous 
SBA-15 by a dry impregnation method, with HPA loadings of 30 wt.%. All systems were characterized by several 
techniques in an attempt to determine thenature of the supported species through the interaction betweenthe 
heteropolyacid and the mesoporous support. The second aim is to study the catalytic performances of supported 
HPAs and to compare them to those of bulk ones in the propene oxidation by molecular oxygen at 350 °C. 

 

MATERIALS AND METHODS  

SBA-15 and H3+xPMo12−xVxO40 (x=0−3) were prepared as reported by Stucky et al. [3] and Tsigdinos et al. [4], 
respectively. The HPAs were denoted by V0, V1, V2 and V3, for x= 0, 1, 2 and 3, respectively. The 30 wt.% HPA/SBA-
15 were prepared by dry impregnation of SBA-15 with an aqueous solution of HPA (pH 0.75) followed by drying at 
50 °C for 20 h in air [2]. 
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ICP analyses were measured on an Iris Advantage apparatus from Jarrell Ash Corporation. Surface area and porosity 
measurements were performed at liquid nitrogen temperature using a Micromeritics Tristar 3000 equipment. Powder 
XRD patterns were recorded in the 2θrange between 0.5° and 10° using a PanalyticalX’pert Pro and between 10° 
and 70° on a Siemens D5000 diffractometer. SEM analysis was performed with a LEO 983 GEMINI microscope. 
Transmission and diffuse reflectance (DR) FT−IR spectra were recorded at room temperature with a Equinox 55 
(Bruker) spectrometer. Raman spectra were measured under ambient conditions on a Bruker RFS 100/S. SEM 
analysis was performed with a LEO 983 GEMINI microscope. TG and DTA were carried out in a 100 mL min–1 air 
stream with a Mettler Toledo TGA/SDTA 851apparatus. Surface composition of the sample was determined via 
ESCA (XPS analyses) on a Kratos Axis Ultra spectrometer (Kratos Analytical − Manchester − UK). 

The propene oxidation was performed under atmospheric pressure in a flow fixed-bed reactor at 350 °C. The masses 
of catalysts used were 210, 90 and 300 mg for SBA-15, bulk HPA and HPA/ SBA-15, respectively. The feed gas 
consisted of 10% C3H6, 20% O2, and   70% He, with a total flow rate of 30 mL min−1.  The steady state was reached 
after 1 h on stream. The catalytic performance was tested for all the catalysts during 5 h. Hydrocarbons, oxygenated 
compounds, COx and O2 were detected by FID and TCD gas chromatography. Details can be found elsewhere [2].
     

RESULTS AND DISCUSSION 

Characterization 

The results of chemical analysis of HPAs (Table not shown) adjusted considering 12, 11, 10 or 9 atoms of Mo per 
Keggin unit, were found in good agreement with desired stoichiometries for P, Mo and V. For the impregnated 
samples, the experimental P/Mo/V/Si molar ratio was very close (< 2.5 wt.% experimental errors) to that in the formula 
for each HPA-containing sample, indicating that HPAs did not collapse after anchoring on the SBA-15 and that the 
quantities of metals used were preserved.The bulk HPAs have very low BET surface area (3–8 m2/g) with a pore 
volume of 0.01 cm3/g. The high BET surface area and pore volume of SBA-15 decreasestrongly after impregnation 
of 30 wt.% HPAs of a factor of 2 (from ca. 790 to ca. 420–450 m2/g and from 1.20 to ca. 0.65–0.70 cm3/g, respectively) 

while the other parameters (BJH, d100, a0 and WTt) remain practically the same (Table not shown). This suggests 
that the mesoporous structure of the support was preserved in all synthesized materials. The decrease of surface 
area and pore volume of the mesoporous support can been attributed either to the blockage of the mesopores by the 
HPAs or to the partly collapse of the walls of the mesopores[2].The sorption isotherms (figures not shown) of pure 
SBA-15 along with supported materials have the shape of the type IV isotherm with an H1 hysteresis 
loopcharacteristicofmesoporous materialswitha narrow pore distribution. The capillary condensation suggestive of 
constantpore sizes occurs at similar relative P/P0 values of ca.0.65.The pore size distributions are centered between 
61.7 and 63.1 Å. The regionlocatedbeyond therelative pressuresof 0.9corresponds to asaturation plateau that 
suggestsforSBA-15 material that the inter particle macroporosity is low. The addition of HPAs to the support (figures 
not shown) leads to nitrogen sorption isotherms similar to those of pure SBA-15 with however, less important 
inflections, indicating a decrease of the supports mesoporosity. The reminiscence of the hysteresis loop shows that 
the mesopores are open to both tips. XRD patterns typical of triclinic system were observed for all bulk HPAs (Figs. 
not shown). For SBA-15, at small angles (2θ: 0.5–10°), in addition to a sharp strong peak (1 0 0) at 2θ = 0.93°, that 
confirm the homogeneity of the pore sizes, two weaker peaks (1 1 0) and (2 0 0) at 2θ = 1.5° and 2θ = 1.8° are 
detected (Fig.). Their presence indicates a hexagonal (p6mm) organization of the channels of the mesoporous SBA-
15. After impregnation of HPAs, the position of the sharp peak remains almost constant (Fig. 1), with slight shifts, 
indicating that the unit cell dimension (a0) does not vary. According to Bragg’s rule, a0 can be deduced and is about 
110–114 Å for all materials. On the other hand, the three reflections become less resolved and their intensity 
decreases after impregnation. That indicate that the framework structure of the support was preserved with a partial 
collapse having occurred upon incorporation of HPAs [2]. At high angles (2θ: 10–70°), the XRD pattern of support 
presents a broad line between 2θ = 15 and 40° assigned to the amorphous silica. This peak doesn’t decrease in 
intensity but slightly shifted to higher angles in the presence of HPAs. No HPA crystal phase corresponding to their 
secondary structure is observed in the HPA/support patterns, that indicate that the heteropolyanionic species do not 
form aggregates with a sufficient size to exhibit intense diffraction peaks but are rather finely and molecularly 
dispersed on the mesoporous surface [2]. 
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Fig. 1. X-ray patterns of SBA-15 and HPAs/SBA-15 at low (2θ: 0.5–10°) and high angles (2θ: 10–70°). 

 

From SEM measurements, the SBA-15 material has an entangled morphology of a few micrometers order that is 
retained upon the impregnation procedure. No crystalline form of HPAs was observed on the mesoporous surface, 
confirming the good dispersion of heteropolyanionic species (Figs. not shown).The IR spectra (figures not shown) of 
bulk HPAs are characteristic of the Keggin structure in the 1100−500 cm−1 region. The IR spectrum of support exhibits 
vibration bands in 3700−400 cm−1 region corresponding to (Si−O−Si), SiO4 and OH groups. The IR spectra of all 
supported HPAs samples are similar (figures not shown), all vibration bands corresponding to Keggin structure were 
partially or fully overlapped with those of the support in the 1200−400 cm−1 region excepted that corresponding to 
νas(Mo=Od) and νas(Mo−O−Mo) at ca. 960 and ca. 870 + ca. 800 cm−1, respectively. Their presence indicates that 
the Keggin structure is preserved during the deposition procedure on the support[2].The DRIFT spectra of all HPAs 
(Figs. not shown) show the characteristic bands of the Keggin structure, in the 1100−700 cm−1 region [2]. The 
spectrum of mesoporous support show vibration bands in the 3750−800 cm−1 region assigned to the isolated terminal 
silanol groups, silanol groups inside the channels, to Si−O−Si, Si−OH and Si−O− groups. For supported samples, the 
sharp band at ~ 3750 cm−1 attributed to isolated terminal silanol groups of the support decreases strongly in intensity 
and is shifted of 4 cm−1 toward lower wavenumbers, suggesting a high dispersion of HPAs at the outer surface of the 
support with a non-homogeneous vibration of the isolated silanol groups induced by the presence of 
H2+xPMo12V3−xO40

− anion [2]. In the 1800−400 cm−1 region, all vibration bands corresponding to Keggin structure are 
fully overlapped by those of the support excepted those corresponding to metal−oxygen bands (ca. 870, ca. 960 and 
ca. 800 cm−1), that are still present at the same positions.The Raman spectra of all HPAs show the characteristic 
bands of the Keggin structure in the low wavenumber region (1000−240 cm−1). The Raman spectra of SBA-15 support 
do not show any vibration band in this region (Figs. not shown). So, on the spectra of supported materials, only the 
νs(Mo=Od) band, with a very low intensity, is observed (~ 1000 cm−1) [2].The TG curves of supported samples are 
similar to that of bulk HPAs with a gradual weight loss up to 600 °C (Figs. not shown), attributed to the departure of 
water molecules ofHPAs and probably to remaining traces of the organic surfactant used in the synthesis of the 
mesoporous material. The exothermic peaks assigned to the decomposition of HPAs are observed at a higher 
temperature (~ 600 °C) than that corresponding to bulk HPAs (405−460 °C). This suggests that the mesoporous 
supports stabilize the HPAs likely by the formation of (≡SiOH2

+)(H2+xPMo12−xVxO40
−) surface species more stable than 

the free acid form [2].The atomic ratios estimated from XPS (Table not shown) show that the M/Si atomic ratios (M: 
P, Mo or V) for the supported samples were found to be lower compared to those obtained by ICP. Those suggest 
the aggregation of HPAs species on the outer surface of the supports. This aggregation would however remain limited 
as no features for crystalline HPA was found by XRD for any of the impregnated samples. 

 

Reactivity in propene oxidation 

No product was formed in the absence of catalyst. In all samples, carbon is not in balance, that is attributed to the 
acrylic acid polymerization. Bulk HPAs and supports (Table) show a low conversion (< 5%) and COx are the only 
products observed. For HPAs/support, the propene conversion increases strongly up to ca. 21−31% and the 
formation of oxygenated compounds (acetaldehyde, acrolein and acetic acid) is favored.This can be attributed to the 
accessibility of active sites further to the fine and homogeneous dispersion of HPAson the high surface of 
mesoporous SBA-15 [2]. The distribution of products seems to be independent on the vanadium number in the acid. 
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Table 1. Oxidation of propene by O2 over all catalysts at 350 °C after 5 h on stream a 

Catalyst Conversion (%) 
Selectivities (%) 

COx
e Acetaldehyde Acrolein Acetic acid 

SBA-15b 3.2 1.8 0.0 0.0 0.0 

V1c 3.2 5.4 0.0 0.0 0.0 

V0SBA-15d 31.2 48.3 6.3 3.2 2.3 

V1SBA-15d 24.6 46.0 5.6 3.2 2.5 

V2SBA-15d 22.2 48.9 5.6 3.5 2.5 

V3SBA-15d 22.2 40.6 4.6 3.6 2.6 

a Feed gas: C3H6: 3 mL min−1, O2: 6 mL min−1, He: 21 mL min−1; b Catalyst mass; 210 mg; c Catalyst mass; 90 mg; d 
Catalyst mass; 300 mg; e COx; CO+CO2. 

 

CONCLUSIONS 

In this work, characterization results showed that the dry impregnation of H3+xPMo12−xVxO40(x=0−3) on SBA-15 
stabilizes the HPA structure with formation of (≡SiOH2

+)(H2+xPMo12−xVxO40
−) surface species.HPA/support materials 

exhibit higher catalytic activity and higher selectivity to partially oxygenated compounds than the bulk catalysts.  
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ABSTRACT 

Today’s developed countries are going to zero-emission transportation vehicles. So, it is very important to supply clean 
and sustainable energy for all consumers everywhere. In this context, using inland vessels as off-grid systems at coastal 
lines that have less or no infrastructure can be selected as an urgent option for supplying electricity for cars, motorbikes, 
bikes, micro solutions, etc. In this study, the potential use of ferries to grid options for internal combustion engine vessels 
is investigated. In the limitation of this study, results show that it can be possible to charge 10-15 cars or approximately 
100 e-bikes in an hour at night times by using the smallest ferries. 

Keywords: Battery charger, Electrical vehicles, Vehicle to grid, Vessel power 

 

INTRODUCTION 

Individual or social development of humans and the use of energy are on the same journey and strongly depend on 
together. This journey started with the first use of human power and evolved to the use of animals or wind as a natural 
power source. And then different kinds of heat machines or thermal systems, that use fossil fuels as the primary 
sources, got the flag for power production. Today we have a different world that is shaped by political crises, 
enormous technological developments, and global disasters than a shorter time ago. No one also can give guarantee 
continuity for this situation, it may also change in a shorter time in a better or worse way. From this perspective, every 
country has to be ready for using its own energy sources very effectively, without any external support. 

Since it was the first use of electrical vehicles (EVs) on road in the 1800s, many attempts and technology have been 
tried to develop the battery system but, most of them failed because of different causes [1], [2]. Today, the use of 
EVs (battery, plug-in hybrid, and hybrid EVs) is one of the most popular subjects, and most companies, universities, 
and research and development centers work on this issue with the highest budgets [3], [4]. Some of the main reasons 
for the popularity of EVs are the reduction, and/or even zero emissions if the energy sources are renewable, of the 
harmful emission (COx SOx, NOx, etc.) for nature and also supply cheap, clean, and sustainable transportation for 
the future [5]. The EVs acronym covers a very wide technological area such as battery technologies, infrastructures, 
charging stations or types, software security, cooling and fire prevention technologies, etc. In this context, supplying 
sustainable, reliable, and cheap electricity for vehicle charging is very important [6].  

Commonly, three kinds of charging stations such as household (120 V), public stations (240 V), and DC Stations 
(480+ V) are used, which need technological, and capital investment for infrastructure and also have different 
advantages and disadvantages. The application of the highest standard DC charging stations, which supply the 
shortest charge time but, need more investment than AC stations is not common, at the current time [7].  

With the widespread use of electric vehicles, that is, the replacement of electricity by fossil fuels, the demand for 
electricity will increase significantly. The increase in energy demand will increase the load on the existing distribution 
and transmission network elements, causing overloads and problems. If the existing grid infrastructure and electricity 
generation cannot meet the demand, a new grid and new power plants will be needed [8]. 

Supplying electricity from the grid to vessels is a very common operation at harbors that reduce operational costs and 
harmful emissions at ports and harbors [9], [10]. However, from vessel to grid applications is not common except in 
professional powership classes [11]. From vessel to grid electrical energy storage potentials of small electric vessels 
has been explored at Lake Balaton as a microgrid solution [12].  

Moreover to the potential use of vessels for EVs charging, it is also possible to use them as a power supplier when 
natural disaster(s) (earthquake, flood, tsunami, etc.) occurred. It is well-known fact that when a natural disaster occurs, 
most of the infrastructure of electricity distribution is damaged [19]. It is a very important critical concern to fill the gap 
between crashing and re-include the power plant to the grid. In this context, the inland vessels can be used as power 
ships to supply energy with a quick response for urgent conditions from the piers [20].  

mailto:asinan@yildiz.edu
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In this study, the potential use of vehicle to grid options with internal combustion engine ferries is investigated using the 
ferries and piers of Istanbul City Lines and statistical data from governmental organizations. 

 

MATERIALS AND METHODS 

ICL was first established in the 1850s in Istanbul to transport people between Europe and Asia lands which serve with 
1130 staff, 29 ferries [13] and 48 piers [14] in 2022. ICL ferries consist of different power capacities from 750 kW to 
2500 kW and different passenger capacities from 400 to 2100, Fig. 1. The piers are located intensively in the strait 
(Bosphorus) line and on the other side of Istanbul. 

 

 

Fig. 1 Fleets of Istanbul City Lines [13] 

 

A basic schematic of V2G application at Istanbul City Lines (ICL) can be seen in Fig. 2. The working principle and 
requirements are very simple. This system needs a power source (internal combustion engine or hybrid battery 
vessel), converter (from AC to DC) and EVs (cars, motorbikes, micro solutions, etc.). For the rest of their passenger 
carrying schedule, especially at night times, it is an obligation to Moore the ferries or any kind of marine vessel at a 
pier most of which have a parking area for vehicles. The resting time for a vessel which is thought of as a power 
source is money lost time that can be converted to money or equal values to operate effectively. The conversion 
process from waste of time to money requires supply and demand. Different kinds of electric cars can benefit from 
these mobile charging stations which don't require any structure investment, hiring, or ownership of any land. 

 

 

Fig. 2 Schematic of V2G application 

 

RESULTS AND DISCUSSION 

According to the Turkish Statistical Institute, as of the end of October 2022, there is approximately 1% hybrid (0.9) and 
electric (0.1) vehicles among the 15 million registered vehicles in Turkey [15], Fig. 3, and it is predicted the number will 
approximately double in a year. More than half of the number of vehicles are operated in Istanbul. According to the 
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research conducted on the basis of provinces, almost 1/3 of the 1500 charging stations are located in Istanbul and 
most of them are located on the European side [16].  

 

 

Fig. 3 Hybrid and electric car statistics in Turkiye [15] and Location of the charging stations in Istanbul [17] 

 

Charging cost of the cheapest operated cars (DC charging cost per kilometer) with current national unit electricity 
price and USA dollar currency can be seen in Table 1 for 10 cars. It is possible to use AC system which is cheaper 
than DC system, but it takes longer time for fully charging for any kind of EVs. 

 

Table 1 Charging cost of the cheapest operated cars (recalculated from [18]) 

Number Vehicle 
Capacity 

(kWh) 
Range 
(kM) 

AC Cost 
($) 

DC Cost 
($) 

DC Cost / 
Range 

1 Hyundai IONIQ Electric 40 250 16.9 21.2 0.085 

2 
Tesla Model 3 Standard 

Range Plus 
50 306 20.9 26.3 0.086 

3 
Tesla Model 3 Long 
Range Dual Motor 

75 450 31.4 39.4 0.088 

4 Fiat 500e* 42 250 17.6 22.1 0.088 

5 Hyundai Kona Electric 68 394 28.2 35.5 0.090 

6 
Tesla Model 3 Long 
Range Performance 

75 435 31.4 39.4 0.091 

7 Mercedes-Benz EQA* 60 346 25.1 31.5 0.091 

8 Renault Zoe ZE50 R110 55 314 22.9 28.8 0.092 

9 Volkswagen ID.3 Pure* 48 274 20.1 25.2 0.092 

10 Honda e* 36 201 14.9 18.7 0.093 

 

To conclude the study, if a 1000 kW ship is operated for 1 hour, approximately $250 of fuel is consumed and a sale of 
$500 can be made. As a result of the 1-hour operation of all the ships in the fleet, approximately 9000 $ in fuel costs 
arise, and approximately 19000 $ in electricity sales income can be obtained. The difference of $ 10000 appears as the 
profit of the institution.  

 

CONCLUSIONS 

Within the scope of future studies, the economic and ecologic usability of the vessels that are idle at night on the coasts 
of Turkiye, both as a charging station and to provide energy support in times of disaster will be investigated. In addition 
to these aim, it is planned to make an economic analyses for full electrical vessel for V2G or G2V option.  
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ABSTRACT  

The energy sector depends on fossil fuels resources. Coal mine gases mainly contain methane gases (CH4). The coal 
mine methane (CMM) is the new and the clean natural energy sources. The coal supplies 26% of the globally energy 
demand. The Kyoto Protocol aims to prevent to the climate change by decreasing the methane gas emission. In this 
study, U.S.A. coal seams total gasses (cm3/g) are analyzed using the ARIMA method to predict values for next years. 
When total methane gases of Indiana and Utah are increasing to time, total methane gases of Pennsylvania and Illinois 
are decreasing to time. The total gases of Colorado and Utah have changing trend. Thus, Indiana is the important role 
for energy and methane policies.  

Keywords: Coal mine methane, Energy, ARIMA method, Time series model, USA 

 

INTRODUCTION 

Energy policies are related to methane gases emissions policies. Countries have controlled to coal mine methane 
(CMM) utilization and recovery technics. CMM recovery is a clean, safer and economical energy resource [1]. New 
energy storage technics reduce methane emissions from the coal mines.  

The main energy source of U.S.A. is the fossil fuels. Foremost among these is the coal. The U.S.A. has five main 
coal regions. They are: 

 

1) The Appalachian Basin; situated in Ohio, Pennsylvania, Tennessee, West Virginia and Eastern Kentucky, 

2) The Warrior Basin; situated in Alabama, 

3) The Illinois Basin; situated in Illinois, Indiana and Western Kentucky, 

4) The Southwestern Basin; situated in Utah, Colorado and New Mexico, 

5) The Western Interior Basin; situated in Oklahoma and Arkansas [2]. 

 

The main coal regions of the U.S.A. are shown in Figure 1.  

 

 

Fig. 1. The U.S.A. main coal regions 
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Coal mine explosions of the U.S.A. generally happen in the winter season. Because, the barometric pressure is the 
density and unclear [3]. Methane-air explosions occur as 30 % of the total explosions in USA [4]. Coal mine explosions 
contain dust and methane explosions, fire, spontaneous combustion, falling of the roof, toxic of carbonmonoxide in 
U.S.A.’ s underground coal mines (Table 1) [4]. 

 

Table 1. Important methane explosions of the U.S.A. 

Year Region Mine Number of Dead 
Person 

Number of Injured 
Person 

2000 Utah Willow Creek 2 8 

2001 Alabama Jim Walter Resour. 
No.5. 

13 9 

2003 West Virginia McElroy 3 3 

2006 West Virginia Sago Mine 12 1 

2010 West Virginia Upper Big Branch 29 - 

 

A methane explosion occurred in Willow Creek Mine (Utah). The Willow Creek Coal mine plan is shown in Fig. 2 [5]. 

 

 

Fig. 2. The Willow Creek Mine Plan (Carbon Country, Utah) [5] 

 

The rate of underground coal mine accidents (7.9) are three twice more than the rate of surface coal mine accidents 
(2.8) [6] In Fig. 3., number of the injured and dead person are shown between 1980 and 2006 in the underground coal 
mine [7]. 

 

 

Fig. 3. Underground coal mine explosion fatalities & injuries, 1980-2006 [7]. 
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The direct-method determination studies of the total gas content (lost, desorbed, residual gas) were done in 250 U.S. 
A. coalbeds. According to results, the location, depth and rank are included for geographic identification [8]. Daloglu 
and Keskin (2020) determined to effect of ash (%), volatile matter (%) and fixed-C (%) for the dust concentration level 
by fuzzy fault tree analysis [9]. Daloglu et al (2019) predicted to methane emissions values by ARIMA method in 
Zonguldak (Turkey) [10]. Agarwal et al. (2009) modeled methane emission values to determine musson rains for 3 
years in Hindistan [10]. Salmachi and Yarmohammadtooski (2015), forecasted to the product analysis by methane 
emissions values [12]. Zhu et al. (2015), followed the methane emissions for the climate change in Nepal Himalaya 
[13]. Suleymanov et al. (2009), applied to the fractal analysis of time series in oil and gas production for economy [14]. 
Apergis et al., (2016), analyzed to time series methods of oil production, rig count and cruel oil price in six U.S. oil 
producing regions. Results show that these parameters effect to capital investment projects and oil firms [15]. 
Kirchgessner et al. (2002) found that the higher success of the coal mine methane recovery for the energy in the Warrior 
and the Appalachian Basins than the other regions. Additionally, the Illinois Basin hasn’t positive economic, otherwise 
the Western Region has positive economic [16]. Some energy policies were applied by the U.S.A.’s Presidents. Their 
policies are summarized as following, respectively: 

1) The President Bill Clinton signed to the Kyoto Protocol. 

2) The President George Bush withdrew from the Kyoto Protocol [17]. The energy policy and the climate policy 
are divisioned each other. Thus, some measures were done, such as promoting an open and democratic policy, 
interregional cooperation, equity across regions, generations and socioeconomic groups [18]. The end of these 
measures, Pennsylvania has been a leader for energy producer and climate policy [19]. 

3) Under the President Obama Administration, the energy efficiency was applied by three methods. They are: 
financial and nonfinancial incentives, technical assistance programs and research & develop programs [17]. 
Additionally, methane emissions were reduced by three ways. They are: fuel economy regulations, decrease to 
greenhouse gases (GHG) emissions and increase to renewable energy share [20]. 

4) The President Trump started to “Energy Independence” policy [17]. He aims to increase the coal industry, tariffs 
on solar energy panels and decline to renewable energy [18]. 

5) Finally, The President Biden planned to produce as 100% of renewable energy source by 2030 [18]. The White 
House announced that the U.S.A. decrease methane emissions by 28% below in 2025 [21]. 

In this study, five different coal seams (Colorado, Utah, Illinois, Pennsylvania and Indiana) are analyzed using the 
ARIMA method for next year [22]. Methane gas values were taken between January, 1 and March, 23, 1980. The 
ARIMA method daily predicts time series analysis between March 14 and 23. 

 

METHODS  

In Table 2, methane gas values (cm3/g) of five different states were applied using ARIMA method. The best suitable 
models were found to ARIMA (2,1,0) for Colorado, ARIMA (0,2,2) for Illinois, ARIMA (1,1,1) for Indiana, ARIMA (2,1,0) 
for Pennsylvania and ARIMA (2,1,0) for Utah.  

Table 2. ARIMA results of methane gas values (cm3/g) 

States Model Parameter Coeffic St. Coef.  t value P value MSE 

Colorado ARIMA 
(2,1,0) 

AR (1) 

AR (2) 

-0,5065 

-0,3480 

0,1143 

0,1145 

-4,43 

-3,04 

<0,01 

0,003 

17,33 

IIIionis ARIMA 
(0,2,2) 

MA (1) 

MA (2) 

0,9859 

-0,2903 

0,0142 

0,0438 

69,43 <0,01 

<0,01 

5,852 

Indiana ARIMA 
(1,1,1) 

AR (1) 

MA (1) 

0,3046 

0,9829 

0,1761 

0,7037 

1,73 

13,34 

0,093 0,18573 

Pennslyvania ARIMA 
(1,1,1) 

AR (1) 

MA (1) 

0,4646 

0,9787 

0,1057 

0,0345 

4,40 

28,38 

<0,01 

<0,01 

7,666 

Utah ARIMA 
(2,1,0) 

AR (1) 

AR (2) 

-0,5977 

-0,2678 

0,1173 

0,1173 

-5,10 

-2,36 

<0,01 

<0,01 

2,135 

 

In Table 3,4,5,6 and 7, methane gas values (cm3/g) of five different states were predicted to %95 lower and upper 
confidence limits using ARIMA method. 
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Table 3. Prediction values of Colorado between March 14 and 23 

Days (March) Total Gas (cm3/g) %95 Lower Confidence Limit %95 Upper Confidence Limit 

14 4,56283 -3,59928 12,7249 

15 5,35315 -3,74891 14,4552 

16 4,44383 -5,23171 14,1194 

17 4,62933 -6,30724 15,5659 

18 4,85182 -6,95093 16,6546 

19 4,67458 -7,8333 17,1824 

20 4,68692 -8,6129 17,9867 

21 4,74235 -9,2764 18,7611 

22 4,70999 -9,9665 19,3864 

23 4,70709 -10,6204 20,0346 

 

According to Table 3, total methane gas has a changing trend to time in Colorado. 

 

Table 4. Prediction values of IIIionis between March 14 and 23 

Days (March) Total Gas (cm3/g) %95 Lower Confidence Limit %95 Upper Confidence Limit 

14 0,677132 -4,06539 5,41965 

15 0,502095 -5,32557 6,32976 

16 0,327057 -6,42391 7,07802 

17 0,152020 -7,41990 7,72394 

18 -0,023017 -8,34395 8,29791 

19 -0,198055 -9,2140 8,8179 

20 -0,373092 -10,0419 9,2957 

21 -0,548129 -10,8356 9,7393 

22 -0,723166 -11,6009 10,1546 

23 -0,898204 -12,3424 10,5460 

 

According to Table 4, total methane gas has a decreasing trend to time in Illinois State. 

 

Table 5. Prediction values of Indiana between March 14 and 23 

Days (March) Total Gas (cm3/g) %95 Lower Confidence Limit %95 Upper Confidence Limit 

14 1,84071 0,99585 5,41965 

15 1,88357 0,99607 6,32976 

16 1,89663 1,00381 7,07802 

17 1,90061 1,00670 7,72394 

18 1,90182 1,00747 8,29791 

19 1,90219 1,00755 2,79683 

20 1,90230 1,00740 2,79720 

21 1,90233 1,00719 2,79748 

22 1,90235 1,00696 2,79773 

23 1,90235 1,00672 2,79798 
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According to Table 5, total methane gas has an increasing trend to time in Indiana. 

 

Table 6. Prediction values of Pennslyvania between March 14 and 23 

Days (March) Total Gas (cm3/g) %95 Lower Confidence Limit %95 Upper Confidence Limit 

14 5,53719 0,10921 10,9652 

15 5,32217 -0,71260 11,3569 

16 5,2227 -0,95965 11,4042 

17 5,17586 -1,05001 11,4017 

18 5,15430 -1,08844 11,3970 

19 5,14428 -1,10709 11,3957 

20 5,13963 -1,11749 11,3967 

21 5,13746 -1,12426 11,3992 

22 5,13646 -1,12938 11,4023 

23 5,13599 -1,13374 11,4057 

 

According to Table 6, total methane gas has a decreasing trend to time in Pennsylvania State.  

 

Table 7. Prediction values of Utah between March 14 and 23 

Days (March) Total Gas (cm3/g) %95 Lower Confidence Limit %95 Upper Confidence Limit 

14 1,00468 -1,86009 3,86945 

15 1,16552 -1,92242 4,25347 

16 1,40023 -1,98328 4,78373 

17 1,21544 -2,57979 5,01066 

18 1,26092 -2,80347 5,32531 

19 1,28488 -3,05431 5,62408 

20 1,25797 -3,35109 5,86703 

21 1,26742 -3,58437 6,11922 

22 1,26922 -3,81779 6,35623 

23 1,26553 -4,04703 6,57809 

 

According to Table 7, total methane gas has a changing trend to time in Utah. 

 

CONCLUSIONS 

Methane gas emission policy is too important for the energy administration in terms of economy, climate change, safety. 
Coal mine methane utilization and recovery methods are used to technics of the energy storage. In this study, The 
Appalachian Basin (Pennsylvania), The Illinois Basin and The Southwestern Basin were evaluated for methane gas 
emissions to time. The total methane gas amount increases in Indiana. Otherwise, the total methane gas amount 
decreases in Pennsylvania and Illinois. The total methane gas of the Southwestern Basin is an unstable trend to time. 
Thus, the total methane gas emission determines to the energy plan for next year. 
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ABSTRACT 

Mobilization is an ongoing process, and Li-ion battery technologies have been leading the market for quite some time. 
The expectations for batteries are increasing, and so are the thermal issues. There are various approaches to resolving 
this issue, but phase-changing materials (PCM) stand out due to their high heat absorption capacities and lack of energy 
expenditure. There are many studies presented to solve this particular problem with PCM, but there is not a direct 
solution for every issue, so they need to be tailored for every case. The paper scanned recent academic studies and 
industry work to compare them so that the best option for their specific case can be selected in a much shorter time 
with better results.  

Keywords: Phase change material, battery cooling, battery thermal management system, energy storage. 

 
INTRODUCTION 

Electrification in the transportation sector has gained significant traction globally in order to reduce carbon emissions 
dependent on it, which currently account for nearly one-third of total CO2 emissions [1]. To electrify transportation, 
various methods can be used, but batteries are currently the most efficient methods in use in the systems. The 
chemical-based batteries have been leading the sector until now, and Li-ion batteries are the best option between 
them because of their electron activities [2]. One of the biggest obstacles to electrification in transportation is 
overheating due to chemical reactions inside the cells. There is still progress for battery cells, but the heating problem 
generally remains the same regardless of the kind. There are some proposed cooling solutions, but many factors 
must be considered at the same time.  

When there is a need for an academic work or an industrial report, a detailed literature search has to be done every 
time because there is not a good review paper to cover cooling methods from different perspectives that might serve 
both academics and industry. There are some cooling methods, such as active cooling, passive cooling, and hybrid 
cooling [3]. As usual, there are advantages and disadvantages for cooling systems as well. On the other hand, quite 
a lot of cooling methods for battery systems are currently being searched for or applied. According to that information, 
PCM materials have quite a wide range of materials that are already used for cooling purposes. A wide evaluation 
has to be done before designing any system or making any further decisions [4].  

The paper aims to provide a comparison of the most recent works on PCM battery cooling systems. The details have 
been extracted from scientific papers or commercial projects and will be evaluated or reverse engineered for the 
details if necessary. The end result contains enough information to guide new projects during the design periods for 
battery cooling methods with PCM.  

 

MATERIALS AND METHODS 

The passive cooling method has a wide variety of uses in the industry, and one of them is phase changing material. 
Choosing the right system for the occasion is important; otherwise, it would be a waste of money and effort, and in 
some situations, it may not even be a solution. The selection of a suitable PCM can be done according to various 
parameters, including melting point, heat latent, price, and accessibility. These criteria affect the decision-making 
process for the design.  

The melting point of a PCM has great importance because it helps the systems keep the temperature stable at a 
certain degree. For example, Li-ion batteries have a working temperature between 30 and 40 degrees Celsius. Figure 
1 gives a list of PCM materials whose melting points vary between 30 and 40 degrees Celsius. Latent heat is an 
important factor in battery cooling because it affects total heat absorption and reduces potential energy consumption. 
Another point that cannot be ignored is price, because the cost of a product or a system needs to be commercially 
viable for people to buy it. The accessibility is a totally different criteria that needs to be decided very carefully because 
it has many variables that need to be taken into consideration because it really gets affected by your geographical 
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position, the country's market availability, shipment facilities, etc. The accessibility criteria variables have been 
decided according to Istanbul-Turkiye conditions, so the products that happen to be popular in the local market have 
better accessibility. There some other points has to be carefully considered that is the feature of these products 
because they may not fit everywhere like some salts can be corrosive for metal parts, but the corrosion effect can be 
avoided with capsulation method, so the user has to consider them specifically for their case. 

 

Table 4. PCMs used in this study (data from [5][6][7][8]) 

 

 

Figure 9. PCM comparisons according to the heat latent 
 

 

Figure 10. PCM comparisons according to the accessibility 

 

Number Name Melting Point (oC) Heat Latent (kj/kg) Accessibility (1-10) Price (Dolar/kg)

1 Zn(NO3)2.6H2O - - Zinc nitrate hexahydrate 36 140 9 900

2 Capric Acid 32 152.7 10 33

3 Lauric acid - Myristic acid 32.6 156 2 100

4 Methyl palmitate 29 205 5 128

5 Camphenilon 39 205 10 32

6 1-Tetradecanol 38 205 6 400

7 Mn(NO3).6H2O - - Managenese two nitrate tetrahydrate 38 115 8 110

8 FeCl3.6H2O - - Iron three chrolride hexahydrate 37 223 7 120

9 Paraffin C20 36.7 246 5 800

10 Na2HPO4.12H2O - - Di-sodium hydrogen phosphate dodecahedron 39.5 280 6 1700

11 LiBr2.2H2O - - Lithium bromide dihydrate 34 124 3 7000

12 CaBr2.6H2O - - Calcium bromide hexahydrate 34 115.5 10 200

13 Parafin C19 32 222 10 4

14 Na2CO3.10H2O - - Sodium carbonate decahydrate 34 246.5 4 1.3

15 Na2SO4.3H2O - - Sodium sulfate trihydrate 32 251 2 50

16 60% Na(CH3COO).3H2O + 40% CO(NH2)2 - - 60% Sodium ethanoate + 40% urea 31.5 226 5 200

17 67% Ca(NO3)2 + 33% Mg(NO3)2 - - 67% Calcium nitrate + 33% Magnesium nitrate 30 136 2 100

18 LiNO3.2H2O - - Lithium nitrate dihydrate 30 296 2 40

19 LiNO3.3H2O - - Lithium nitrate trihydrate 30 296 2 40

20 Ga - Gallium 30 80.9 4 700

21 CaCl2.12H2O - - Calcium chloride twelve hydrate 29.8 174 4 3

22 62.5% trimethylethane + 37% water 29.8 218 3 4

23 CaCl2.6H2O - - Calcium chloride hexa hydrate 29 190.8 4 3
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Figure 11. PCM comparisons according to cost per kg 

 

RESULTS AND DISCUSSION 

The heat latent is a prior reason for the battery cooling system design to begin with, so Table 4 should be evaluated 
carefully for possible choices. As it can be observed, there are some materials that come forward with their heat 
absorption capacities, which are almost above 200 kJ/kg. These numbers are 4,5,6,8,9,10,13,14,15,16,18,19, and 
especially 10,18,19, but other possible choices are strong enough to make it to the list for the time being. Then the 
consideration process can move on to the accessibility criteria. When the bar is set at 5 out of 10 and above for 
accessibility criteria, the remaining successors are 5, 8, 10, and 13. The reason behind 5 is not having difficulty 
reaching the materials. The next process is making comparisons between their prices, and when Figure 4 has been 
considered carefully, their price ranges are close except for number 10. As a result, for a battery cooling project that 
will run between 30 and 40 degrees Celsius, the best options for PLC cooling materials are numbers 5, 8, and 13. 
 
 
CONCLUSIONS 

The work was created to evaluate various battery cooling methods and materials. The review would provide quite 
enough information for people who are interested to conducting research or working on battery cooling system 
designs. The comparison scope can be expanded to include more variables, such as cooling performance, price, 
maximum and minimum temperatures, temperature difference, system weight per KW for comparing mobile systems, 
and so on. 
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ABSTRACT 

In this study, the organosilicon films were deposited on a substrate of carbon steel C38 cold plasma post-discharge 
microwave nitrogen (PACVD-MO). The deposits were obtained using the monomer TétraMéthyDisiloxane mixed with 
oxygen (TMDSO/O2). The characterization of the microstructure of deposits was carried out by different 
physicochemical techniques Electron microprobe analysis (EMPA), Raman spectroscopy , contact angle 
measurements and atomic force microscopy (AFM). Profilometry has been used to measure the thickness of the 
organosilicon films  All characterizations reveal an amorphous structure type polysiloxane layers deposited. The 
porosity of the deposited films seems to be closely linked to the rate of nitrogen added to TMDSO. The 
electrochemical properties of deposited layers were assessed by electrochemical tests such as potentiodynamic 
polarization curves and electrochemical impedance spectroscopy (EIS). The electrochemical studies show a good 
consistency with the microstructure of films and protective efficacy in NaCl (3%) varies from 75% to 83%. It was 
shown in the theoretical investigation that the Fe35 cluster established a strong, partly covalent link with the oxygen 
of the polysiloxane, suggesting that the coating had powerful anticorrosion capabilities 

Keywords : Cold plasma post-discharge ,ECS, treatement, corrosion, cluster, DFT, MD . 

 

INTRODUCTION  

One of the most popular methods for depositing thin films is plasma-enhanced chemical vapor deposition (PECVD). 
To produce ultrathin polysiloxane-based films, plasma-assisted polymerization of organosilicon compounds is an 
intriguing technology. Coating steel substrates with organosilicon films through cold plasma polymerization is 
presented here. The films are produced by polymerizing oxygen-doped 1,1,3,3-tetramethyl disiloxane (TMDS) 
monomer in a nitrogen microwave post-discharge low-pressure cold plasma [1-4].In this case, increasing the 
corrosion resistance of metallic materials by plasma-enhanced chemical vapor deposition (PECVD) from 
organosilicon precursors seems like a promising strategy because it is a waste-free and low-emissions process. A 
key technological benefit of PECVD is that it allows substrate pretreatments to be performed immediately before the 
deposition process, all inside the same reactor [4].Other authors have partially explored the function of silicon in the 
growth processes of SiCN thin films on silicon substrates. Still, they have not yet nailed down the precise method of 
silicon entering the film or its particular role in the development mechanism [2-3]. Researchers have looked at how 
introducing new gases into the discharge might change the plasma chemistry and, in turn, the films' physical and 
chemical characteristics. The most common gases are nitrogen, argon, and oxygen. However, oxygen has the most 
significant effect on the diamond growth rate, diamond deposition domain, and quality overall because of its direct 
contact with the chemisorbed hydrogen [4, 7-9]. However, the treated steel's intrinsic porosity (which depends mainly 
on the deposited parameters) and the presence of impurities and oxides will restrict the treated steel's ability to 
provide the desired protection against corrosion. Treated steel has flaws and holes that let the electrolyte through to 
the metal's substrate [11,12]. Electrochemical investigations have examined how adding oxygen to TMDS monomer 
during polymerization impacts the films' resistance to corrosion. Profilometry measures the thickness of the deposits, 
contact angle measurements assess the wettability, and the Cross Hatch Cutter test measures the stickiness. 

 

MATERIALS AND METHODS  

Materials 

The carbon steel substrates were supplied by Arcelor in France and consist of (%) 0.3 C, 0.23 Si, 0.68 Mn, 0.5 Cr, 
0.1 Cu, 0.059 Ni, 0.016 S, 0.011 Ti, and 98% Fe. Aldrich supplied NaCl. 
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Experimental procedure 

Figure 1 depicts the experimental setup. Quartz tubes generate a microwave discharge, which excites a nitrogen 
flow (99.995 percent pure). The cold, distant nitrogen plasma looks like a yellow afterglow because the constant 
pumping brings excitement and long-life species into the reactor chamber. The nitrogen plasma is near room 
temperature and devoid of charged particles. Therefore, there is no risk of damaging the substrate. With the help of 
a coaxial injector, the monomer (TMDS) is injected into the cold, distant nitrogen plasma with an oxygen purity of 
99.5% or higher. A cold, remote nitrogen plasma is initially applied to the samples, improving the polymer's adhesion 
quality before the deposition procedure begins. After that, we perform the deposition process without exposing the 
material to the air again. The polymerization process results in a white glow, which has been examined in the past 
[1, 4]. One side of a sample is covered at a time, and then the other, with an open-air exposure. we have constructed 
a composite matrix consisting of three experiments (Table 1)  

Table 1 Composite matrix 

N° 
Flow O2 
(ml/min) 

Flow N2 
(ml/min) 

Flow 
TMDS 
(ml/min) 

Distance 
injector/substrate 
(mm) 

1 75 2500 15 150 

2 150 2500 15 150 

3 250 2500 15 150 

 

Contact angle characterization 

After coating with variously thick SiOx-like layers, the polished carbon steel interface is shown in reflection mode 
FTIR spectra in  Figure 1 [4,5]. Parallels may be seen in the spectra of the various interfaces. The most prominent 
band in all of the FTIR spectra is the asymmetric vibration band of Si-O-Si at about 1225 cm-1. When the oxygen flow 
is altered (shown in Figure 1), all three spectra for the deposited films look the same, and the same chemical linkages 
are detected. However, the Si-O bond is responsible for the 1064 cm-1 peak. - The Si summit is two peaks. The very 
long siloxane chains in the polymer are to blame for this [4, 10]. Absorption of short and linear siloxane chains occurs 
at 1050 cm-1 (as HMDSO), and this band eventually widens to encompass the 1100-1000 cm-1 region as the 
molecular weight of the siloxane increases. Figure 1 depicts the time dependence of the absorbance of the 1064 cm-
1 peak characteristic of Si-O-Si and the 1263 cm-1 peak characteristic of SiCH3. The intensity of the Si-O-Si peak 
increases as a function of oxygen flow, whereas the Si-CH3 peak decreases. The presence of molecular and atomic 
oxygen promotes the breakdown of TMDSO molecules in the gas phase, with the generation of volatile stable 
products such as water, CO2, or CO as an intermediate precursor, leading to lower carbon content in the layers [5]. 
The increase in oxygen content allows the elimination of methyl functions—the obtained film remains rich in carbon 
because its stœchiometry is of SiOxCy type.  

 

Steel  790 

 

 

Poly 102° d(N2)= 250 ml/min 

 

 

Polysi 360d(N2)= 75ml/min 

 

Figure  1. Evolution of contact angle of deposited films at different nitrogen flows 
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Polysiloxane d(O2)= 250 ml/min 

 

Polysiloxane d(O2)= 150 ml/min 

 

Polysiloxane d(O2)= 75 ml/min 

Figure 2. AFM  characterization of deposited films at different  nitrogen flows 

 

Electrochemical measurements 

The platinum grid was used as the counter electrode, and a saturated calomel reference electrode was used to 
acquire electrochemical data with a Potentiostat/Galvanostat "Solartron 1255B Frequency Response" analyzer 
(SCE). The insulating PTFE tape was wrapped around a cylinder of XC38 steel rod to create the working electrode, 
which had a surface area of A=7.5 cm2. At 30 degrees Celsius, uncoated and coated carbon steel samples were 
subjected to tests with aerated 3% NaCl. The research team settled on 0.5 mV s-1 for the applied voltage [16, 17]. 
To conduct accurate comparisons, the cathodic and anodic fields were required to be recorded individually. 
Electrochemical impedance spectroscopy (EIS) was performed across a broad frequency range using the Solartron 
SI 1287 electrochemical interface (two millihertz to one hundred kilohertz, or eight frequency decades). A virtual 
experiment was carried out using ZView2 to evaluate the impedance figure3 

 

Figure 3. (A) Experimental and fitting EIS (Nyquist) of XC38 (inset, grey) 2.5 µm POLYSILOXANE coated (Black: without 
pretreatment; and  of deposited films at different nitrogen flows 

 

Higher-frequency loops are concerned with the properties of the film, while lower-frequency circles are concerned 
with the substrate's surface. Figure 8B depicts the equivalent circuit used to show these results, with RS denoting the 
electrolyte resistance, RC the coating resistance, and CPEC the coating capacitance. This design often uses 
simulators  

 

Table 2 Polarization resistance and corrosion current densities calculated by Electrochemical Impedencespectroscopy for 
untreated and coated steel :nitrogen flow effect. 

 

Theoretical study 

As shown in Figure 9, the polysiloxane' HOMO locations are located on the methyl carbons, Si, and O atoms. We 
can also see iron's HOMO and LUMO orbitals, hence its ability to behave as a donor and an electron acceptor. The 
polysiloxane and Fe35 binary interacting system's charge distribution on the Cosmo surfaces may be seen. The 

Sample Rp  (Ω.cm2) 

Untreated steel 1200 

Coated steel : dO2 = 75 ml /min 2203 

Coated steel : dO2 = 150 ml /min 18183 

Coated steel : dO2 = 250 ml /min 13812 
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complex's non-polar regions are green, the hydrogen bond acceptor (HBA) region is red, and the hydrogen bond 
donor (HBD) region is blue. 

HOMO LUMO 

  

Figure 4-DFT global reactivity descriptors and COSMO-RS results 

The electron density distribution of the complex shows that the two molecules are strongly connected. The electron 
cloud between the polysiloxane and Fe35 clusters is theoretically possible between the oxygen of polysiloxane and 
one edge atom of the iron cluster [52]. 

 

CONCLUSION  

Different PACVD process operating parameters and their effects on coat morphology (thickness and porosity) were 
studied and analyzed. As working circumstances vary, the deposit coatings continuously undergo subtle variations 
in  composition.Power (250 ml/min), oxygen flow (150 ml/min), nitrogen flow (2500 ml/min), treatment time (20 
minutes), and monomer flow (15 ml/min) may all be adjusted to optimize corrosion resistance. This allowed for the 
production of deposits with polarization resistances of 13183 k cm2 and corrosion current densities of 55 107 A cm-
2. The effectiveness against corrosion is greatly affected by three factors: coating thickness, coating adhesion to the 
substrate, and coating porosity. Protective coatings (layers) against corrosion should be extremely adhesive and 
impermeable. Another crucial factor to investigate is pretreatment. Important in the deposition of the oxide layer that 
provides structural support for the substrate. A nitrogen pretreatment was performed to provide a qualitative 
assessment of the coat adhesion.  A strong partly covalent link between the Fe35 cluster and the oxygen of the 
polysiloxane was found at the end of the theoretical analysis, which was suggestive of the high anticorrosion 
protection of such a coating. 
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ABSTRACT  

In this study, use of the nanoparticle-enhanced phase change materials (NePCMs) has been investigated as an 
effective solution in solving the problem of low the thermal conductivity of phase change materials (PCMs) in the thermal 
energy storage systems. Due to the high thermal conductivity of the carbon-based nanoparticles, the use of surfactant 
and performing surface modification of multi walls carbon nanotubes (MWCNTs) by functionalization reactions were 
tested on them. Finally, NePCMs were prepared by dispersing Titanium dioxide nanoparticles (TiO2-NPs) in stearic acid 
using innovative sedimentation balance method which their stability were proven by testing. The results of using these 
NePCMs in a storage system including a shell and tube heat exchanger showed that adding only 0.39% of the TiO2-
NPs to stearic acid increase the thermal conductivity up to 27% and reduced the required time by 6% for melting. 

Keywords: Thermal energy storage, PCM, Nanoparticles, Stearic acid, Titanium dioxide 

 

INTRODUCTION 

The emission of greenhouse gases and the limitation of fossil fuels resources have turned renewable energy sources 
such as the sun and wind into a reliable source of energy. Considering of The intermittent essence of these energy 
resources, it seems that developing of energy storage systems will not be avoidable. Many researchers have identified 
the properties of PCMs and classified them. Abhat [1] was one of the first to classify PCMs. Kenisarin [2] has reviewed 
organic PCMs. The desirable properties of organic PCMs, especially paraffins and fatty acids, such as high latent heat, 
homogeneous melting and freezing processes, low subcooling, low vapor pressure, easy access and cheap price have 
attracted the attention of researchers in this field. 

Low thermal conductivity is the most serious problem of PCMs. in recent years various novel methods have been 
applied to increase thermal conductivity of them. Especially with the advancement of nanotechnology in recent years, 
the addition of nanostructured materials to PCMs has received much attention. Another issue that is very important in 
this technique is the stability of the mixture. In this regard, Babita et al. [3] reviewed the preparing and stability evaluating 
methods of the nanofluids in the last two decades. According to these researchers, using surfactant is a common 
method to increase the stability of NePCMs. They also prepared a complete list of surfactants used by researchers. 
They divided surfactants into four groups, anionic (negative), cationic (positive), nonionic (neutral) and amphoteric 
(positive and negative), depending on the type of electric charge in their heads. Sami and Etsami [4] in their article 
introduced the combination of paraffin and TiO2-NPs with mass fractions of 0.5 to 4%. According to them, this 
composition along with SSL surfactant, in addition to favorable thermal properties, is completely stable in alternating 
phase change processes. Zico et al [5] in their experimental study by adding TiO2-NPs to erythritol succeeded in 
increasing its thermal conductivity by 40% and 14% for liquid and solid states, respectively. They also investigated the 
effect of adding different surfactants and introduced tri ethanol amine as the optimal surfactant for this compound. 

In order to investigate the physical stability of nanofluids, Haghigi et al. [6] used the sedimentation balance method to 
determine the sedimentation rate of different water-based nanofluids. They concluded that the sedimentation rate of the 
nanoparticles used did not follow Stokes' law. Shah et al [7] published a review paper on the use of nanoparticles to 
enhance the thermal properties of PCMs. Jagadeswaran et al. [8] also provided a comprehensive review of the 
properties of PCMs including nanostructured materials.  

a few studies have mentioned about the optimal concentration of nanoparticles. Arima and Lazetta [9] showed that the 
melting rate of NePCM have an optimal value relative to the volume fraction of nanoparticles. They conducted their 
study using three different types of nanoparticles (Al2O3, CuO, ZnO) and paraffin as PCM. Their observations showed 
that the melting rate of paraffin decreases with the addition of 3% by volume of nanoparticles. By comparing the melting 
rate of different samples, they introduced 2% volume fraction as the optimal for the highest melting rate. Therefore, the 
melting rate of PCM depends on various parameters that should be considered in determining the optimal value.  
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In this work, in order to improve the performance of the solar water heaters, a thermal energy storage unit based on 
PCM has been designed and tested. The storage system consists of a shell-tube heat exchanger where the heat 
transfer fluid is passed through the tube and the shell is filled with PCM. The problem of heat transfer has been 
solved by increasing the thermal conductivity by adding nanoparticles to PCM. The problem of stability has been 
solved by adding surfactant and using sedimentation balance method. 

 

MATERIALS AND METHODS  

Sample preparation  

Functionalization process of MWCNT with stearic acid and hexa decyl amine (HDA) is presented in fig. 1. As can be 
seen in the left picture, during first reaction esterification reaction between carboxyl group in stearic acid and the hydroxyl 
group in MWCNT leads to absorption of stearic acid by MWCNT's walls. During second reaction in the right picture, the 
reaction between acid and base leads to absorption of HDA by MWCNT's walls. This processes was exactly explained 
in our previous publication [10]. 

 

 

Fig. 1. Functionalization process of MWCNT with stearic acid (left) and HAD (right) 

 

The 18 samples (stearic acid, paraffin wax, and polyethylene glycol as PCMs, pure and functionalized MWCNTs with 
carboxyl (COOH), hydroxyl (OH), stearic acid and HDA functional groups and anatase form of TiO2-NPs as 
nanoparticels with and without sodium dodecyl benzene sulfonate (SDBS) surfactant) were prepared and subjected to 
various tests. The stability of them has been evaluated in terms of physical, thermal and chemical aspects. Based on 
this, the suitable samples (The NePCMs based on stearic acid containing 0.1, 0.28, and 0.39 wt% of TiO2–NPs were 
named PCM01, PCM02, and PCM03, respectively) have been selected for use in the storage system. Sedimentation 
balance method was applied to prepare these samples, as described in our previous work [11] 

 

Experimental setup  

A horizontal shell-and-tube heat exchanger with two hot and cold water circuits for melting and solidifying PCM, 
respectively was used as the storage unit. The hot water was supplied by a cylindrical tank equipped with a thermostat 
and a PID control. Fig. 1 illustrates the storage system, schematically. A 60 channel data logger and 24 K-type 
thermocouples (installed in the middle section of the heat exchanger) was used to measure and records the 
temperatures each 10 s 
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Fig. 1 Schematic diagram of the experimental setup 

 

RESULTS AND DISCUSSION 

The thermal conductivity of the NePCMs were measured by the KD2-Pro thermal property analyzer. Fig. 12 displays 
the thermal conductivity of them as a function of temperature. As can be seen the thermal conductivity improves with 
increasing mass fraction of nanoparticles, so that the thermal conductivity of PCM03 with only 0.39 wt% of TiO2–
NPs has increased up to 27%, compared to pure stearic acid. They also change slightly with the temperature at both 
liquid and solid phases. The sudden increase of thermal conductivity close to the phase change point could be related 
to the molecular vibrations acceleration and the instability of solid crystalline structure in the matrix of the regular 
solid structure [12].  

 

Fig. 1 Thermal conductivity of stearic acid and composite PCMs 

 

The temporal temperature curves of the T1-0 (Located at 0 degrees close to surface) and T1-90 (Located at 90 degrees 
close to surface) thermocouples for the NePCMs melting were showed in Fig. 3. Observations showed that, heat 
transfer directly depends on the thermal conductivity and viscosity of the PCMs. In fact, these properties determine the 
dominant heat transfer mechanism. An increase in viscosity leads to the predominance of conduction heat transfer, 
while its decrease leads to the predominance of convection heat transfer. Also, the role of the thermal conductivity is 
more important in the conduction mechanism than convection. The increase of nanoparticles in PCMs on the one hand 
leads to increase of viscosity and limits heat transfer through convection mechanism, and on the other hand it causes 
increase of conductivity and as a result conduction mechanism. Therefore, the effect of adding nanoparticles is greater 
in the solid state where heat transfer is often done through conduction mechanism. 
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Fig. 1. Temperature history of T11 (left) and T41 (right) thermocouple during melting processes  

 

CONCLUSIONS 

With the aim of finding a suitable PCMs for use in the thermal energy storage systems, a wide range of various NePCMs 
have been prepared and tested. Their thermophysical properties have been measured and their stability has been 
evaluated. The investigation of carbon-based NePCMs showed that although these materials have a very high thermal 
conductivity, they do not have the required stability during intermittent phase change processes. The use of surfactant 
and performing surface modification of MWCNTs by functionalization reactions also delayed the sedimentation to a 
significant extent, but did not lead to acceptable results for storage systems. Investigation of TiO2-based NePCMs 
showed that, stable NePCMs with low concentrations can be prepared by using surfactants and applying the innovative 
sedimentation balance method. Dispersing TiO2-NPs in stearic acid by this method can increase the thermal 
conductivity up to 27%. Also, the use of these NePCMs in storage systems can reduce the time required for melting by 
6%. Increasing the mass fraction of nanoparticles in the PCMs, in addition to increasing the probability of instability, 
leads to an increase in viscosity as a result, a decrease in heat transfer through the convection mechanism. In general, 
to use the very useful thermophysical properties of nanotechnology in the thermal energy storage systems, it depends 
on finding a solution to solve the problem of instability. 
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ABSTRACT 

Due to the potential of the FeTi intermetallic compound as a storage hydrogen material, various research works have 
been carried out in order to explore its characteristics. In this study, the full potential linearized augmented plane 
wave (FP-LAPW) method is used to investigate the ground states as well as the electronic and thermodynamic 
properties of FeTi and FeTiH. The total energy calculations of a unit cell as with respect to volume are performed in 
B2 and orthorhombic structures. The curves of the total density of states (TDOS) and partial density of states (PDOS) 
show a formation of the pseudo-gape near the Fermi level. The contours plot of valence charge density show the 
mixture of covalent and metallic bonding in both compounds.  Finally, the quasi-harmonic Debye model is used to 
predict the thermodynamic properties of FeTi and FeTiH at different temperatures and pressures.  

Keywords: DFT, FP-LAPW, FeTi, FeTiH, intermetallics 

 

INTRODUCTION 

Recently, there has been a lot of interest in using hydrogen as a clean energy source. This environmentally friendly 
fuel has been considered as a strong candidate for the future energy production due to its attractive features such 
as ease of production and great energy efficiency. One of the best methods for securely storing hydrogen is the solid-
state hydrogen storage technique [1-4]. Due to their exceptional volumetric capacity (up to 150 kgH2/m3), excellent 
gravimetric hydrogen capacity, and favorable working temperature and pressure conditions, metal hydrides are 
regarded as viable options for solid-state hydrogen storage [5-11]. Among these compounds, we find the FeTi which 
is considered as a key material due to the possibility of massive production due to its relatively low cost manufacture 
compared to other intermetallic compounds.  

Due to the potential of the FeTi compound and its hybrid compounds, various research works have been carried out 
in order to explore their characteristics. Padhee et al. investigated the role of Mn substitution in FeTi towards the 
hydrogenation kinetics and hydrogen storage using a combination of experimental and theoretical tools [12]. 
Khadraoui et al. studied the structural and electronic properties of the TiFe and both hydrides compounds TiFeH and 
TiFeH2 compounds using the DFT pseudopotential (PP) method [13]. More recently, Alvares et al. have measured 
the thermodynamics of the FeTi-H system based on a combination of experimental data on the solubility limits and 
DFT calculations of the ground state formation energies [14]. Patel et al. have discovered a new process used in the 
full hydrogenation of FeTi alloy, named self-shearing reactive milling (SSRM) [15]. Hence, in order to explore more 
physical properties and understand the origins of the different properties of this attractive class of intermetallics, we 
have investigated the phase structural and electronic properties of the FeTi and FeTiH compounds.  

 

COMPUTATIONAL DETAILS  

Calculations of FeTi and FeTiH are performed using the FP-LAPW approach as implemented in the Wien2k code 
[16], which works within the DFT [17]. The exchange correlation functional is treated by Perdew–Burke–Ernzerhof 
(PBE) generalized gradient approximation (GGA) [18]. Inside the Mun-Tin spheres, the wave functions, the electron 
charge densities and the potentials are expressed as a summation of spherical harmonics. The Muffin-Tin radii (RMT) 
are chosen such that there is no charge leakage from the core and to achieve better energy convergence. Integrations 
in the reciprocal space were performed by using the tetrahedron method. The reference configurations are 26Fe: [Ar] 
3d64s2, 22Ti: [Kr] 3d24s2. 
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RESULTS AND DISCUSSION 

Structural properties 

Firstly, to study the ground state properties of the FeTi and FeTiH compounds, the total energy of the unit cell as a 
function of volume i.e. E(V) was calculated for both compounds in the experimental  observed phase. According to 
Ref. [19], FeTi is formed in the cubic B2 structure (CsCl-type) with the space group Pm3m (N°221). The 
hydrogenation allows the formation of the FeTiH in the orthorhombic structure with space group P2221 (N°17) (Fig. 
1).  

The total energy-volume data is fitted using the nonlinear Murnaghan’s equation of state [20] to obtain the equilibrium 
lattice constant (a,b, c), the bulk modulus B and first-order pressure derivative of the bulk modulus B'. The calculation 
results are summarized in Table 1. In all cases, the comparison of our results with other theoretical calculations 
shows a small difference; this can be attributed to the uses of different calculation codes and approximations. 

  

(a) (b) 

Fig. 1. (a) : TiFe in cubic B2 structure, (b) : TiFeH in the orthorhombic P2221 structure 

 

Table 1. Calculated and compared equilibrium lattice constant a(Å), b(Å), c(Å), bulk modulus B (GPa), pressure derivative of 
bulk modulus B´ of FeTi and FeTiH. 

Compound Method a b c B B´ 

 

FeTi 

This work -PBE-GGA 2.95 - - 192 3.95 

Experimental 2.972 
    

calculations Ref.  [13]- PP 2.988 - - 176 3.3 

calculations Ref. [21] FP-LAPW 2.960   182 .39  

calculations Ref. [22] PAW 2.920 
  

194.40 4.16 

 

FeTiH 

This work -PBE-GGA 2.923 4.480 4.293 181 3.9 

Experimental 2.956 4.543 4.388 
  

calculations Ref. [21]-PP 2.92 4.601 4.315 177 4.7 

calculations Ref. [22] PAW 2.909 4.507 4.284 195.43 4.32 

 

Electronic properties  

The TDOS and PDOS of FeTi and FeTiH are plotted in Fig. 2. The shapes of the DOS plots show that there is no 
energy gap at the Fermi level for both compounds. This indicates that they exhibit a metallic character. The DOS 
values at Fermi level for FeTi and FeTiH are 0.5 and 1.01 states/eV f.u, respectively. However, a very interesting 
feature is the presence of a pseudo-gap in all the structures.  

  

(a) (b) 
Fig. 2. The total and partial densities of states of FeTi (a) and FeTiH (b). 
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(a) (b) (c) 

Fig. 3. Valence charge density contour plot of FeTi (a) and FeTiH (b, c) componds. 

A pseudo-gap located at the Fermi level indicates a significant electronic stability of both compounds. In intermetallics 
the presence of the pseudo-gap in the DOS indicates the formation of a covalent bonding. On the other hand, the 
hybridization of the atomic orbital is behind the formation of the pseudo-gap. To get a deeper insight of the bonding 
features, the valence charge density distributions of FeTi and FeTiH in different planes of the B2 orthorhombic 
structures have been calculated and shown in Fig. 3. We can see that the near-spherical charge distribution on all 
atomic sites indicates a metallic bonding characteristic. On the other hand, the build-up of electrons between the Fe, 
H and Ti atoms specify a strong covalent bonding directionality, which confirms the prediction from the TDOS 
calculations. This means that the presence of the pseudo-gap specifies the existence of the directional covalent 
bonding in the studied intermetallic compound.  

 

Thermodynamics properties  

To study the thermal and pressure effects, we applied the Gibbs Program which is a computational realization of the 
quasi-harmonic Debye model. Fig. 6 describes the heat capacities with respect to temperature at 0 GPa. It can be 
seen clearly that at low temperatures Cv increases as a function of T3. However, Cv follows the classic Dulong-Petit 
limit at higher temperatures, that is (Cv = 3nR), where n is the number of atoms in the unit cell. Table 2 reports the 

Debey temperature θD, Grüneisen parameter () and thermal expansion coefficient α at different pressures and at 
T=300 K . 
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Fig. 4. The heat capacities of FeTi (a) and FeTiH (b, c) compounds 

Table 2. Debey temperature θD (K), thermal expansion α (105/K), and the Grüneisen parameter . 

Compound Temperature parameters P = 0  P = 10  P = 20  

 

FeTi 

 

T = 300 K 

θD 558         621 671 

γ 2.34 1.97 1.74 

α 3.59 2.40 1.81 

 

FeTiH 

 

T = 300 K 

θD 637   709 738  

γ 2.12 1.74 1.62 

α 4.59 2.95 2.50   

 

 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

472 

CONCLUSIONS 

In this paper, the structural, electronic and thermodynamic properties of FeTi and FeTiH compounds were 
investigated using the DFT FP-L(APW+lo). The ground states' properties were determined in the stable phase B2 
and orthorombic structures for FeTi and FeTiH, respectively. The lattice constant is found to be in nice agreement 
with experimental measurements. The TDOS results show that the pseudo-gap located at the Fermi level indicates 
a significant electronic stability of both compounds and, the hybridization of the atomic orbital (1s-H, 3d-Fe, 3d-Ti) is 
behind the formation of the pseudo-gap. Furthermore, from the analysis of the bonding charge density distribution, 
we found a mixture of covalent and metallic bonding in both compounds. The quasi-harmonic Debye model is used 
to predict the thermodynamic properties: specific heats (Cv), Debey temperature θD (K), thermal expansion α (105/K) 

and the Grüneisen parameter . The temperature and pressure range from 0 to 900 K and 0 to 20 GPa, respectively. 
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ABSTRACT 

In this study, four different trigeneration systems are developed and compared particularly in terms of energy storage 
options. The energy and cost assessments are provided. In these systems, solar and wind energy sources are utilized 
for electricity production. Natural gas-based combi boilers and gas cookers, and reverse osmosis units are integrated 
for heating, cooking, and freshwater. Here, lithium-ion batteries, pumped hydro units, vanadium flow batteries, and fuel 
cell units are considered for energy storage. For the hydrogen-based system, an electrolyzer is utilized to produce 
hydrogen. In this way, electricity, heating, and freshwater requirements are provided in an environmentally benign way. 
The costs of capital, fuel, operation, and maintenance are calculated and evaluated. The net present costs of the li-ion 
batteries, pumped hydro subsystem, vanadium flow batteries and fuel cell-based integrated systems are calculated as 
$8.19, $6.11, $9.11, and $13.04 million, respectively.  

Keywords: Renewable Energy, Li-ion, Pumped Hydro, Vanadium Flow, Hydrogen 

 

INTRODUCTION 

Environmentally, economically, and technically sustainable solutions are more vital than ever before. New power 
plants are constructed due to the increase in energy demand. Energy storage subsystems have a critical role in 
renewable energy-based integrated systems. Energy reliability can be provided by renewable energy-based systems 
integrating with energy storage options. Environmental awareness is more significant than ever. CO, CO2, SO2, and 
NOx emissions which are primarily produced in fossil fuel-based energy systems are recognized as the primary 
environmental problems [1]. Renewable energy-based systems integrated with energy storage units are promising 
solutions to reduce environmental pollution. This study aims to investigate lithium-ion batteries, pumped hydro units, 
vanadium flow batteries, and fuel cell units for practical utilization as energy storage options. 

 

SYSTEM DESCRIPTION AND ASSESSMENT 

    

(a) (b) (c) (d) 

Fig. 1: HOMER simulation schemes for a) li-ion batteries b) pumped hydro units c) vanadium flow batteries d) fuel cell 
subsystems-based trigeneration systems. 

As shown in Fig. 1, four different trigeneration systems are designed to provide electricity, heating, and freshwater 
to the community consisting of 500 houses located in Istanbul, Turkey (41° 00’ 29.70’’ N and 28° 58’ 42.11” E). While 
wind turbines and PV panels are considered the primary energy sources, li-ion batteries, pumped hydro systems, 
vanadium flow batteries, and fuel cell units are considered for energy storage. Techno-economic and environmental 
impact analyses are conducted by the Hybrid Optimization of Multiple Energy Resources (HOMER Pro) software [2]. 
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Solar GHI resources, clearness indexes, wind speeds, and temperatures of the selected location are obtained from 
NASA Prediction of Worldwide Energy Resources (NASA Power) [3]. 

 

RESULTS AND DISCUSSION 

The levelized costs of electricity are calculated as 0.29, 0.16, 0.35, and 0.6 $/kWh for li-ion batteries, pumped hydro 
units, vanadium flow batteries, and fuel cell-based systems, respectively. The PV Panel capacities of the trigeneration 
systems integrated with li-ion batteries, pumped hydro units, vanadium flow batteries, and fuel cells are calculated 
as 590, 490, 595, and 900 kW, respectively. The total electricity (for houses and RO units), heating and cooking (for 
combi boilers and gas cookers), and hydrogen requirements (for the fuel cell-based systems) of the community are 
identified. 

 The wind turbine capacities of the li-ion batteries, pumped hydro units, vanadium flow batteries, and fuel cell units-
based integrated systems are calculated as 475, 385, 500, and 1275 kW, respectively. Like PV panel capacity, wind 
turbine capacity is also high for the hydrogen-based integrated system due to the electricity requirement of the 
electrolyzer. The yearly electricity production by solar PV panels and wind turbines, and excess electricity amounts 
are provided in Fig. 2. Moreover, hourly electricity provided by energy storage subsystems is given in Fig. 2. 

  

(a) (b) 

  

(c) (d) 

Fig. 2: Electricity provided by a) li-Ion batteries b) pumped hydro units c) vanadium flow batteries d) fuel cell units.  

 

CONCLUSIONS 

In the presented systems, the electricity requirements are supplied mainly by solar PV panels and wind turbines. The 
energy storage subsystems are utilized when solar irradiation and wind speed are insufficient to meet the requirements. 
The storage capacities of the integrated systems, which are considered as the lithium-ion batteries, pumped hydro unit, 
and vanadium flow batteries, are calculated as 4766, 7625, and 4709 kWh. For the hydrogen-based system, electrolyzer 
and fuel cell capacities are calculated as 500 and 530 kW, respectively. 
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ABSTRACT 

Photovoltaic electricity is obtained by the direct transformation of sunlight into electricity, using photovoltaic system. The 
aim of this work is describing the software that we used to estimate the electrical energy produced from solar energy 
within the university center of M’sila. An estimated study of the energy supplied by a photovoltaic system, using polysun 
software was made for the M’sila site. The estimate of the annual power of the energy supplied is equal to 230 kWh, 
was produced by the PV Poly 250 module which manufacturer by Anonymous from Vela Solaris company. The 
significant increase is observed for the temperatures in the afternoon. The efficiency threshold for the best efficiency is 
basically 17.2 C° at 14:00 h. 

Keywords: Photovoltaic System, Simulation, Polysun Software, Algeria  

 

INTRODUCTION 

Energy is one of the engines of society’s development; it is the pillar of the modern economy. It is a spark that allows 
the fulfillment of all human activity. Its sources have diversified in order to meet their continuing needs in all economic 
sectors [1,2]. The sun is an energy source that can be exploited using multiple methods. Solar radiation is a part of 
the incoming energy, as it can be converted into electrical energy through the use of photovoltaic (PV) cells as an 
ideal solution and interesting by various researchers [3,4]. 

 For example, in the continent of Africa, exactly in Algeria, which contains the largest hot desert in the region, it 
annually receives solar energy of about 300 Billion in terms of isolation, and it also receives daily about 5 kWh/m2, 
as every year the insulation period exceeds 2000 to 3900 hours in the Sahara regions in Algeria southern. These 
data could reflect the importance of solar energy in Algeria comparted to the rest of the world [5]. 

As Algeria has enormous potential for solar energy. For years, our country has been committed to exploiting this 
renewable energy by wanting to go far in this field, following the world trend in the exploitation of renewable energies. 
It depends on scientific research in Algerian universities in cooperation with international skills. Researchers in this 
field have emphasized the advantages of renewable energies such as its properties, its reasonable impact on a 
language of operating time and above all that it is inexhaustible. For this, we had the idea of the practical work of 
solar energy by applying new simulations in this area.  From there, we can ask the following question: how to simulate 
a photovoltaic system chain through new software which is polysun? 

The objective of this work is understanding quickly the concepts of photovoltaic system, to provide models, to control 
and to optimize this application using polysun software. Our research is divided in two points:  

The first  is theatrically study on photovoltaic system and presentation of Polysun software. The second one is  
presenting the simulation results of the polysun of our photovoltaic installation of 1KW in M'sila region ( Algeria). 

Finally, we end this research with a conclusion contained  the main results. 

 

COMPONENTS OF A PHOTOVOLTAIC SYSTEM 

- Solar panel system 

The solar panel is one of the main subsystems of any solar power system. The solar panel is formed by connecting 
solar "modules" in series and/or parallel. This network produces a continuous current in relation to the incident solar 
radiation [6,7].   
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 Fig. 1.Energy-storage-based PV-system 

- Load controllers 

The regulation of the battery charge and the control of the energy produced by the photovoltaic generator is a critical 
function of the photovoltaic system.  

- Battery Design  

The choice and dimensioning of the battery are essential to the overall reliability of the system. The battery serves 
as an energy buffer, storing the excess energy produced by the solar generator during the day and releasing that 
energy if necessary during and during the inoculation time periods, when the bay cannot take charge. 

- UPS 

A photovoltaic network and battery produce DC current and voltage. If the load is driven by AC alternating current, a 
UPS can be used to convert DC to AC current. UPS available only can produce in single-phase or three-phase, 50 
or 60 Hz and 117 or 220 volts. 

- Cabling     

Power losses in DC systems are due to a drop in voltage. Care should be taken when selecting the size of the cable 
to be used. If a small cable is used, the voltage drop increases and in an off-grid or standalone system, this can have 
a major impact on the system where the battery voltage is lower than expected. The voltage drop can be calculated 
as follows: 

V: is the drop of volt in the cable 

I: the current in the cable   

A: cable strength in ohms 

Note that the strength depends on the length and cross section of the cable. 

 

POLYSUN SOFTWARE 

Poly Sun is a software that allows users to effectively simulate solar thermal, photovoltaic, geothermal systems. This 
manual provides users with complete operating instructions to take advantage of the wide range of functions provided 
by poly Sun. Available for Windows and Mac, is also available in 13languages.  

Poly Sun is the ideal sales and planning tool. Available in 2 professional and design versions [8]. 
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Fig. 2.Polysun interface 

 

RESULTS 

- GEOGRAPHICAL COORDINATES OF THE M'SILA SITE 

The M'sila region is located between the states: Bordj Bou-Arreridj and Sétif in the North East, Médéa and Bouira in the 
North West, Batna in the East, Djelfa in the West and Biskra in the South East. It has 990 592 inhabitants over an area 
of 2300 Km2, the semi-arid climate dry and cold is the main climate of the state. 

 We have indicated on the figure (3) the geographical map of M’sila using the polysun software. 

 

 

Fig. 3.Geographical map of the region of M’sila 

 

- SOLAR RADIATION 

We know that the earth is not a more sphere therefore its rays are different which allows a change in the diffusion of 
the solar rays. "The Global radiation is the energy emitted by the sun on a surface on the ground". This radiation solar 
depends heavily on many parameters: 

 Site latitude, season, time of day, and atmospheric weather conditions. It was noted that in the less winter sunshine is 
very low 160 W/m2 as shown in figure (4) due to obstacles such as clouds and buildings.  

There is an increase between from 160 W/m2 to 300 W/m2. The peak in the summer period up to 360 W/m2 due to clear 
sky and the movement of the earth and the rate of summer sunshine is very long compared to the rate of winter 
sunshine.  

 

 Fig. 4.Global solar radiation 
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-ENERGY PRODUCTION  

The level of electricity production is not stable and unpredictable but depends on the level of sunshine.  

At least (1 Jan-30 Apr) the lowest production is 30W in 01 Jan and the highest is 230 W in 8 March. Production is 
medium and unstable. At least (30 Apr- 28 August) is at high production value up to 210W with a small disturbance.  

At least (28 August-30 Dec.) the lowest production is 30W in 30 Dec. the highest production in 210W in 10 Oct.     

 

 

Fig. 5.Average annual energy production 

 

-ENERGY CONSUMPTION  

There is a study on the maximum Peak of electricity consumption in Algeria. The study says that in Tuesday, 11 July 
2017, the electrical power called the national network of 13,227 MW. In the figure (6) below, in note that in the month’s 
(Dec, Jan, May) the consumption is very increased 250kWh compared to the other month’s 200kWh-210kWh. This 
value is because the production is higher than the consumption one is less.  

 

 

Fig. 6.Annual balance sheet of energy consumed. 

 

CONCLUSION 

Today, Algeria is strongly called to be up its natural potential in the field of renewable energy, including solar energy, 
which is known by advantages such as its cleanliness, its low cost of its exploitation in the production of electricity, in 
addition the great advantage of this energy and it is inexhaustible. 

The significance of this research is the improvement of solar energy by enhancing the installation of PV system linked 
with a preliminary study. 

We presente in the proposal some vital information related to the geographical position (M'sila region, Algeria) with the 
sun and the atmosphere of the specific area. 

In addition, we providee the basic principles of the photovoltaic systems and its component as our system is connected 
to the electrical communication. 

We use the software polysun  in the simulation and elevated the production crystalline electricity by four modules poly 
of 250 W for each one, and the weather conditions on March 8th gave a maximum value equal to 230W. 

The optimal Orientation of modules statement is 33° of slope and 0 of azimuth. It was mentioned that in winter (11 Dec-
14 Feb) the sunning is very weak 160 W/m2. 

We noticed an increase between (March 1st and 30 April) of 160 W/m2 with 300 W/m2 and the maximum value at the 
period of summer (May 15th – 13 Aug) up to 360 W/m2. 
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The consumption of energy is very high in January, May and December with a value of 250 kWh. 

We can say that we have achieved good results compared to what we discussed in theory. Where we had more ambition 
to do this work, and that's to do a comparative study seems to be the first parity simulation and practical installation of 
the photovoltaic system at the centre university of M'sila. 
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ABSTRACT  

In this study, Dithymoquinone ((4b,8b-dimethyl-3,7-di(propan-2-yl)-4a,8a-dihydrobiphenylene-1,4,5,8-tetrone) was 
theoretically investigated using Density Functional Theory (DFT/B3LYP and DFT/HSEH1PBE) and 6-311++G(d,p) 
basis set in Gaussian 09W program. For this, first of all, the most stable three-dimensional form of the molecule was 
drawn with the program GaussView 5.0. Starting from the structure of this optimized molecule, the geometric 
properties (bond lengths (Å) and bond angles ( ̊) and dihedral angles) of the molecule were investigated theoretically. 
These theoretical values were compared with the experimental values and regression analyzes were performed. By 
comparing the R2 values found, regression graphs were created. In addition, the thermo-physical properties of the 
molecule such as thermal energy (E), entropy (S), heat capacity (Cv), thermal correction to enthalpy, zero-point 
correction and thermal correction to energy were also analyzed. These calculated thermo-dynamics parameter are 
important for thermal energy storage applications. 

Keywords: DFT, dithymoquinone, thermal energy (E), entropy, zero-point vibrational energy. 

 

INTRODUCTION 

Dithymoquinone ((4b,8b-dimethyl-3,7-di(propan-2-yl)-4a,8a-dihydrobiphenylene-1,4,5,8-tetrone) is widely used in 
organic chemistry. These compounds were synthesized by a propane condensation mechanism with a dimethyl, 
tetrone [1]. Schiff bases have a wide variety of biological activities, including anti-inflammatory, antimicrobial, 
analgesic, antihistamine and antitumor activity [2]. In addition, dithymoquinone has been shown to protect against 
hepato-, nephro- and cardiotoxicity [3, 4]. Most of these activities have been attributed to benzoquinone compounds 
present within the seed [5], namely dithymoquinone.  

In this study, the density functional theory (DFT) of the Gaussian 09W program, which is registered in the literature, 
is optimized using the 6-311++G(d,p) basis set with the B3LYP and HSEH1PBE methods. The three-dimensional 
view was drawn with the program GaussView 05. Based on the optimized structure of the molecule, its theoretical 
parameters were studied. First of all, molecular geometrical structure analysis was performed. Regression analyzes 
were made by comparing the theoretically calculated geometric parameters with their experimental values, and as a 
result, regression graphs were drawn by evaluating the R2 values found. In addition, its thermodynamic properties 
(thermal energy (E), entropy (S), heat capacity (CV), Thermal correction to enthalpy, Zero-point correction and 
Thermal correction) were studied theoretically. 

 

MODELLING AND DFT CALCULATIONS 

The theoretical modeling was calculated for dithymoquinone molecule by Gaussian 09 software [6]. The molecular 
geometric structure of optimized dithymoquinone molecule was drawn by Gaussian View 5 program [7]. Theoretical 
calculations of dithymoquinone molecule performed at B3LYP/6-311++G(d,p) [8,9] and HSEh1PBE/6-311++G(d,p) 
[10-13] levels of Density Functional Theory (DFT) method [26].  

  

RESULTS AND DISCUSSION 

1.  MOLECULAR GEOMETRIC STRUCTURE 

Dithymoquinone molecule is C20H24O4, triclinic and space group is P 1. The crystal structure of the dithymoquinone 
is a=5.7756(14) Å, b=9.215(2) Å, c=9.399(2) Å, α=67.683(4)˚, β=72.403(5)˚, γ= 72.605(4)˚ cell volume V=1264.5(4) 

mailto:cengiz.ipek@medeniyet.edu.tr
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Å3. Experimental molecular geometric structure and atomic numbering of Dithymoquinone molecule and it obtained 
geometric structure were shown in Figure 1a and b, respectively.  

 

 

Fig. 1. a) Experimental b) Calculated structure with B3LYP/6-311++G(d,p) of dithymoquinone. 

 

The computational investigations of dithymoquinone molecule have been carried out through DFT/B3LYP/6-
311++G(d,p) and DFT/HSEh1PBE/6-311++G(d,p) methods in gas phase under vacuum. The solid-state molecular 
structure determined by single-crystal X-ray diffraction and the calculated geometric parameters (bond lengths, bond 
angles and dihedral angles) were compared in Table 1. 

 

Table 1 Selected theoretical and experimental geometrical parameters. 

 Parameters Experimental Theoretical 

Bond Lenght X-Ray DFT/B3LYP DFT/HSEh1PBE 

C7-C1 1.52509 1.53283 1.52314 

C1-C6 1.54783 1.54764 1.53760 

C6-C5 1.50039 1.51152 1.50266 

C2-O1 1.22654 1.21654 1.21254 

C2-C1 1.51590 1.52806 1.51974 

C8’- C10’ 1.52475 1.53348 1.52279 

Bond Angles    

O1’- C2’- C3’ 120.19881 119.77493 117.98512 

C2’- C3’- C4’ 125.16717 125.93037 125.08273 

C3’- C4’- C8’ 123.05386 123.75173 123.94429 

 

From geometric parameters, theoretical bond lengths (for C-C) were found in the range 1.21647-1.59575 Å and 
1.21285-1.58325 Å at B3LYP and HSEh1PBE, respectively. Experimental bond lengths (for C-C) were seen in the 
range of 1.22477-1.59118 Å. Experimental C7-C1, C2-O1 and C8’- C10’ bond lengths were 1.52509, 1.22654 and 
1.52475 Å, respectively. Calculated bond lengths were observed as 1.53283, 1.22654 and 1.524751 Å for the B3LYP 
and as 1.52314, 1.21654 and 1.53348 Å for the HSEh1PBE. The experimental O1’- C2’- C3’ bond angle was 
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120.19881˚ and this angle was seen at 119.77493˚ for the B3LYP and 117.98512˚ for the HSEh1PBE. We noted that 
the experimental results belong to solid phase and theoretical calculation, in this study can be classified as favorable, 
as supported by the experimental data, which can be seen in Table 1. The largest difference between experimental 
and theoretical values of bond length and bond angle are about 1.6350 Å and 5.0124°, respectively. As can be seen, 
there was a good agreement between the experimental and the calculated geometric parameters. 

Correlation graphics of calculated and experimental bond lengths and bond angles for dithymoquinone molecule are 
shown in Figure 2. The correlation between the theoretical (B3LYP/6-311++G(d,p)) and the experimental bond 
lengths and bond angles of  Dithymoquinone molecule are 0.9966 and 0.9460, respectively. 

 

Fig. 2. Correlation graphics of experimental and calculated (with 6-311++G(d,p) level) molecular bond lengths and molecular 
bond angles of dithymoquinone. 

 
     2. THERMODYNAMIC PROPERTIES 

Heat generation from thermochemical properties is one of the most important parameters. The heat generation 
values for most organic compounds are unknown. The fact that the heat effects are very difficult to study increases 
the importance of quantum chemical calculations. From a thermodynamic point of view, it can be decided whether a 
chemical reaction will take place by looking at the effects of heat. Thermodynamic parameters of dithymoquinone 
molecule was calculated with DFT/B3LYP/6-311++G(d,p) method. Calculated thermodynamic parameters were 
listed in Table 2.  

Table 2 The calculated thermodynamic parameters of molecule 3. 

Parameters 298.15 K 400 K 500 K 600 K 700 K 

Termal energy, E 
(Kcal/mol) 

  
   

Rotational 0.889 1.192 1.492 1.678 2.099 

Translational 0.889 1.192 1.492 1.678 2.099 

Vibrational 142.671 147.454 154.253 165.316 176.347 

Total 143.457 149.743 158.254 165.987 176.347 

Heat capacity, Cv 
(cal/mol K) 

     

Rotational 2.987 2.987 2.987 2.987 2.987 

Translational 2.987 2.987 2.987 2.987 2.987 

Vibrational 48.567 63.784 75.164 85.367 93.765 

Total 55.447 69.785 81.122 91.753 99.475 

Zero-point correction 0.22869 0.22869 0.22869 0.22869 0.22869 

Thermal correction to 
Energy 

0.23.999 0.23.999 0.23.999 0.23.999 0.23.999 

Thermal correction to 
Enthalpy 

0.14568 0.14568 0.14568 0.14568 0.14568 
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Thermal correction to 
Gibbs Free Energy 

-767.9878 -767.9878 -767.9878 -767.9878 -767.9878 

Sum of electronic and 
zero-point Energies 

-767.6871 -767.6871 -767.6871 -767.6871 -767.6871 

Sum of electronic and 
thermal Energies 

-767.6822 -767.6822 -767.6822 -767.6822 -767.6822 

Sum of electronic and 
thermal Enthalpies 

-767.6475 -767.6475 -767.6475 -767.6475 -767.6475 

Sum of electronic and 
thermal Free Energies 

-767.8461 -767.8461 -767.8461 -767.8461 -767.8461 

Zero point vibrational 
energy (kcal/mol) 

249.59211 249.59211 249.59211 249.59211 249.59211 

 

Table 2 indicates the values of some thermodynamic parameters (such as thermal energy, heat capacity, entropy, 
zero-point vibrational energies (ZPVEs), rotational constants and rotational temperatures) of dithymoquinone 
molecule calculated at different temperatures using only B3LYP/6-311++G(d,p) level. Thermal energy (E) was 
calculated as the sum of zero point energy and thermal energy corrections for molecular translation, rotation, and 
vibration. Enthalpy was obtained by adding RT to the electronic energy and thermal energy. In Table 2, it can be 
observed that these thermodynamic parameters increase with temperature rise due to the fact that the molecular 
vibrational intensities increase with temperature.  

 

CONCLUSIONS 

Obtained geometric structure results seemed to be in a good agreement with experimental data. The correlations 
between the statistical thermo-dynamics and temperature were also obtained. It was seen that the heat capacities, 
entropies and enthalpies increase with the increasing temperature owing to the intensities of the molecular vibrations 
increase with increasing temperature. The DFT quantum chemical calculations can allow the prediction of thermo-
dynamics parameters (such as thermal energy, heat capacity, entropy, zero-point vibrational energies). These 
calculated thermo-dynamics parameter are important for thermal energy storage applications. 
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ABSTRACT  

Renewable resources have become even more prominent today due to increased energy security risks and stricter 
green-house gas emission targets. Despite rapid growth of wind energy, growth in offshore wind energy is limited 
due to its lower LCOE. This paper discusses potential synergies through integration of offshore wind energy 
generation and grid scale energy storage technologies. A simplified metric that combines levelized cost of energy 
(LCOE) and levelized cost of storage is proposed. With support of this metric, it is discussed how CAPEX, OPEX 
and lifetime extension optimizations of the integrated system make it possible to reduce the levelized cost of energy 
for the hybrid system.   

Keywords: Wind energy, Off-shore wind turbine, Energy storage, Levelized cost 

 

INTRODUCTION 

Renewable energy enables the local resources to be converted into electrical energy and reduce the need for energy 
imports [1]. One such attractive resource is offshore wind energy, which poses unique challenges along with attractive 
opportunities and ample potential for developers and investors. However, despite rapid growth of onshore wind 
capacity with average 11.87 GW/year installations between 2012 -2021, growth rate of offshore wind capacity 
dwindled compared to onshore with average 2.45 GW/year installations between 2012-2021 in Europe [2]. 

This study focuses on synergies through integration of offshore windfarms with grid scale energy storage systems 
as a pathway to improve feasibility of offshore wind installations. The main advantage of offshore wind is its higher 
wind potential compared to onshore. Diurnal, and seasonal variations in wind results in similar pattern fluctuations in 
energy production. 

Despite the obvious advantages, there are unique challenges curbing expansion of offshore wind. Opportunities are 
matched with an equal or higher opposing technical and economical challenge. Better wind quality also means 
turbulence can propagate longer. Therefore, the wake effects provoked by the turbine can be dissipated over longer 
distances invoking sitting constraints [3]. Sparsely placing turbines may increase medium voltage collection system 
capital investment cost or alternatively densely siting the turbines may result in additional stress reducing turbine 
lifetime. Furthermore, detachment from population areas and consumer centers imposes cost penalties for electrical 
transmission, interconnection, and distribution [4]. Main features that characterize an energy storage technology are 
round trip efficiency capacity, power. Zakeri et al. [5] provides a comprehensive literature review for cost of storage 
for 18 different electricity storage technologies depending on power and capacity.  In addition to these 3 main features 
another important design feature is the expected service lifetime of the storage system where calendar and cycle 
aging is an important characteristic of battery storage systems [6].  
 

SYSTEM DESCRIPTION  

Despite similar technology maturity and resource availability, while average Levelized cost of electricity (LCOE) for 
onshore wind projects is competitive against conventional generation technologies, offshore wind LCOE is 
approximately twice the LCOE of onshore [7] and expected to remain less competitive compared to onshore [8]. This 
study focuses on feasibility of investments in integrated renewable energy power systems with specific focus on 
offshore wind energy and energy storage.   

LCOE enable comparison of different energy generation technologies through calculation of Total Life-Cycle Cost for 
each unit of energy discharged over the lifetime. Capital and operational costs incurred over lifetime discounted with 
weighted average cost of capital and divided by the aggregate electricity generation discounted with weighted cost 
of capital for finding cost of each kWh of electricity [9]. Levelized cost of storage (LCOS) is calculated similarly where 
electricity generation is replaced with electricity discharged over lifetime.     
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𝐿𝐶𝑂𝐸 =
𝐼0+ ∑

𝑜𝑡
(1+𝑖)𝑡

𝑛
𝑡=1

∑
𝑒𝑒𝑙

(1+𝑖)𝑡
𝑛
𝑡=1

                                                         (1) 

LCOE: Levelized cost of electricity, I0: Capital Investment, ot: Annual Operational cost at year t, eel: Electricity 
generation/discharge (kWh), i: weighted average cost of capital  

Both wind energy conversion and storage have their own merits; nonetheless a single metric that combines levelized 
cost of electricity and levelized cost of storage is beneficial. Such metric is useful in finding the levelized cost of every 
kWh of electricity discharged from hybrid offshore wind and storage system. To this end, additional parameters must 
be introduced into equation 6.1. First parameter is the share of electricity (generated from offshore windfarm) 
consumed for charging energy storage (S). The second parameter is (R) round trip efficiency of the energy storage 
system. Levelized cost of storage can be calculated as:   

LCOS =  
𝐼0,𝑆𝑡𝑜𝑟𝑎𝑔𝑒+𝑆 𝑥 (𝐼0,𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒+𝑂𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 )  

𝐸𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 𝑥 𝑆 𝑥 𝑅
                        (2)  

where OOffshore = ∑
𝑜𝑡

(1+𝑖)𝑡
𝑛
𝑡=1 ; and EOffshore =∑

𝑒𝑒𝑙

(1+𝑖)𝑡
𝑛
𝑡=1  

Electricity discharged from offshore is reduced by the energy consumed for charging storage and therefore, LCOE 
of the offshore wind should be calculated as:  

𝐿𝐶𝑂𝐸𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒  =
𝐼0,𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒+𝑂𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 

(1−𝑆) 𝑥 𝐸𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 
                              (3) 

Combining these two metrics into a single metric yield:  

𝐿𝐶𝑂𝐸𝑜𝑓𝑓𝑠ℎ𝑜𝑟𝑒& 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑦𝑠𝑡𝑒𝑚  =
(1+𝑆) 𝑥 (𝐼0,𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒+𝑂𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 ) + 𝐼0,𝑆𝑡𝑜𝑟𝑎𝑔𝑒

(1+𝑆𝑅−𝑆) 𝑥 𝐸𝑂𝑓𝑓𝑠ℎ𝑜𝑟𝑒 
          (4) 

 

RESULTS AND DISCUSSION 

LCOE of hybrid system (offshore and energy storage) with varying storage capacity for the considered system is 
conducted. Table 1 lists the costs and specifications of the system.  

 

Table 1: Specifications & cost components of the integrated offshore wind and energy storage system 

CAPEX Offshore WF 300,000,000 $ 

OPEX Offshore WF 390,000,000 $ 

CAPEX Energy Storage 200,000,000 $ 

Aggregate Energy Production Offshore WF 
(MWh) 5,000,000 MWh 

Average market electricity price 160 $ 

Capacity Factor Offshore Windfarm 35%  

Service Life 20 years 

Offshore WF Capacity 81.5 MW 

LCOE Offshore 138.00 $/MWh 

 

In addition, LCOE of hybrid system (offshore and energy storage) with varying storage capacity against roundtrip 
efficiency of storage system is plotted in Figure 1. . For simplification purposes, it is assumed that capital investment 
cost of energy storage system is linearly dependent on the capacity of storage ($/MWh is constant). It is also assumed 
that the storage system is charged and discharged daily (like a Peaker system).  
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Figure 1: Levelized cost of storage with respect to round-trip efficiency and levelized cost of energy for integrated offshore 
windfarm and energy storage system with varying storage capacities with respect to Roundtrip efficiency of the energy storage 

system 

 

Levelized cost of storage is independent from the capacity of the energy storage system however LCOS is a function 
of the round-trip efficiency as plotted in figure 1. LCOS intersects with the LCOE of the integrated system at 3 points, 
400 MWh storage capacity with 50% roundtrip efficiency (S=60%, R=50%), 300 MWh storage capacity with 70% 
roundtrip (S=45%, R=70%) and finally at 200 MWh with 90% roundtrip efficiency (S=30%, R=90%).  

 
CONCLUSIONS 

This paper proposed a simplified LCOE metric for offshore wind energy conversion and energy storage system. 
LCOE for the windfarm and LCOS for the storage system is combined under this unified LCOE metric. The paper 
also addresses pathways for reducing the LCOE of the hybrid system through synergies of wind energy conversion 
and energy storage technologies. For this purpose, predominant characteristics of each technology is reviewed for 
understanding the advantages and shortcomings of both technologies. Symbiotic advantages that both technologies 
can offer to the integrated system is also reviewed, namely through optimization of capital investment and operational 
cost and extending the service life.  
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ABSTRACT 

The Synchronous machine-based damping system has been suggested for control in this study using an Adaptive 

Network-based Fuzzy Inference System controller (ANFISC), which has been utilized in a Single Machine Infinite 

Bus (SMIB) power system. For implementation of the learning process of this controller, we use from one approach 

of the learning ability that named as Forward Signal and Backward Error Back-Propagation (FSBEBP) method for 

improving of the system efficiency. This artificial intelligence-based control model produces a controller with an 

adaptive structure and increased system correctness, which, in turn, improves the system's high damping ability and 

dynamic performance. The system's inference engine needs 35 fuzzy rules, and implementation is simple. To 

demonstrate the efficiency of proposed controller, a Single Machine Infinite Bus (SMIB) has been considered, in 

which small fluctuation of mechanical damped has been applied to improve the transient stability and has been 

evaluated using a relative rotor criteria. Obtained results have demonstrated a better performance with ANFIS and 

PI controller in which transient stability have been controlled perfectly. 

Keywords: transient stability, Anfis, PID, Single machine infinite bus bar. 

 

INTRODUCTION 

A major problem in the power system is damping low frequency electromechanical oscillation. These 

electromechanical oscillations are divided into two mainly categories : local and inter area , based on the frequency 

of the oscillations. Number of factors which are responsible for the constantly changing operating conditions such as 

topology, load, generator output, and short circuit ….etc. Proportional Integral Derivative (PID) controllers are widely 

installed in power system to damp these oscillations. The literature describes a variety of robust control strategies 

PID coordination. The PSSs have been covered in a number of articles recently. The literature on [1] demonstrates 

a range of methods for studying optimization algorithms, including PID and lead lag compensators [2]. [2] is one of 

the earliest instances of PSO. The results from [3] point to sequential linear programming techniques like H, GA, 

chaotic algorithms, and bacteria foraging. The basic structure, requirement for an accurate model, and non-optimal 

damping in many power system scenarios are important limitations of this research. The literature on [1] shows a 

variety of approaches such as PID and lead lag compensators [2] which have been devoted to the study of 

optimization algorithm. One of the first examples of PSO is presented in [2]. The results obtained in [3] suggest that 

the sequential linear programming such as Genetic Algorithm (GA), chaotic algorithm, bacteria foraging and H∞. In 

order to increase the transient stability of SMIB with storage battery, this work introduces a novel Adaptive Neuro-

Fuzzy Inference System (ANFIS). The generator's excitation system is controlled by the proposed ANFIS Controller.  

Fuzzy logic and neural networks are two examples of intelligent techniques that each have unique qualities that make 

them suitable for certain challenges. For instance, while ANNs are adept at seeing patterns, they are inadequate for 

outlining the reasoning behind judgments. Fuzzy logic systems are effective at justifying their conclusions because 

they can reason with imperfect knowledge, but they are unable to automatically learn the rules that they employ to 
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do so. The development of intelligent hybrid systems was primarily motivated by these restrictions. One approach 

that incorporates at least two intelligent approaches is known as a hybrid intelligent system. As an illustration, merging 

ANN with FLS yields a hybrid neuro-fuzzy system. 

In one way for implementing of the hybrid systems, a NN is used to implement the structure of the fuzzy system. 

There are several neuro-fuzzy architectures like: Fuzzy Adaptive Learning Control Network (FALCN), Generalized 

Approximate Reasoning based Intelligence Control (GARIC), Self Constructing Neural Fuzzy Inference Network 

(SCNFIN), Adaptive Network based Fuzzy Inference System (ANFIS) and Dynamic/Evolving Fuzzy Neural Network 

(DEFNN). In this article, the suggested controller is implemented using the ANFIS architecture. The FL control 

system, on the other hand, will need NN to implement. The sugeno fuzzy model is suggested in this approach for 

producing fuzzy rules from a given input/output dataset. 

 

RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig .1.Single Machine Infinite Bus Bar With Pid 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Rotor angle with pid controller  
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Fig.3. Load angle with pid controller 

 

 

 

 

 

 

 

 

 

 

Fig.4. Rotor speed with pid controller 

 

 

Fig.5.Single Machine Infinite Bus Bar With Anfisc 

 

 

 

 

 

 

 

 

Fig.6. Load angle with anfis controller 
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Fig.7. Rotor angle with anfis controller 

 

 

 

 

 

 

 

 

 

 

 

 Fig.8. Load angle with anfis controller 

 

CONCLUSIONS 

In this paper, a PID controller based on the mixing of the Fuzzy Logic  and Neural Network, for improvement of the 
damping ability of synchronous machine, with the ANFIS short name, for SMIB transmission line, is successfully 
designed. The simulation results show that the designed controller, in comparison with the classic  PID controller, 
can yield a better dynamic performance with  better damping ability. 

. 
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ABSTRACT  

This article presents detained study of heat transfer optimization using nano fluids in shell and tube heat exchanger. 
Heat exchangers are the most widely used devices for industrial purposes, automobile and thermal power plants. It 
must dissipate excessive heat in these processes without increasing their dimensions. The most used coolants in 
different heat exchangers are water, ethylene glycol or refrigerants. But these conventional fluids fail to transfer 
maximum heat under same dimensions. Therefore, in this research some nano sized particles are added to the base 
fluid (water) to make it nano fluid, and the maximize the heat transfer coefficient. In this study a shell-and-tube heat 
exchanger is selected to investigate effectiveness of heat exchanger using TiO2 150 mm nanoparticles and compared 
the results with base fluid (water) and the results revealed that significant increment in heat transfer coefficient. 

Keywords: Nano-Fluid, Shell and Tube Heat Exchanger, TiO2 nanoparticles, Heat Transfer Coefficient. 

 

INTRODUCTION 

The need for energy is growing more and more as time goes on. Numerous unique strategies are being explored to 
produce energy from diverse sources. Depending on their demands, several industries either create or utilise energy. 
In order to complete the cycle, heat transfer between two fluids often takes place in energy production or consumption 
sectors. In practically every business, heat transfer is the primary technique for cooling and heating. Due to the 
world's inefficient heating system, there is currently a major energy crisis. Countries are trying extremely hard to find 
more efficient ways to increase a system's thermal efficiency since there is a tremendous demand for energy across 
several industries. Every industrial process begins with the utilization of thermal energy; thus, countries are putting a 
lot of effort into enhancing heat exchanger efficiency by accelerating heat transmission. Energy may be conserved, 
and a process's duration can be shortened, by using heat enhancement or in an industrial process. Up till the heating 
system is more efficient, it will only be practical. This is the rationale for the numerous investigations being carried 
out to create novel approaches for speeding up heat transmission [1]. Using a greater heat transfer enhancement 
rate helps save process time and energy consumption. The effectiveness of the system will increase. In order to 
optimize heat enhancement rate, research is now being done to create a more efficient thermal system. 

Heat transfer improvement may be increased by changing the design's fundamental parts, such as by including 
twisted tape, corrugated tubes, brushes, baffles, and fins, among other things. Another way to improve heat is to 
raise the heat transfer coefficient of the base fluid. Three categories may be used to group these heat-augmentation 

techniques. 

a. Active techniques 
This method of improving heat transfer rate necessitates an external source of power, as seen in cooling towers 
where fans are placed to artificially exhaust the hot stream more quickly to the environment. However, this 
approach is generally not adopted because of a number of design complexity difficulties and the fact that it calls 
for external energy, which is occasionally not cost-effective. Some examples of these methods include the use 
of acoustics, the application of an electric or magnetic field to a fluid stream, and the induction of pulsation using 
pulsing plungers and cams. 

b. Passive techniques 

This type of heat increment does not require an external power source to accelerate the rate of heat transfer. 
The power or energy required for heat transmission is provided by this approach using the system's own energy. 
It is done by designing surfaces with certain geometries, such as immediate rough surfaces or extended surfaces, 

or by improving the basic fluid's properties by adding additives to increase the rate of heat transmission.[2] 

c. Heat Exchangers (HEXs) 

mailto:ans.memon@faculty.muet.edu.pk
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The fundamental tools for transferring heat are heat exchangers. HEXs are mostly used to cool down high 
temperature flowing fluid by transferring its heat to other flowing fluids at lower temperatures. Additionally, you 
may increase the temperature of circulating cold fluid by absorbing heat energy from hot fluid. The fluids are 
separated by a full wall. In heat exchangers, heat may be transmitted in just three different ways. 

There are three different flow directions for fluids in a heat exchanger, and the flow direction also affects the pace 
at which heat is transported. 
i. Parallel flow stream: In this form of fluid flow, the exchanger is filled from the side with both hot and cold fluid. 

Parallel to each other, they move. Cold fluid flows within the pipe and mostly hot fluid flows in the shell. The 
term co-current heat exchanger is also used for it as shown in fig. 1(a) 

ii. Counter flow direction: Cold and hot fluids enter this sort of heat exchanger from the opposing sides of the 
device. They travel in the inverse direction of one another. They are divided by a pipe or a complete wall. 
The term counter-current heat exchanger is also used for it as shown in fig. 1(b)   

iii. Crossflow heat direction: This heat exchanger's hot and cold fluid entry points are on the opposing sides 
of the device. They are moving in the opposite directions. A pipe or full wall separates them. Its other 
name is "counter-current heat exchanger. [4] 

 

 
 

Figure. 1 (a) Concurrent Flow Heat Exchanger (b) Counter Flow Heat Exchanger 

The amount of heat transmitted by a heat exchanger depends on a variety of factors, including the temperature 
differential between hot and cold water, flow velocity, flow direction, heat exchanger type, working fluid type, surface 
area, and mass flow rate. water, glycerin, and oil are the three most common fluids used in HE. Other techniques 
are used to boost the moderate heat enhancement rates of these fluids, such as adding fins to the HE forms or 
increasing the surface area of HE by introducing twisted tape. However, the price of HE is affected by these changes 
to its fundamental structure. 

Adding certain chemicals to the basic fluid, which already has high heat transfer rates, thermal conductivities, and 
heat transfer coefficients, is the most advanced technology currently being employed. Due to these qualities, the 
additives also improve the characteristics of the base fluid that make it excellent for heat augmentation. 
Nanoscale additions have been introduced to the basic fluid. The vast majority of nanoscale particles are 
composed of metals due to their quick heat transmission. A base fluid and nanoscale particles are mixed to 
create a fluid known as nanofluid. 

Nano-fluids are the most advanced technique for increasing the rate of heat transfer. because metals transmit heat 
at a very high rate. Certain nanoscale metal particles, with sizes ranging from 1 to 150 nm, are added to the 
basic fluid to speed increase the fluid's capacity to conduct heat. 

 
 
LITERATURE REVIEW 

This study presents a CFD analysis of a parallel and counterflow arrangement over concentric tube heat exchanger. 
The parallel and counter flow configurations are compared. CFD analysis was utilised to determine the temperature 
at the exit for these flow configurations (parallel and counter) at the specified input temperature and fluid velocity. 
According to the analysis's theoretical and simulation results, the counter flow design had a greater total heat transfer 
coefficient than the parallel flow arrangement. [5] 

An example of a shell and tube heat exchanger was used in this research work. In ANSYS Fluent software, numerical 
analysis was done under turbulent flow conditions, and it was also compared to the outcomes of experiments. The 
effects of Reynolds number, fluid type, and heat enhancement on Nusselt number, Nu, and pressure drop, P, were 
studied. CuO-ZnO (80:20)/water hybrid nanofluid at 0.01 vol% was used. Greater Reynolds numbers were shown to 
be associated with higher Nusselt numbers and lower friction factors. The greatest increases in Nu, P, and thermal 
efficiency were 33%, 13%, and 7%, respectively. [6] 



The 2nd World Energy Storage Conference (WESC-2022) 
Medeniyet University, Istanbul, Türkiye 

 

494 

The heat transfer rates of water and ferrous oxide nanoparticles in water in shell and tube heat exchangers with fins 
were analysed and compared in this work using an analytical approach. The heat transfer rate was increased 19.1% 
greater while using Fe2O3/water at varied nanoparticle concentrations compared to pure water at 2% volume 
concentration. Additionally, it was shown that as inlet temperature rises, so does the rate of heat transmission. For 
various set temperatures (330, 333, 336, and 339 K), the heat transfer rates are 8.16%, 8.79%, 9.25%, and 9.57%, 
respectively. [7] 

The current study uses ANSYS Fluent software on a radiator to conduct a numerical examination of pure water, 
water with ethylene glycol, and water with various quantities of Al2O3 nanoparticles. The findings are as follows. 
Aluminum concentrations of 0.05%, 0.1%, and 0.2% were consumed with water. 

This study's experimental cooling tower arrangement in the lab served as the basis for the publication. Four distinct 
nanofluids were used in this experiment along with basic water. ZnO/water, SiO2/water, and Graphene/water 
Al2O3/water were the nanofluids used. Under ambient conditions, counterflow was used to test various nano particle 
concentrations. Three distinct nanoparticle concentrations (0.02, 0.05, and 0.08 wt%) were used for the experiment. 
Thermal performance, cooling tower properties, and the volumetric heat transfer coefficient were all seen to be 
improved in ZnO/Water, SiO2/Water, and Graphene/Water. The performance from above is at its peak in 
graphene/water at 0.02%.[7] 

 

EXPERIMENTAL SETUP  

I. NANOFLUID SYNTHESIS 

The nanofluid was produced in a glass beaker by adding concentrated TiO2 distilled water. It was made in two 
phases, each of which had a 500ml capacity. The distilled water beaker was placed on a heating plate with a 
magnetic stirrer. To ensure proper fluid churning when adding nanoparticles to the water, a magnetic pill was 
placed in the centre of the beaker. In order to develop a nanofluid that would work with the experimental setup, 
the magnetic stirrer's speed was set to 120 rpm, and the beaker was heated for 30 minutes. minutes on a 120-
watt heating plate. 

II. STABILIZATION OF NANOFLUIDS 

A nanofluid can be produced by mixing a base fluid with nanoparticle-containing material. To scatter the 
nanoparticles and disperse any particle clumps that may have formed during mixing, the mixture is subsequently 
subjected to sonication. After sonication, a stabilising agent is added to the solution to prevent additional nanoparticle 
clustering. The presence of a stabilising agent is essential since many nanometer-scale materials are hydrophobic 
and will collect to form particle clusters that precipitate out of solution. Additionally, due to the surface reactivity of 
nanoparticles, an interaction between the fluid and the stabilising agent will result in the formation of an interfacial 
layer. The created interfacial layer will have a direct effect on the nanofluid's functioning. In addition, for the nanofluid 
to be stable, the columbic repulsion of the nanoparticles must be greater than the attractive van der Waals forces. In 
the absence of such a condition, the nanoparticles will mix, form flocculates, and then agglomerate [8, 9]. 
Nanoparticle clumping must be avoided because the solid phase has to be evenly dispersed for the nanofluid to 
retain its unique properties and use. Stabilizing substances, however, may change the chemical make-up of the 
nanofluid and affect its optical, thermal, and hydrodynamic characteristics [10]. 

 

 
 
 

 
 
 

 

Figure 2. (a) Titanium oxide nanoparticles of 150 size                        (b) Stabilized nano-fluid 
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RESULTS 

From previous studies and research, it has been known that the heat transfer coefficient and or the effectiveness of 
of a heat exchanger can be increased by multiple ways. But the recent studies the nanofluid are one of the emerging 
technologies by which the heat enhancement is being made possible. In this area we carried out the research on a 
laboratory scale heat exchanger on different particle size of titanium oxide. firstly, the experiment was conducted on 
the water on parallel and counterflow. Following the research, we use titanium oxide 150 nanometers respectively. 
Multiple experiments were conducted on a computer-based heat exchanger and then the results were obtained the 
data was analyzed computationally as welL. Data for each experiment has been enlisted in the table and represented 
by the graphs besides and the effect of change in temperature and the increase in the heat transfer coefficient have 
been represented clearly. 

 

 

 

Figure.3 (a)  Heat Transfer coefficient on water as working fluid    (b) Heat Transfer coefficient on TiO2 nanofluid at 150nm 
particle size 

 
Figure.4 Comparison of water vs TiO2 particles are 150 nm in size. 

 
 

CONCLUSION 

In this study, readings have been taken initially on base fluid (water) then working fluid replaced it with the 
nanoparticle of 150 nanometer which showed the results better than water. Top tanning having more efficient result 
in this research we carried out the research on different concentration of titanium oxide of the 150 nanometer 
respectively consisting on three different concentration 0.025% , 0.05% and 0.1%  respectively. And finally, these 
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results were compared with each other as it has been shown in the above graphs below. From comparative study of 
nanofluid with water it was analyzed that TiO2 with 150nm particle size are 0.1% concentration shows maximum rate 
of heat transfer with overall heat transfer coefficient 1570w/m2. 
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ABSTRACT  

The spinel ferrite MgFe2O4 synthesized by nitrarte route was characterized by X-ray diffraction, SEM analysis, UV-Vis 
diffuse reflectance and photo-electrochemistry. The oxide crystallizes in a cubic structure of a normal spinel phase (Fd-
3m) and exhibits a nanoparticle of 13 nm. MgFe2O4 powder distribution shows a uniform morphology. The oxide is 
stable at neutral pH and the capacitance-potential (C-2–E) plot in Na2SO4 (0.1) electrolyte gives a flat band potential of 
(Efb) 0.27 VSCE. The p-type semi conductivity was demonstrated by the negative slope of the (C-2–E) graph. The narrow 
band gap semiconductor with an indirect optical transition of 1.91 eV is due to the crystal field splitting of d-d transition 
of Fe3+: 3d orbital in octahedral site, making it attractive for the photo-electrochemical (PEC) conversion. H2 production 
rate of 59 µmol g-1 min-1 is obtained within 35 min under optimal conditions (1 mg of catalyst/mL, pH ~13 and 50 °C) 
under visible light irradiation (23 mW cm-2). 

Keywords: Hydrogen, Spinel MgFe2O4, Photo-electrochemical  

 

INTRODUCTION 

Solar energy is considered as the most promising candidate to replace fossil fuels, which have generated 
environmental pollution from greenhouse gases [1]. Hydrogen is an attractive energy vector. Several technologies 
can be used to generate hydrogen. However, only a few of them could be considered as truly eco-friendly [2]. On the 
other hand, the water splitting for hydrogen production over semiconductor photocatalyst using solar energy is a 
promising process for the large-scale production of chemical energy in the form of H2, a clean and renewable energy 
carrier [3].  

Titanium oxide TiO2 possessing semi-conductive properties is widely used  in photocatalysis and  has become an 
effective photocatalyst for various applications due to its renewable, clean, and safe technology where the  
photocatalyst requires only solar energy as power [4]. Currently, compounds with a spinel structure have gained 
increasing popularity interest over the past decade due to their low cost, facile synthesis and chemical stability.  

They are employed in many fields such as electronic, magnetism, catalysis, electro-catalysis, photo-catalysis, super-
capacitor, sensor and negative electrode in Li-ion battery materials [5]. Among the various semiconductors, spinel 
ferrite MgFe2O4 has been extensively studied due to its photosensitivity, low cost, low toxicity, and good chemical 
and thermal stability. However, its performance in photocatalysis remains limited because it has appropriate 
electronics bands with respect to redox levels in solution [6]. In this context, we bring our contribution by synthesizing 
spinel MgFe2O4 by nitrate route method, and the physical and electro-chemical characterizations are accordingly 
reported. The as-prepared material was tested positive in the hydrogen production under visible light irradiation. 

 

MATERIALS AND METHODS  

Synthesis of material  

 

The spinel MgFe2O4 was synthesized by nitrate route; stoichiometric amounts of Mg(NO3)2,6H2O (Merck, 99 %) and 
Fe(NO3)3,9H2O (Merck, 99 %) dehydrated in a desiccator under vacuum, were accurately weighed and dissolved in 
water; then the homogenous solution was heated until total evaporation. The precipitate was ground in an agate mortar 
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and calcined at 900 °C/8h (5°C.min-1). The obtained material was subjected to various techniques for its identification 
and characterization. 

 

Fig. 1. Schematic illustration of MgFe2O4 synthesis 

 

Characterizations  

The calcination temperature selected on the basis of thermal analysis (TG) is performed on a Perkin Elmer TG/DTG 
STA 6000 at a heating rate of 5°C/min under N2 flow up to 980°C. The single phase and the crystal structure of 
MgFe2O4 are determined by XRD analysis using a Panalytical X'Pert PRO MPD diffractometer equipped with CuKα 
radiation (λ= 1.54178 A). The morphology is analyzed by Scannig Electron Microscopy (SEM, Model Quanta FEI 250 
microscope). The optical gap (Eg) is determined by diffuse reflectance UV-vis using a Jasco spectrophotometer 
(Model V-650). Regarding the electrochemical study, the electrical contact is made on the back pellet with copper 
wire and silver paint. The analysis is carried out in Na2SO4 (0.1 M) solution in a three-electrode cells, containing the 
working electrode (WE: MgFe2O4), Pt counter electrode and SCE as reference. The current-potential J(E) curves are 
plotted at a scan rate of 10 mV.s-1 in the potential range (-1 – +1 V) using a PGZ 301 potentiostat, while the capacity-
potential (C-2 - E) characteristic is plotted at 10 kHz.  

 

Photocatalysis  

The photocatalytic tests were carried out in a double- walled jacket open to atmospheric pressure. The reactor was 
equipped with water circulation system and the temperature was regulated at 50 °C. 100 mg of the photocatalyst were 
immersed in 100 mL of NaOH, Na2SO4 (0.1 M) and the reaction mixture was suspended under magnetic stirring. Three 
LED lamps (13 W) were placed around the reactor.  

 

RESULTS AND DISCUSSION 

Before calcination, the thermal evolution of the precursors was characterized by TGA-DTG. The results of the nitrate 
mixtures formed at 300°C are shown in figure 2 and mainly two stages are observed. The first stage observed at low 
temperatures up to 200°C is attributed to the release of physisorbed water. In the temperature range 200-450 °C, 
the weight loss indicates the decomposition of both magnesium and iron nitrates. The plateau region beyond ~ 500 
°C indicates the Mg-Fe-O oxide phase formation. 
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Fig. 2. TG-DTA curves of non calcined Mg-Fe-O  sample                        Fig. 3. XRD pattern of MgFe2O4. 
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All diffraction peaks illustrated in Fig.3 indicate the existence of spinel structure with single phase crystalizing in cubic 
symmetry (Space Group: Fd-3m). The average crystallite size (Cs) of the MgFe2O4 evaluated by Debye-Scherrer 
formula using DRX data is Cs ≈ 13 nm.  

       

Fig. 4. SEM image of the MgFe2O4 sample                                           Fig. 5. Direct optical transition of MgFe2O4 

 

The SEM image of the MgFe2O4 illustrated in Figure 4 shows that the grains are composed of porous, dispersed and 
agglomerated nanoparticles with a regular grain size. The diffuse reflectance of MgFe2O4 is shown in Figure 5 The 
indirect optical band gap evaluated at 1.91 eV, is due to the lifting of degeneracy of Fe3+:3d orbital, octahedrally 
coordinated.  
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The photo-electrochemistry of the spinel MgFe2O4 nano material was studied to assess its ability for the H2 formation 
under visible light illumination. The flat band potential (Efb = 0.28 V) is determined from the intersection of the straight 
line with the E-axis according to Fig. 6. The negative slope is characteristic of p-type semi-conductivity where the 
holes are the majority carriers. The current potential characteristics J(E) illustrated in Fig. 7. are plotted to determine 
the electrochemical stability domain and to predict the interfacial reaction. The water oxidation is observed at ~ 0.68 
V while the increased current below ~ -0.78 V is due to H2 evolution, a value more cathodic than the conduction band 
of MgFe2O4, thus leading to a spontaneous H2 formation. 

The photocatalysis starts by exciting the semiconductor generating electron-hole (e-/h+) pairs. The pH influences 
considerably the photocatalysis through the position of MgFe2O4 bands made up of 3d orbital. We have exploited 
this property to adjust judiciously the position of CB with respect to H2 level, leading to an optimal band bending. The 
photo-activity peaks at pH ~ 13 (NaOH) with H2 volume of 208 µmol min-1 g-1 is compared to that obtained at pH ~ 7 
(Na2SO4) 174 µmol min-1 g-1 as illustrated in Fig. 8. The spinel, showed a photocatalytic activity under visible light 
with H2 rate liberation of 59 µmol min−1 g -1 at pH ~ 13.  

 

Fig. 6. The mott-schottky plot of MgFe2O4 in Na2SO4 (0.1 M). 
Solution under N2 bubbling, scan rate: 10 mv s-1 

 

Fig. 7. The J(V) characteristic of MgFe2O4 recorded in 

Na2SO4 (0.1 M) electrolyte under N2 atmosphere 
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Fig. 8. Volumes of evolved H2 vs illumination time on MgFe2O4 at two pHs. 

 

CONCLUSION 

The prepared semiconductor and nano-structured MgFe2O4 spinel ferrite with an average crystallite size of 13 nm was 
successfully prepared by nitrate route using nitrate precursor salts. The pure phase of MgFe2O4 with a cubic symmetry 
was identified by XRD. The mixed oxide has an optical gap of 1.91 eV. The MgFe2O4 grains are in a shape 
agglomerated nanoparticles uniformly dispersed. The MgFe2O4 spinel was successfully tested for hydrogen production 

under visible light irradiation with H2 evolution rate of  59 µmol g-1 min-1.  
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ABSTRACT  

Nickel oxide (NiO) is one of the metal oxides that has recently aroused great interest among researchers due to its 
very interesting physical properties. The objective of our work is to study the effect of thickness of NiO thin film 
deposited on glass substrates by Sol-Gel process and spin-coating technique. In order to study the properties of 
elaborate thin films, we used spectrophotometry (UV–Vis) and Raman spectrometer. The results obtained showed 
that the thin NiO films are moderately transparent in the visible and opaque in the UV. The values of the transmittance 
in the visible range decrease with the thickness and the optical gap varied in the interval of [3.62 - 3.78eV]. The 
Raman spectrum showed the presence of carbon in the thicker layers. 

Keywords: Film thickness, NiO, Spin coating, Thin film 

 

INTRODUCTION 

Nanomaterials are increasingly invading the world because of the extraordinary contribution they provide to 
knowledge; manipulation of matter at the nanometric scale. They have become one of the most important and exciting 
cutting-edge fields in physics, chemistry, engineering and biology [1]. Indeed, obtaining materials of controlled size 
and shape at the nanometric scale in the form of thin films is a prerequisite for the production of the various devices 
called optoelectronics, including radiation detection diodes, photovoltaic cells, diodes emitters, lasers, gas sensors, 
solar cells and photocatalytic cells [2]. Given that the range of thicknesses of the thin layers goes from the order of a 
nanometer to a few microns [3], their treatment must be carried out by condensation at the level of the atoms and 
molecules on a substrate. Nickel oxide (NiO) called Bunsenite, is a basic oxide. Depending on the method of 
preparation, it comes in the form of a more or less dense and less black greenish-gray powder [4]. 

NiO is considered a promising material. It is a metal oxide, known as p-type semiconductor, non-toxic, very abundant 
in nature, excellent chemical and thermal stability, inexpensive and easy to produce. Other interesting properties of 
the NiO thin film include its wide band gap range between 3.6 and 4.0 eV due to excess oxygen in its CFC crystal 
structure [4-5]. Structural properties are very sensitive to the nature and number of point (interstitial, substitute, 
vacant), line (dislocation) and plane (grain boundary...) defects that may exist inside the structure. crystalline [5].  

There are various thin film deposition methods that are under continuous development and improvement. We can 
cite physical methods such as Physical Vapor Deposition and chemical methods such as sol-gel techniques [6]. 
Witch involves many chemical and physical steps which are hydrolysis, condensation, drying and condensation [7]. 
The sol-gel process is a technique which makes it possible to produce thin layers by spraying, dip-coating and spin-
coating. This last technique is mainly based on drainage by centrifugal force and evaporation of the solvent. The 
duration and speed of spin, the viscosity and surface tension of the solution, the volatility of the solvent used in the 
formation of the sol are harmful parameters for obtaining dense, smooth and uniform coatings [8]. Thickness and 
heat treatment after deposition (annealing) are important parameters for fabricating thin films with improved 
structural, optical and electrical properties [9]. 

In this work, we report the characterization of thin layers of NiO deposited on glass substrates, by the spin coating 
technique. The effect of varying the number of coating cycles is also shown.  

 

MATERIALS AND METHODS  

Preparation of the sol-gel solution and the substrate: 

A 0.1M concentration solution was prepared in a beaker using nickel chloride [NiCl2.6H2O] as the nickel source and 
ethanol (C2H5OH) as the solvent. It was then mixed with a magnetic stirrer at 65°C for 30 minutes. Then a few drops 
of Diethanolamine (DEA) (C4H11NO2) were slowly added to the solution as a stabilizer. The solution was again 
mixed at 65°C for an additional 2 hours and 7 hours at room temperature. The final bluish-colored mixture is left to 
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stand for 72 hours before being used for the deposition of NiO thin films. The commercial transparent glass slides 
(1.5 cm x 2.5 cm, 1 mm thickness) used as substrates in our study were cleaned using the following steps: 

• Cleaning with warm water and soap 

• Immersion in acetone (C3H5OH) for 10 minutes, in an ultrasonic bath to eliminate all traces of oil. 

• Rinse with distilled water under ultrasound for 5 minutes. 

• Soaking in ethanol (C2H5OH) for 10 minutes in an ultrasonic bath to remove impurities that remain stuck to 
the surface. 

• After Rinse with distilled water and drying, the substrates are kept free from all kinds of impurities 

The prepared solution was poured onto the substrate  spin coated by a spin coater (spun at 3000 rpm for 30 s), using 
a syringe fitted with a micro-filter. The deposited NiO films were subjected to a drying process on a hot plate for 10 
minutes at 170°C to evaporate the remaining solvent and harden the film. This process was repeated 10 times, 18 
times and 21 times to obtain three samples of different thickness. 

Finally, the samples were post annealed  in atmospheric air at 300°C for 2 hr. Fig. 1 shows the steps followed during 
the preparation of NiO thin films. 

 

Characterization of NiO thin films: 

After annealing, the NiO films were characterized using UV–Visible Spectrophotometer (JENWAY 6715) to record 
the transmission spectrum of the films. To study the hydrophilic properties, we measured the contact angle of a 
water droplet on the layers using a goniometer illuminated by a white light source, a CCD camera and the ImageJ 
software. A micro-Raman spectrometer (LabRam HR from Horiba Jobin Yvon) coupled to a microscope (Olympus 
BX41) was used as a qualitative structural and molecular analysis technique. This device uses He-Cd laser (325 
nm,  32 mW ). The thickness of the films has been measured using Stylus profilometer (MUTITOYO). 

 

Fig. 1 Flowchart for the preparation of NiO thin films 
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RESULTS AND DISCUSSION 

Thickness of NiO thin films: 

The values of the thickness of NiO thin films increase almost linearly with the number of layers by spin coating (see 
Fig.2). This result is in agreement with that obtained by Wu and his colleagues [10], they showed that the thickness 
of TiO2 thin films deposited on glass was proportional to the number of coating. Increasing the thickness due to the 
number of drying steps between each spin coating step has a positive effect on the quality of thin films. This can lead 
to enhanced crystal growth and the formation of a dense, uniform film [11]. 

 

Water contact angle: 

All the NiO films produced are hydrophilic because the contact angles with water are less than 90°. 

The increase in the thickness of the thin NiO films due to the number of coatings by spin coating, makes the surface 
smoother and less rough [11]. This explains the values of the contact angles obtained for different thicknesses (table 
1). 

Table 1 Water contact angle variation  

Number Of 
Coatings  

 0 10 18 21 

Contact angle  35,305 46,513  56,6  52,45  

 

Transmission spectra of NiO thin films: 

Nickel oxide (NiO) thin films prepared by the sol-gel method were examined under UV spectroscopy in the wavelength 
range (280-800 nm) (Fig. 3). The thin layer of 10 coatings has an excellent transparency of up to 67%. The sample 
of 18  coatings has a transmittance that exceeds 50%. While the thickest layer (21 coatings) has the lowest light 
transmission (40-50%). According to Reddy and co-workers [12], the low optical transmittance at increasingly higher 
film thickness is due to high scattering of film surface light, caused by low crystallinity. 

Optical gap and Urbach energy variation of NiO thin films: 

From the absorbance spectrum of NiO thin films, the absorption coefficient α can be calculated using the Tauc 
method. The gap values (Eg) corresponding to different thicknesses are reported in Table 2. It can be seen that the 
band gap decreases as the thickness increases. This result can be attributed to the presence of oxygen vacancies 
and the decrease in the concentration of free electrons in the films [13]. Other researchers have attributed the 
decrease in optical gap energy with increasing thickness to the reduction in grain size due to weak crystallization of 
thin films [14]. 

The comparison between the Urbach energy (Eu) and the different thickness values allowed to deduce that the 
thickest NiO layers have the highest Urbach energy. However, the value of Eu is inversely proportional to the optical 
gap (Eg) (Fig.4). According to this Urbach energy analysis, the decrease of the optical gap with the increase of the 
thickness can be attributed to the increase of structural disorder in the thin layers [14]. 

 

 

 

Fig. 2. The thickness of thin layers as a function of the 

number of coatings 
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Table 2 NiO thin film bandgap values 

Nombre of 
coating 

Transmittance 
at λ=400 nm 

Eg (ev) 

(Tauc) 

EU (ev) 

10 60,97 3,78 0,72 

18 54,02 3,70 0,87 

21 52,46 3,67 1,21 

 

 

 

 

 

 

 

 

 

 

In Table 3, we present a comparison between the gap values obtained in the present study and those revealed by 
other researchers, specifying the elaboration technique. 

 

 

 

 

 

 

 

Fig.3. Transmittance spectra of NiO thin films 

Fig.4 Variation of the gap energy and the Urbach 

energy as a function of the thickness 
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Table 3 comparison of the values of the optical gap of NiO/Glass with those found in the bibliography 

Deposition 
methods  

Precursor 

 

Solvent 

 

Stabilizer 

 

Molarity 
(m) 

Gap (ev) Transmittance 
% 

Reference 

Spin-coating Nickel 
Chloride 

Ethanol  Diethanolamine 
(DEA) 

0,1 3,70 54,2% Our 
study 

Spin-coating Nickel 
Acetate 
Tetrahydrate 

2-
Methoxyethanol 

Monoethanolamine 
(MEA) 

0,75 3.94 92% [3] 

Spin coating Nickel 
Acetate 
Tetrahydrate 

2-
Methoxyethanol 

Diethanolamine 
(DEA) 

0,1 3,85 76% [15] 

Spray 
pyrolys 

Zinc Acetate Distilled water / 0,05 3,28 40% [11] 

Spin coating Nickel 
Acetate 
Tetrahydrate 

Methanol Monoethanolamine 
(MEA) 

/ 3.693 96% [16] 

Spray 
pyrolys 

Nickel 
Chloride 

Distilled water / 0.3m 3.13 95% [17] 

 

Characterization by Raman spectrometer: 

The Raman spectrum of the NiO thin film in Fig. 4 shows the positions of the peaks corresponding to the characteristic 
vibrations of the molecular bonds. The peaks at 543 cm-1 correspond to vibrations of NiO in first-order at one-phonon 
(1P) modes. While the 1004 cm-1 band corresponds to two-phonon modes (2P) appears only for the least thick layers 
(10 coatings). First-order Raman bands are generally derived from imperfections and defects [18]. From the Raman 
spectrum, we can deduce that the ratio of first and second order peak intensities (1P)/(2P) decreases with increasing 
thickness. This may indicate the existence of nanoparticle particles in less thick thin layers and which decrease in 
number and increase in size with increasing thickness [19]. 

The presence of the two-magnon (2M) band near 1600 cm-1 indicates that the NiO layers remain in the 
antiferromagnetic phase [19]. 

The Raman spectrum also revealed the presence of peaks 1382 cm-1 and 1571 cm-1 showing the existence of carbon. 
It is more present in the thicker layers [20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Raman photoluminescence emission spectra of NiO thin films 
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CONCLUSION  

In this study, NiO thin films were developed by the sol gel technique from nickel chloride precursor and ethanol as 
solvent. The prepared sol was deposited on glass substrates, using the Spin Coating method followed by moderate 
annealing at 300°C in air for 2 h. The characterizations carried out with different techniques have shown that the 
transmission in the visible light range (400 - 800 nm) decreases by 65% to 45% with increasing thickness. The thin 
layers of NiO are moderately transparent in the visible and opaque in the UV. Also, the values of the optical gap 
obtained (3.78nm – 3.70nm – 3.62nm) decrease with increasing thickness. The Raman spectrum showed the 
presence of two bands of magnons (2M) around 1600 cm-1 indicating that the NiO layers remain in the antimagnetic 
phase. It  also revealed the presence of carbon in the thickest films. 
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ABSTRACT  

In this study, the ground state of morpholin-4-ium p-aminobenzoate (MPABA) [C4H10NO+,C7H6NO2
-] molecule of the 

theoretical molecular geometric structure were performed by using Gaussian 09 program. Firstly, in order to better 
understand the molecular definition of the morpholine-4-ium p-aminobenzoate (MPABA) [C4H10NO, C7H6NO2

-] 
molecule, the physicochemical mechanisms underlying the interactions of atoms should be examined in detail. 
Calculations of all molecular and atomic properties such as electrical and electronic (total energy, dipole moment, 
electronegativity, chemical hardness and softness) analysis, molecular frontier orbital energies, electrostatic potential 
maps and charges were performed by Density function theory (DFT) method. The obtained data from the DFT 
calculations suggest that morpholin-4-ium p-aminobenzoate is a potential candidate for energy application, textile 
industry and antibacterial studies. 

Keywords: DFT, Molecular modelling, HOMO and LUMO energies, energy difference (ΔE). 

 

INTRODUCTION 

Morpholin-4-ium p-aminobenzoate (MPABA) molecule is a new crystal of PABA (p-Aminobenzoic acid) family. The 
molecular structure of MPABA molecule, a synthetic organic compound produced by synthesis, contains an azo 
group (-N=N-). The MPABA molecule forms the basis for the production of azo dyes used in the textile industry. In 
addition, the MPABA molecule behaves as a bacterial cofactor in folic acid [1] synthesis. 

The crystal structure of morpholin-4-ium p-aminobenzoate (MPABA) [C4H10NO+,C7H6NO2
-] was studied by 

G.Shanmugamet al. in 2012 [2]. G.Shanmugam et al. synthesized [2] the MPABA molecule and its molecular 
structural, thermal, vibrational and UV–visible transmission analyses were investigated experimentally. However, 
theoretical calculations of the experimental data for the MPABA molecule (in Fig. 1. a, b) were not performed 

 

Fig. 1.a) The experimental structure, b) the optimized structure of the MPABA molecule. 

 

https://www.sciencedirect.com/science/article/pii/S1018364720303621
mailto:cengiz.ipek@medeniyet.edu
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MODELLING AND DFT CALCULATIONS 

The molecular simulation modeling of the MPABA molecule were calculated using DFT method in Gaussian 09W 
package [3]. Output data files were visualized using the Gaussian View 5 program [4]. The molecular geometric 
parameters, molecular frontier orbital energies, molecule charges, electrostatic potential (MEP) surface, electronic 
and electric properties for the MPABA molecule were calculated using B3LYP and HSEH1PBE levels with 6-
311++G(d, p) basis set of DFT method [5,6].  

  

RESULTS AND DISCUSSION 

Geometric Optimization 

The MPABA molecule was studied by G.Shanmugamet et al. [2]. The unit cell parameters a=5.948(5), b=18.033(4), 
c=10.577(5) (in Å) β=90.40(1)° and V=1134.5(11) Å3. The numbering of atoms is shown in Fig. 1a [2] and the obtained 
geometric structure is seen in Fig. 1b. Theoretical bond lengths (for C-C) were found in the range 1.38140-1.53829 
and 1.38493-1.55749 (in Å) at HSEh1PBE and B3LYP, respectively. Experimental bond lengths (C-C) are seen in the 
range of 1.368(5) and 1.542(9) (in Å) [2]. Experimental C1-O2 and C10-N2 bond lengths are 1.247(4) and 1.493(6) Å, 
respectively [2]. Calculated bond lengths were observed as 1.22154, 1.47470 Å for the B3LYP and 1.21915, 1.47335 
Å for the HSEh1PBE. The experimental O2-C1-O1 bond angle is 123.2(3)˚[2], and this angle has been seen at 
122.81331˚ for the B3LYP and 123.01904˚ for the HSEh1PBE. 

 

Electronic Properties 

In electronics studies, the molecular orbital helps describe the wave-like behavior of electrons within the molecule. It 
serves to calculate chemical and physical properties such as the probability of finding an electron in any part of the 
molecule. Molecular orbitals are called HOMO-LUMO. HOMO is the molecule's tendency to donate electrons and is 
the highest energy orbital that is occupied. LUMO, on the other hand, is the molecule's tendency to gain electrons 
and is the lowest vacant orbital. HOMO and LUMO are called Frontier Molecular Orbitals because they serve as 
parent molecular orbitals in chemical reactions. The HOMO and LUMO energy levels of molecules are also important 
for energy applications such as solar cell. The effective electron injection between energy levels may increase the 
efficiency of solar cell. 

 

Fig. 2. Molecular frontier orbital energy pictures of the MPABA molecule. 

Molecular orbitals can be calculated quantitatively by using quantum chemical calculation methods (such as HF, 
DFT). EHOMO and ELUMO energy values of MPABA molecule were calculated using the DFT method. By looking at the 
electron density distribution of the calculated EHOMO and ELUMO energies, the energy difference (ΔE), ionization 
potential (I), electron affinity (A), electronegativity (χ), chemical hardness (η) and chemical softness (S) parameters 
are provided by formulas and the results are given in Table 1. In the B3LYP method, the HOMO and LUMO energies 
for the MPABA molecule are -5.94 and -0.95 eV, and the energy gap between the HOMO and LUMO orbitals is 4.99 
eV. It is well known that lower value for energy difference (ΔE) of MPABA molecule makes it more polarized, more 
reactive and less stable. Also called soft molecule. In the 3D plots shown in Figure 2, positive charge red color and 
negative charge green color are represented. 
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Table 1. The electronic properties for the MPABA molecule. 

 B3LYP HSEH1PBE 

EHOMO (eV) -5.94 -5.72 

ELUMO (eV) -0.95 -1.07 

ΔE = ELUMO-EHOMO (eV) 4.99 4.65 

I=- EHOMO (eV) 5.94 5.72 

A=- ELUMO (eV) 0.95 1.07 

=(I+A)/2 (eV) 3.45 3.40 

=(I-A)/2 (eV) 2.50 2.33 

S=1/2 (eV-1) 0.20 0.22 

ETOTAL (a.u) -764.21787101 -763.40197626 

         

 

Electric Properties 

Organic and inorganic molecules exhibit nonlinear optical (NLO) properties due to polarizability. Polarity (<α>) is 
defined as the response of the static dipole moment of the molecule to an applied external electric field. 
Polarizability, which is a measure of the molecule's properties such as electron distribution and charge density, is 
an important quantity used in molecular spectroscopy. If it causes deformation of the molecule independent of the 
direction of the applied electric field, it is called isotropic polarizability. If it depends on the direction of the applied 
electric field, it is called anisotropic (Δα) polarizability. The dipole moment (µ) is an important quantity in molecular 
chemistry as it describes the intramolecular charge movement.  

Nonlinear optical properties were calculated for the MPABA molecule using the B3LYP and HSEH1PBE methods 
and are listed in Table 2. The dipole moment was calculated as 2.05 Debye in the B3LYP method and 2.06 Debye 
in the HSEH1PBE method with the help of formulas [7]. The anisotropy of the polarizability of the MPABA molecule 
was calculated as 15.76×10-24esu in HSEH1PBE method with the help of formulas [8]. The polarizability result of 
MPABA molecule was calculated 22.16×10-24esu in HSEH1PBE method with the help of formulas [8]. The first-
order hyperpolarizability result of MPABA molecule was calculated 10181.46×10-33esu in HSEH1PBE method with 
the help of formulas [8]. 

 

Table 2. The electric properties for the MPABA 

Property B3LYP HSEP1PBE 

  2.05 2.06 

<α> 24.50 22.16 

Δα 40.85 15.76 

<β> 12049.59 10181.46 

 

Molecular Electrostatic Potential (Mep) Maps And Atomic Charge Analysis 

MEP provides information about the local polarity of the molecule. MEP surface can be calculated especially for large 
molecules; it is also used to express steric interactions between polarized regions of molecular shape and often 
biomolecules [8]. MEP surface map is very important for the investigation of molecular structure. MEP surface map 
shows the molecule's color, shape, charge, size, and electrostatic potential regions at the same time. The color chart 
of MEP is red for (-) charge, blue for (+) charge, yellow for the slightly electron-rich region, green for neutral [9]. The 
MEP maps of the MPABA molecule was calculated at B3LYP method and the polarization effect is clearly visible in 
Figure 3. Mulliken charge distribution is an old method and common method [10]. In case making the distribution to 
atoms of wave functions, it is based on the principle of equally distributing two overlapping orbits. In order to better 
understand the interatomic interactions of the MPABA molecule, the atomic charges of the molecules were calculated 
by the B3LYP and HSEH1PBE methods. Mulliken charge on each atom of the MPABA molecule is shown in Figure 
4. 
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Fig. 3. Molecular electrostatic potential surface maps of MPABA molecule. 

 

 

Fig. 4. The Mulliken charges of the MPABA molecule. 

 

CONCLUSIONS 

In order to have more detailed information about the protein-ligand, all the physicochemical properties of the 
MPABA molecule were examined. Firstly, The geometry of the MPABA molecule was optimized in different levels 
with DFT/B3LYP and DFT/HSEH1PBE method using 6-311++G (d,p) basis set. The calculated structural 
parameters such as bond distances, bond angles and dihedral angles compared well with the experimental values. 
Additionally, the frontier molecular orbital, energies and energy gap between HOMO and LUMO are calculated. 
The observed small energy gap indicated that the charge transfer occurred in MPABA. The compound exhibits 
strong effective intra-and intermolecular charge transfer and shows the mean first-hyperpolarizability 
(β=10181.46x10-33esu). The MEP plot clearly demonstrated that the reactive sides, electrophilic and nucleophilic 
attack regions.  
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ABSTRACT 

To view the developments and changes that have occurred in scientific fields, they need to be holistically evaluated. 
Bibliometric studies are one of the most useful methods that have been developed for holistic analyses. When 
examining engineering fields using bibliometric analyses, we see those 875,000 publications on civil engineering, 2.9 
million publications on mechanical engineering, and 5.02 million publications on electrical and electronic engineering 
have been produced that developed in connection with our span of human history. This study examines and holistically 
analyzes the changes in the field of mechanical engineering from 1935 to the present in terms of the articles produced 
in this field. The study analyzes the publications from journals published in the field of mechanical engineering in the 
Scopus database. As important metadata for publications, the study also examines the changes in keywords over the 
years in order to see how the field of mechanical engineering has evolved. The top three most-used keywords are 
mathematical models (used in 117,241 publications), finite element method (used in 115,549 publications), and 
computer simulation (used in 99,492 publications), respectively. We find the opportunity to also see the changes in the 
field of mechanical engineering in terms of the changes in keywords. In addition to keywords, the top three most-
published authors in the field of mechanical engineering are Akishisa Inoue with 1,308 publications, Andrew Allcock 
with 716 publications, and Terence G. Langdon with 672 publications, respectively. The top three sources with the 
highest number of publications in the field of mechanical engineering are the Journal of Alloys and Compounds with 
64,939 publications, Materials Science Forum with 55,821 publications, and Materials Research Society Symposium – 
Proceedings with 55,085 publications, respectively. The top three most-published institutions in this field are the Ministry 
of Education of the People’s Republic of China with 47,260 publications, the Chinese Academy of Sciences with 46,253 
publications, and Tsinghua University with 26,970 publications, respectively. The top three institutions in terms of 
supporting the greatest number of publications in this field are the National Natural Science Foundation of China with 
196,881 publications, the National Science Foundation with 47,025 publications, and the Fundamental Research Funds 
for the Central Universities with 28,118 publications. 

Keywords: Evolution, science, mechanical engineering, bibliometric analysis 

 

INTRODUCTION 

Engineering has been the work that has made life easier from the history of humanity until today, allowing people to 
make their work easier. New studies continued to grow by creating new solutions and new solutions creating other 
solutions. After civil engineering, the largest field of engineering studies has been in mechanical engineering. Looking 
at the last 50 years of studies in mechanical engineering, there has been a rapid increase and evolution both in these 
studies and in the solutions found. 

Bibliometric studies are very important in terms of general evaluation of all studies in a particular science. In this 
study, this transformation in engineering studies was evaluated in the SCOPUS database by using the metadata 
information of publications in journals on mechanical engineering. And also, the evolution that has occurred in the 
last 50 years has been analyzed over the keywords used in the publications. 

 

MATERIALS AND METHODS 

The data used in the bibliometric analyzes in this study were obtained from the SCOPUS (1) database. The SCOPUS 
database and the Web of Science (WoS) database provide great opportunities for bibliometric studies (2). These two 
platforms not only present the metadata of the publications to the researchers, but also ensure that the results to be 
found are reliable, as they contain more qualified publications with certain criteria. Within the scope of the study, journals 
publishing in the field of mechanical engineering were determined by the All Science Journal Classification (ASJC) 
query (3). In this context, there are 2.9 million publications published since 1935 in 899 journals which are in mechanical 
engineering category that came with the query SUBJTERMS (2210). Through the metadata of these publications and 
the keywords used in the publications, the evolution in the studies from 1935 to the present has been examined. 
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RESULTS AND DISCUSSION 

In this study, the change of the most frequently used keywords according to years in 2.9 million studies published in 
mechanical engineering journals was examined. The analysis of all keywords in these publications is presented as 
the most used keyword in Fig. 1. Accordingly, the 10 most frequently used keywords in mechanical engineering are 
Finite Element Method, Mathematical Models, Computer Simulation, Microstructure, Scanning Electron Microscopy, 
Optimization, Mechanical Properties, Heat Transfer, Deformation and Numerical Methods. 

 
Fig. 1. The 160 most-used keywords (cumulative) in mechanical engineering journals 

 
Keywords for the years 1990, 2000, 2010 and 2020 are given in Fig. 2 for the change in studies in the field of 
mechanical engineering. While the 4 most used keywords in 1990 are Mathematical Models, Flow of Fluids, Property 
and Heat Transfer, respectively, the 4 most used keywords in 2000 were Mathematical Models, Computer 
Simulations, Finite Element Method and Thermal Effects, respectively. While the 4 most used keywords in 2010 are 
Finite Element Method, Computer Simulation, Mechanical Properties and Scanning Electron Microscopy, 
respectively, the 4 most used keywords in 2022 were Performance, Microstructure, Finite Element Method and 
Numerical Methods, respectively. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Fig. 2. The 160 most-used keywords in mechanical in the year of (a) 1980, (b) 2000, (c) 2010 and (d) 2022 
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CONCLUSIONS 

In this study, published studies in the field of mechanical engineering were examined. Especially with the keywords 
used in the studies, the transformation in the field of mechanical engineering is seen. Thus, the transformation in this 
area can be followed more clearly with quantitative analysis. When the change in keywords from 1990 to 2022 is 
examined, it is seen that the studies are more computer-aided with the increase in computer opportunities. 
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ABSTRACT 

Dry methane reforming in the coexisting of a gas turbine, a combustion chamber and recycle system is represented. 
The primary purpose of this study is to evaluate and analyze the mentioned hybrid system from the exergy and 
exergo-economic aspects. In this study, a dry-reforming technology is coupled with the gas turbine power plant, to 
increase the efficiency of the plant by elevating the HHV of the fuel. Utilizing the heat of exhausted gas of the gas 
turbine as the source of the required heat in the reactor is an effective method to improve the efficiency of the 
proposed plant. Influence of some parameters including the reforming temperature and mass flow rate of the methane 
on the reforming process as well as on the system performance is examined. By using specific Exergy costing 
(SPECO) method, the unit cost of generated power is determined and quantitative exergy cost balance for each 
component and the whole gas turbine plant is considered. The highest exergy destruction occurs in the combustion 
chamber among all and the cost flow of destructed exergy is 33.21 $/h, in 900 K of reforming temperature. In the 
same temperature, the cost flow of generated power is 605.01 $/h. 

Keywords: Exergo-economic, Dry-reforming, Gas turbine power plant. 

 

INTRODUCTION 

In recent decades, unceasing fossil fuel consumption has led to mass production of pollutants and global warming 
[1]. As this source is non-renewable, more use will increase the need for an alternative. Moreover, the world 
population is estimated to surpass 10.9 billion by 2100, leading to a serious rise in global energy consumption [2]. 

Therefore, researchers and industries are encouraged to introduce compatible alternatives. The evaluation of thermal 
energy systems, energy storage methods and economic principles is very important for researchers and industries 
to improve their efficiency and reduce operating costs. Currently, the method applied to analyze energy conversion 
in a system operates based on the concept of the first law of thermodynamics known as energy analysis. However, 
this method is not suggested for performance analysis due to its low accuracy [3]. The exergy analysis could be the 
more accurate way of analyzing energy systems which is the main method of investigating energy systems 
nowadays. Besides, the exergo-economic analysis by specific Exergy costing (SPECO) method which has been 
studied thoroughly by Lazzaretto et al. [4]. Helps to evaluate the cost of the unit of destructed exergy and generated 
power. According to reviewed literatures, the exergoeconomic analysis of the Methane dry-reforming technology are 
limited. Particularly, no study, to the best of our knowledge, has considered the economic aspects of the reforming 
system in power plants. In this study the dry reforming technology is applied to a gas turbine system to examine how 
the reformer influences the exergetic efficiency of the system. Also, the influence of the fuel mass flow rate and 
temperature of the reformer, on the exergy destruction and efficiency of the system is studied. After this, the 
exergoeconomic analysis applied to this system with SPECO method. 

 

SYSTEM DESCRIPTION 

The overall schematic diagram of the system is depicted in Fig. 1. In this dry reforming system, the high temperatured 
exhaust gases of the gas turbine are used to preheat the specified reactants, which are CO2 and CH4. After going 
through the mixing process, the reactants enter the reformer chamber. The required thermal energy at this stage is 
mainly provided by the gas turbine's hot outflow which at the end is exhausted, but could be used in systems like 
CO2 captures and storage the useful gases. The reformed methane is then headed to the combustion chamber, 
where complete combustion occurs in the presence of compressed air. The produced syngas is then utilized in the 
gas turbine leading to power production. 

Reforming is a high-temperature process in which a hydrocarbon is riffed with hydrogen due to a particular chemical 
reaction. Reformers are classified based on their internal chemical reaction. Gibbs energy minimization using the 
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Lagrange method of undetermined multipliers is a suitable calculating method for equilibrium compositions of almost 
any reaction chamber. For a chamber contained C compounds with j number of elements, the Lagrangian method 
suggests [5]: 

𝛍𝐢 +∑𝛌𝐣𝐞𝐢.𝐣

𝐞

𝐣=𝟏

= 𝟎                                                                         𝐟𝐨𝐫 𝐢 = 𝟏…𝐂      
 

(1) 

where ei.j is the number of moles of element j in substance i. μi is the chemical potential of compound i and is 
formulated as [14]: 

𝛍𝐢 = 𝐠𝐢
𝟎 + 𝐑𝐓𝐥𝐧(

𝐲𝐢𝐏

𝐏𝟎
) 

(2) 

where g0i, is the reference molar-specific Gibbs free energy. 

The reactants of the reforming process are CO2 and CH4, products of the reformers are C, CO, CO2, CH4, H2 and 
H2O; the remaining products including C2H2, C2H4, C2H6, and O2 have been neglected due to their minor amounts. 
The occurring internal chemical reaction is: 

CH4+CO2→2CO+2H2 (3) 

∆Hr = 247 
kj
Kmol
⁄   

In order to identify the components with the most significant irreversibilities, exergy analyses are performed. For a 
control volume operating in a steady condition, the exergy rate balance is as follows [6]: 

𝐄�̇�𝐐 +∑𝐄�̇�𝐨
𝐨

=∑𝐄�̇�𝐢
𝐢

+ 𝐄�̇�𝐖 + �̇�      (4) 

 where i and o subscripts represent the input and output of the control volume, respectively. The difference between 

the input and output exergies is referred as Ḋ. EẊW and EẊQ indicate the exergy caused by work and heat transfer 

exergy. 

In order to calculate the cost per exergy unit for each flow, a cost balance must be written for each component of the 
system along with the required auxiliary equations. The cost balance for a specific component can be expressed as 
follows [4]: 

∑ Ċi.k + Ċq.k + Żk = ∑ Ċe.k + Ċe.k                                                                                                       (5) 

Ċ = cĖ                                                                                                                                                (6) 

where Ċ stands for the cost ($) per unit of time for each flow entering or leaving a component. Besides, c and Żk are 
respectively, the cost per exergy unit (CPEU) and the total rate of costs consisting of the initial capital and 
maintenance for a component. The annual levelized cost for a component. 

 

RESULTS 

The mole fraction of CO2 and CH4 corresponding to the temperature, rise from approximately 550 K and decrease 
as the temperature exceeds 550K and reach a constant level after 1180 K. Meanwhile, the mole fraction of CO and 
H2 increase through the rise of the reforming temperature. The highest value for YH2 and YCO are achieved in 1400 
K, while lowest mole fraction of CH4 and CO2 occurs in this temperature. In other words the reaction of the reformer 
is completed in 1400 K of reforming temperature. YH2O fluctuated from 600 K to 1400 K and reaches to its highest 
point in 1000 K.  

The variation of the temperature in reformer from 400 K to 675 K causes a decrease of destructed exergy in the 
reactor from 174.8 Kw to 132.7 Kw. This reduction occurs because in the reforming process at this temperature, the 
reduction in mole fraction of Methane happens sharper than production of the H2 mole fraction. 

Cost flow rate of destructed exergy in components is calculated. The highest cost of exergy destruction occurs in 
combustion chamber at 900 K of reforming temperature which is 33.21 $/h, while the cost of destructed exergy in the 
reformer at 600 K, is 6.01 $/h which is the minimum amount among all the components, in 3 different reforming 
temperatures. 
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Figure 1.  Schematics of the system                                          Figure 12.  Cost flow rate of streams 

 

 

 

 

 

 

  

 

 

 

 

 

 

CONCLUSION 

The mole fraction of substances present in the reformer is directly influenced by temperature. With rising the 
reforming temperature to 1400 K, the reaction occurs completely which provides more HHV in the fuel, leading to 
higher exergetic efficiency which is about 60%. The highest exergy destruction occurs in the combustion chamber 
among all and the cost flow of destructed exergy is 33.21 $/h, in 900 K of reforming temperature. In order to improve 
the system and save more energy and money, first of all the significant exergy destruction problem in the CC needs 
to be addressed. In the 900 K temperature of reformer, the cost flow of generated power is 605.01 $/h. 
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Table 1. Cost flow of streams, at 3 different reforming temperatures ($/h) 
 

𝐓𝐫=600 (K) 𝐓𝐫=750 (K) 𝐓𝐫=900 (K) 

�̇�𝟏 376,9 376,9 376,9 

�̇�𝟐 2,407 2,407 2,407 

�̇�𝟑 379,3 379,3 379,3 

�̇�𝟒 379,7 387,2 403,5 

�̇�𝟓 0 0 0 

�̇�𝟔 378,6 378,6 378,6 

�̇�𝟕 759,1 766,7 783,2 

�̇�𝟖 212,8 216,5 224,6 

�̇�𝟗 212,5 208,6 200,4 

�̇�𝟏𝟎 195,8 189,7 182,1 
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ABSTRACT  

In this study, a diesel fueled internal combustion engine was converted to hydrogen fueled by modification. Experimental 
investigations were carried out on a single-cylinder and 1.16-liter engine at different airflow rates. The engine speed 
was kept constant at 1600 rpm and the power at 2.5 kW. Fuel flow rate, engine coolant inlet and outlet temperatures, 
exhaust emissions were measured and recorded in the experiments performed by changing the throttle angles. Energy 
and exergy analyzes of the engine were made for different airflow rates. According to the experimental results obtained, 
the fuel flow rate did not change significantly in the experiments. In addition, it has been observed that the air flow rate 
has a limited effect on the energy entering the engine. Similarly, exergy analyzes showed that the effect of air flow rate 
was limited. However, exhaust gas temperatures and NOx emissions increased significantly with increasing air flow. 

Keywords: Hydrogen, Exergy analysis, Energy analysis 

 

INTRODUCTION 

Internal combustion engines are still widely used today. However, as a result of the use of internal combustion 
engines, emission gases harm the environment and increase the problem of global warming. The use of hydrogen 
as a fuel is seen as the ideal solution for the future [1]. Hydrogen-fueled internal combustion engines have been in 
development for a long time. Although significant progress has been achieved recently, a lot of technical research 
and development is required due to problems specific to hydrogen fuel [2]. The scope of this study is limited to the 
energy and exergy analyzes of a hydrogen fueled internal combustion engine. Energy and exergy analyzes are 
widely used to increase brake thermal efficiency [3]. In the literature, there are many studies on energy and exergy 
analysis of internal combustion engines [4]–[6]. At the same time, hydrogen fueled internal combustion engines have 
been studied by different researchers [7], [8]. Differently in this study, NOx emissions were also investigated. 

 

MATERIALS AND METHODS 

The schematic drawing of the experimental installation used in the study is given in Fig. 1. By using a dynamometer 
connected to the engine, the engine is operated at constant power. Hydrogen fuel flow and air flow were measured 
with separate flow meters. Engine coolant inlet and outlet temperatures and flow rates were measured and favored. 
Emission analyzer was used for the measurement of exhaust gases. 

mailto:altay.arbak@medeniyet.edu
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Fig. 1. Experimental setup 

Figure 2 shows the control volume where the energy and exergy analysis of the internal combustion engine is 
performed. The exergy balance written for this control volume is given in equation 1. 

 

 

Fig. 2. Control volume 

 

 �̇�𝑄 + �̇�𝑊 =∑�̇�𝑖𝑛𝑒𝑖𝑛 −∑�̇�𝑜𝑢𝑡𝑒𝑜𝑢𝑡 − �̇�𝑑𝑒𝑠𝑡 (1) 

 

Here, �̇�𝑄 is the exergy separated by heat from the control volume, and �̇�𝑊 is the exergy separated by work. The first 

term to the right of the equation represents the total exergy entering the control volume with mass, and the second 

term showing the total exergy leaving the mass. �̇�𝑑𝑒𝑠𝑡 is the term for exergy destruction. 

 

RESULTS AND DISCUSSION 

The exergy destruction values calculated using equation 1 are shown graphically in Fig. 3. As can be seen from the 
graph, exergy destruction increases with the increase in the opening of the throttle valve. 
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Fig. 3. Exergy destruction 

 

The results of NOx emissions, which is one of the emissions of the internal combustion engine that adversely affect 
the environment, for 3 different experiments are given in Fig. 4. As a result of the measurements, the emission values 
first decreased and then increased. The lowest NOx emission was measured for 50% throttle. 

  

Fig. 3. NOx emissions 

 

CONCLUSIONS 

In this study, hydrogen combustion was investigated experimentally for a single-cylinder engine. Energy and exergy 
and analyzes were performed using experimental data. As a result, the findings can be summarized as follows: 

• With the increase in throttle, the fuel flow has remained almost constant. As a result of the exergy analysis 
using these measurements, it was concluded that the exergy destruction increased in a limited amount with 
the increasing air flow rate. 

• The change in NOx emission values is not only in the direction of increase or decrease. The highest emission 
measured was at 20% throttle valve opening, while the lowest emission was at 50% throttle valve opening. 
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ABSTRACT  

Optimization of combined cooling, heating and power (CCHP) generation system using gas engine as prime mover was 
presented in this work. The main objective of this work was comparison of optimum four different configurations for 
storing the heating and cooling loads. For this purpose, a CCHP plant with/without thermal energy storage (TES) and 
cooling energy storage (CES) tanks were investigated separately. Gas engine nominal capacity, nominal capacity of 
TES and CES tanks, electric cooling ratio and operational strategies of electrical and absorption chillers as well as the 
engine at each hour were considered as 52 design parameters. Then, Fast and elitism non dominated genetic algorithm 
(NSGA-II) was used to find the optimum values of decision variables to reach the maximum total cost reduction (TCR) 
and CO2 emission reduction (CER) compared with separated system. The optimum results reveal that best results are 
obtained in the case of TES+CES tanks and follow by TES, CES and None cases. For example, TCR was improved 
with 11.2% in the case of TES+CES tanks as compared with None cases for the fixed value of CER=1%. The mentioned 
values were 7.5% and 6.9% respectively for the TES and CES cases.  

Keywords: Combined cooling heating and power generation, Total cost reduction, CO2 emission reduction, Thermal 
energy storage tank, Cooling energy storage tank. 

 

INTRODUCTION 

Combined generation of cooling, heating and power (CCHP) system refer to a system with simultaneous production 
of cooling, heating and power. The higher thermal efficiency or lower energy consumption, lower environmental 
harmful effects as well as on site energy production are the main advantage of CCHP or tri-generation system 
compared with separated or conventional (traditional) system [1-4].  

In the recent years, several authors evaluated the effects of different parameters on the prime movers and tried to 
select the optimum PM for the system in different climates. Ebrahimi and Keshavarz studied the effects of different 
climates on the PM in the tri-generation system [5-7]. The PM nominal capacity of a tri-generation plant for the similar 
building in different climates was obtained by Ebrahimi and Keshavarz [5]. Two algorithms including fuzzy logic and 
grey incidence approach were used to choose the optimum PM for a micro tri-generation plant in five different 
climates [6]. They also proposed a multi criteria decision making for selection of optimal capacity and operational 
strategy of the PM in the micro CCHP plant [7]. The benefits of using a CCHP system with dual power generation 
units was examined in nine different U.S. locations by Alta et al [8]. One power generation unit (PGU) was operated 
at base load while the other was operated following the electric load. The energy, economic and environmental 
assessment of a combined CHP–ORC system was studied by Pedro et al. and compared its benefit to a CHP system 
and a reference building for different climate [9]. 

Some researchers studied the integration of a CCHP system with other equipment such as ORC, biomass and solar 
panels to investigate the effects of them on the thermodynamics parameters. Sanaye and Hajabdollahi performed 
the optimization of solar assisted CCHP plant by using the evolutionary algorithm [10]. The optimum design 
parameters such as PM capacity and number of solar panels were obtain in economic situation. Fang et al. configured 
a complementary CCHP with ORC system [11]. The salient feature of this system was that its electricity to thermal 
energy output ratio could be adjusted by changing the loads of electric chiller and ORC dynamically. Daniel et al. 
evaluated small-scale biomass CCHP systems to provide a basis for studies on their thermodynamic possibility and 
energy performance [12]. 3E analysis including energy, economy as well as environmental profits for implementation 
of an ORC assisted micro-turbine was investigated by Pedro et al [13]. Khorasaninejad and Hajabdollahi performed 
multi objective optimization of solar assisted heat pump by considering coefficient of performance and total annual 
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cost as two objective functions [14]. Five different working fluids including R123, R134a, R245fa, 407C and R22 were 
investigated and R245fa was found as the best refrigerant.  
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Fig. 1. Schematic diagram of a combined cooling, heating and power generation system with TES and CES tanks 

 

In this paper, after thermal modeling of CCHP plant with TES and cooling energy storage (CES) tanks, this plant was 
optimized using the definition of total cost reduction (TCR) and CO2 emission reduction (CER) as compared with the 
separated system. Gas engine was selected as prime mover and Genetic Algorithm was applied to find the optimum 
values of 52 decision variables including gas engine nominal capacity, nominal capacity of TES and CES, electric 
cooling ratio and operational strategies of electrical chiller, absorption chiller and gas engine. TCR and CER are 
considered as two simultaneous objective functions and four different configurations for alternative selection of TES 
and CES were studied separately. 

 

ENERGY ANALYSIS  

Schematic diagram of studied CCHP plant with energy storage tanks is shown in Fig. 1. The gas engine was selected 
as prime mover for simultaneous production of heating and power. As it is depicted in Fig.1, the required cooling, 
heating and power load demands are provided by combination of PM, electrical and absorption chillers, recovered 
heat from PM, auxiliary boiler as well as electricity from the grid. Total heating load demand (sum of heating and 
absorption chiller heating load demands) in each time step is described as: 

)()()( ,, tHtHtH abchdmntotdmn
 +=                                                                                                                                      (1) 

in which 
dmnH  is heating load demand and t refer to the time step which was assumed to be two hours in this paper 

and 
abchH ,

 is  required heat for absorption chiller estimated as: 

( ))(/)()( ,,,,, tCOPQtPLtH abPLnomabchabchabch
 =                                                                                                                         (2) 

where 
abchPL ,

 and 
nomabchQ ,,

  are partial load and nominal capacity of absorption chiller, respectively.  

 

GAS ENGINE AS PRIME MOVER 

The following relations were curve fitted to obtain the closed form formulations for power and heat rate in term of part 
load using data given in [10]: 

power in term of part load:  

( ) ( )( ) nomGEGEGE

fPLf

PLGE
PLPL

LHVm

W
,

2

,

,
1904.0024.00001591.0 ++−=



                                                                             (3) 
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heat energy from the exhaust and water jacket in term of part load: 
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                                                                    (5) 

 

 

THERMAL ENERGY STORAGE TANK (TES TANK) 

At the normal situation, the total heating load demand is supplied by recovered heat from PM. However, due to the 
variation of required heating load during a year, the recovered heat is not exactly same with total heating load 
demand. As a result, the backup boiler and TES tank were used to provide remain heat and excess heat was stored 
in the TES tank.  

 

COOLING ENERGY STORAGE TANK (CES TANK) 

In this study, to investigate the optimum operational strategies for chillers during a year, the operating partial load of 
both absorption and electrical chillers were considered as independents variables. It means, for each chiller, 24 
operating partial loads were needed for each day. In the previous studies, the operational strategies of the chillers 
assumed to be constant and it was like a dependent variable.  In fact in this study, the chillers could provide the 
higher cooling load than the required cooling load demand and excess cooling would be stored in the CES tank. 
Furthermore, the chillers were allowed to supply the lower cooling than the cooling load demand and remain cooling 
was provided by the CES.  

 

OBJECTIVE FUNCTION 

To have a good comparison, the total cost of the studied system should be compared with the separated system 
where electricity, cooling and heating loads are provided separately by grid, chiller and boiler, respectively. As a 
result, the first objective function is defined as follow with the name of total cost reduction:  

𝑇𝐶𝑅(%) =
(𝑇𝐴𝐶𝑠𝑒𝑝−𝑇𝐴𝐶𝐶𝐶𝐻𝑃)

𝑇𝐴𝐶𝑠𝑒𝑝
× 100                                                                                                                                    (6) 

where 
SepTAC  and 

CCHPTAC  are the total annual cost of separated and CCHP systems, respectively.  

In addition, percent of CO2 emission reduction (CER) in the studied plant compared with the separated system is 
considered as the second objective function which should maximized:  

𝐶𝐸𝑅(%) =
(𝐶𝑂2,𝑠𝑒𝑝−𝐶𝑂2,𝐶𝐶𝐻𝑃)

𝐶𝑂2,𝑠𝑒𝑝
× 100                                                                                                                                   (7) 

 

RESULTS AND DISCUSSION 

The CCHP optimal design was used for a Hotel. The CCHP system provides triple load demands (cooling, heating 
and power) of corridors and 240 rooms with average area of  . For the sake of simplicity, the required loads were 
divided into two hot and cold seasons and assumed to be constant for each day during each season. The hourly 
required load demand curves for the mentioned case study were predicted and shown in Fig. 2. In this paper, four 
different CCHP configurations for storing energy including the none of TES and CES (None), only the TES (TES), 
only CES (CES) and both TES and CES (TES+CES) were investigated separately. The mentioned system is 
optimized using NSGA-II and Pareto optimal front is derived for each case. The results of optimum Pareto fronts for 
four studied cases including None (with no storing equipment), TES (just TES tank is used), CES (just CES is used) 
and both TES and CES are obtained and depicted in Fig. 3.  
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Fig. 2. Hourly variation of electricity, heating and cooling load demands for both hot and cold seasons 

As it can be seen, the optimum results in the cases of None, TES and CES are dominated by the results in the case 
of both TES and CES. In fact, by the use of both TES and CES, both cost and CO2 emission are improved as 
compared with the other studied cases. The optimum results after TES+CES are followed generally by TES, CES 
and finally None cases. As an example, TCR was improved with 11.2% in the case of TES+CES tanks as compared 
with None cases for the fixed value of CER=1% (optimum design point C).  

The mentioned values were 7.5% and 6.9% respectively for the TES and CES cases. As an another example, CER 
was improved with 9.4% in the case of TES+CES tanks as compared with None cases for the fixed value of TCR 
=11.5% (optimum design point B).  

 

Fig. 3. Pareto optimal front for four studied cases 

 

The mentioned values were 5.1% and 4.8% respectively for the TES and CES cases. It is also observed that the 
maximum cost reduction is in the range of 40-44% while the maximum CO2 reduction is in the range of 28-32%. 

 

CONCLUSIONS 

In this paper, four different CCHP configurations for storing heating and cooling loads including the none of TES and 
CES tanks (None), only TES tank (TES), only CES tank (CES) and both TES and CES tanks (TES+CES) were studied 
separately. Multi objective optimization of genetic algorithm was used to find the optimum values of 52 decision variables 
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in order to reach the maximum value of TCR and TER. Optimization results showed that applying cold and heat storage 
facilities, reduced the equipment sizes and leads to the more benefit in comparison with None case. The optimum 
results revealed that best results were obtained in the case of TES+CES tanks and follow by TES, CES and None 
cases. For example, TCR was improved with 11.2% in the case of TES+CES tanks as compared with None cases for 
the fixed value of CER=1%. The mentioned values were 7.5% and 6.9% respectively for the TES and CES cases. 

 

REFERENCES 

1. N. Fumo, P. Mago, L. Chamra, Emission operational strategy for combined cooling, heating, and power systems, Applied 
Energy 86 (2009) 2344–2350. 

2. L. Fu, X.L. Zhao, S.G. Zhang, Y. Jiang, H. Li, W.W. Yang, Laboratory research on combined cooling, heating and power (CCHP) 
systems, Energy Conversion and Management 50 (2009) 977–982. 

3. A. Arteconi, C. Brandoni, F. Polonara, Distributed generation and trigeneration energy saving opportunities in Italian 
supermarket sector, Applied Thermal Engineering 29 (2009) 1735-1743. 

4.  S.J. Hernández, C.A. Sánchez, Trigeneration: an alternative for energy savings, Applied Energy 76 (2003) 219-227. 

5. M. Ebrahimi, A. Keshavarz, Climate impact on the prime mover size and design of a CCHP system for the residential building, 
Energy and Buildings 54 (2012) 283-289.  

6. M. Ebrahimi, A. Keshavarz, Prime mover selection for a residential micro-CCHP by using two multi-criteria decision-making 
methods, Energy and Buildings 55 (2012) 322-331. 

7. M. Ebrahimi, A. Keshavarz, Sizing the prime mover of a residential micro-combined cooling heating and power (CCHP) system 
by multi-criteria sizing method for different climates, Energy 54 (2013) 291-301.  

8. A.K. Alta, J.M. Pedro, D.S. Amanda, Evaluation of the performance of combined cooling, heating, and power systems with dual 
power generation units, Energy Policy 66 (2014) 654-665.        

9. J.M. Pedro, H. Anna, M.C. Louay, Analysis and optimization of the use of CHP–ORC systems for small commercial buildings, 
Energy and Buildings 42 (2010) 1491-1498.  

10. S. Sanaye, H. Hajabdollahi, Thermo-Economic Optimization of Solar CCHP Using both Genetic and Particle Swarm 
Algorithms, Solar Energy Engineering, ASME 137 (2014), doi:10.1115/1.4027932,  

11. F. Fang, W. Le, L. Jizhen, Z. Jianhua, H. Guolian, Complementary configuration and operation of a CCHP-ORC system, 
Energy 46 (2012) 211-220. 

12. M. Daniel, S. Ana, R. Javier, S. Fernando, Assessment of CCHP systems based on biomass combustion for small-scale 
applications through a review of the technology and analysis of energy efficiency parameters, Applied Energy 102 (2013) 1303-
1313. 

13. Pedro J. Mago, Rogelio Luck. Evaluation of the potential use of a combined micro-turbine organic Rankine cycle for different 
geographic locations. Applied Energy 2013; 102: 1324-1333. 

14. E. Khorasaninejad, H. Hajabdollahi. Thermo-economic and environmental optimization of solar assisted heat pump by using 
multi-objective particle swam algorithm. Energy 72 (2014) 680-690. 


