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Bi- objective optimization of
refrigeration systems

Yosra
#L.R.Thermique

Ecole Nationale d’Ingénieurs
 

1yosraisetkelibia@gmail.com,
 
 
 

Abstract— The objective of this study 
refrigeration systems for simultaneous heating and cooling applications 
transcritical cycle in cascade with a subcritical (conventional) and flash gas by
parallel compression. The examined units produce refrigeration at two temperatures levels and h
this purpose, a computer model has been developed using Engineering Equation Solver first to simulate the two systems
at steady state for different operating parameters and then to evaluate the two configurations performances based on
coefficient of performance (COP) as well as exergetic efficiency (ηex) , including component wise irreversibility and
subsequently optimizes the main operating
optimization model using genetic algorithm and weight approach is established. For optimal factors and same cooling
duty of two refrigerators, the second unit

 

Keywords— CO2 Booster refrigeration; Exergy analysis; Comparaison; multi
Algorithm . 

In commercial supermarket refrigeration
R404A (a blend of R125 / R143a / R134a)
The use of harmful working fluids causes abnormal climate changes and accelerates the global warming effect [4
Especially, after the legislative actions, such as the EU F
Amendment [9], the usual working fluids
ammonia (or R717) and propane(R290) [10].
refrigerant due to the high toxicity of R717 and
with and . Further advantages
flammability and non-toxicity. The research
researcher paying attention to the post
refrigeration, system in heating, air conditioning and ventilation is quiet common in the industrialized countries [11
14]. CO2 has been used as a refrigerant in the low
[15]. CO2 refrigeration units are now successively used in commercial supermarkets all around the world. However,
transcritical CO2 refrigeration systems
where the refrigeration system operates
booster two-stage chiller combining transcritical
recognized as one of the most promising  configuration.
performance of the booster unit. In an effort to increase the efficiency of the transcritical 
applicable to warmer climates, several researchers have investigated the energy performance of the transcritical
refrigeration system in various regions 
of the R744 refrigeration systems used
compared four systems in terms of cooling capacities,
that the CO2 booster chiller with flash ga
warms and moderate climate operating conditions. Extensive works have shown that the carbon dioxide booster
chiller has a higher coefficient of performance
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optimization of two R744 Booster
systems using Genetic Algorithm

Yosra Ben Salem#1, AhmedBellagi#2 

L.R.Thermique et Thermodynamique des Procédés Industriels 
Nationale d’Ingénieurs de Monastir, E.N.I.M, University of Monastir, Tunisia

yosraisetkelibia@gmail.com, 1ahmedbellagi@gmail.com 

 is the optimization and the comparison of two
refrigeration systems for simultaneous heating and cooling applications .A CO2–booster two
transcritical cycle in cascade with a subcritical (conventional) and flash gas by-pass is compared with a system with
parallel compression. The examined units produce refrigeration at two temperatures levels and h
this purpose, a computer model has been developed using Engineering Equation Solver first to simulate the two systems
at steady state for different operating parameters and then to evaluate the two configurations performances based on
coefficient of performance (COP) as well as exergetic efficiency (ηex) , including component wise irreversibility and

operating variables to reach the maximum performance.
algorithm and weight approach is established. For optimal factors and same cooling

unit exhibits significant performance improvement. 

CO2 Booster refrigeration; Exergy analysis; Comparaison; multi-objective optimization; Genetic

I. INTRODUCTION 

supermarket refrigeration systems and others applications, the most used 

 

R134a) and R134a, which have a high global warming
harmful working fluids causes abnormal climate changes and accelerates the global warming effect [4

Especially, after the legislative actions, such as the EU F-Gas Regulations [8] and the Montreal Protocol Kigali
fluids are substituted with the natural fluids such 

propane(R290) [10]. However, the carbon dioxide seems to
R717 and to the high flammability of the refrigerant R290.R744

advantages of carbon dioxide are high latent 
research on carbon dioxide refrigeration systems
post protocol era of green cooling technologies.

refrigeration, system in heating, air conditioning and ventilation is quiet common in the industrialized countries [11
4]. CO2 has been used as a refrigerant in the low-temperature circuit of cascade units and in transcritical systems

[15]. CO2 refrigeration units are now successively used in commercial supermarkets all around the world. However,
ation systems tend to be more popular in moderate climates

operates a majority of the time in the more efficient subcritical
transcritical cycle in cascade with a subcritical

promising  configuration. Active research is being  carried
performance of the booster unit. In an effort to increase the efficiency of the transcritical 
applicable to warmer climates, several researchers have investigated the energy performance of the transcritical

 across Europe [17-18].Tsamos et al.[19] investigated various configuration
used in retail food applications in warm and moderate climates. The

of cooling capacities, power consumption and environmental
that the CO2 booster chiller with flash gas bypass has the highest efficiency with energy saving 5.0% and 3.65% for
warms and moderate climate operating conditions. Extensive works have shown that the carbon dioxide booster

performance (COP) than harmful working fluids 

two R744 Booster 
Algorithm 

Tunisia 

two transcritical CO2 Booster 
booster two-stage chiller combining 

pass is compared with a system with 
parallel compression. The examined units produce refrigeration at two temperatures levels and hot water at 75°C. For 
this purpose, a computer model has been developed using Engineering Equation Solver first to simulate the two systems 
at steady state for different operating parameters and then to evaluate the two configurations performances based on 
coefficient of performance (COP) as well as exergetic efficiency (ηex) , including component wise irreversibility and 

performance. A multi-objective 
algorithm and weight approach is established. For optimal factors and same cooling 

optimization; Genetic 

 

 

refrigerants are R22, 
warming potential (GWP) [1–3]. 

harmful working fluids causes abnormal climate changes and accelerates the global warming effect [4–7]. 
Gas Regulations [8] and the Montreal Protocol Kigali 

 as carbon dioxide (R744), 
to be the best attractive 

refrigerant R290.R744 is ecofriendly 
 heat of evaporation, non- 

systems is quite dynamic, with 
technologies. Nowadays, CO2 based 

refrigeration, system in heating, air conditioning and ventilation is quiet common in the industrialized countries [11- 
temperature circuit of cascade units and in transcritical systems 

[15]. CO2 refrigeration units are now successively used in commercial supermarkets all around the world. However, 
popular in moderate climates such as Northern Europe 

subcritical region[16] .CO2– 
subcritical (conventional) has been 

being  carried out to enhance the 
performance of the booster unit. In an effort to increase the efficiency of the transcritical CO2 system and to make it 
applicable to warmer climates, several researchers have investigated the energy performance of the transcritical 

al.[19] investigated various configuration 
moderate climates. The have 

power consumption and environmental effect. They found 
s bypass has the highest efficiency with energy saving 5.0% and 3.65% for 

warms and moderate climate operating conditions. Extensive works have shown that the carbon dioxide booster 
 based systems [20]. Many 
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researchers have considered the use of parallel compression with the flash gas [21
experimental analysis of commercial R744 parallel compression and estimated the key facto
global performance of the cycle. Sarkar [25] calculated a COP enhancement of 47.3% compared to the system with
only intermediate receiver and they concluded that the refrigeration system with auxiliary compressor is mainly
affected by the pressure of the receiver. Carbon dioxide Booster refrigeration systems are generally analyzed for
cooling applications. As of now, no available literature discusses the implementation of R744 booster chiller for
simultaneous heating and cooling applic
cooling energies. The difference of proposed work from other studies is that the system with and without parallel
compressor is analyzed and optimized for simultaneous heating and cooling a
objective optimization model using response

 
 

In this study, two different refrigeration 
The first examined unit includes two 

refrigeration system, the high pressure 
 

capacity of evaporators, have 
system is shown in Fig1.b and it is a CO2 booster unit with flash gas and parallel compression. This unit has
similarities with the first system but it is different. They are three compressors, one booster, one at the MT stage and
one at parallel stage. 

 
 

(a) 
Fig.1 Schematic diagram of the CO2 booster refrigeration

 

 

In this work, the two refrigeration systems
The formulation of the first examined refrigeration system is given with all
system only the extra equations are given. Some assumptions for thermodynamic calculations are presented as
below: 

 Analysis under steady state conditions.
 Isenthalpic throttling. 
 Adiabatic but non-isentropic compressio
 Isobaric evaporation and gas cooling.
 Saturated vapor at inlet of compressors
 Saturated vapor exiting intermediate
 the kinetic and potential energies 
 The mass flow rate of refrigerant
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researchers have considered the use of parallel compression with the flash gas [21-22]. Chesi et al [23] presented an
experimental analysis of commercial R744 parallel compression and estimated the key facto
global performance of the cycle. Sarkar [25] calculated a COP enhancement of 47.3% compared to the system with
only intermediate receiver and they concluded that the refrigeration system with auxiliary compressor is mainly

the pressure of the receiver. Carbon dioxide Booster refrigeration systems are generally analyzed for
cooling applications. As of now, no available literature discusses the implementation of R744 booster chiller for

application. However, this system can simultaneously
cooling energies. The difference of proposed work from other studies is that the system with and without parallel
compressor is analyzed and optimized for simultaneous heating and cooling application. For this purpose, a multi

response surface method and genetic algorithm is established.

II. EXAMINED REFRIGERATION SYSTEMS 

 units are investigated. These units are depicted in
 compressors with an intermediate receiver as

 , the pressure of the intermediate receiver, 

 to be optimized in order to achieve maximum
system is shown in Fig1.b and it is a CO2 booster unit with flash gas and parallel compression. This unit has
similarities with the first system but it is different. They are three compressors, one booster, one at the MT stage and

 
refrigeration systems (a): With flash gas by-pass, (b): With parallel compression

III. MATHEMATICAL FORMULATION 

systems are examined separately for different operating
The formulation of the first examined refrigeration system is given with all the proper details, while for second
system only the extra equations are given. Some assumptions for thermodynamic calculations are presented as

conditions. 

compressions. 
cooling. 

compressors LT and MT. 
intermediate pressure receiver. 

 are not taken into account 
refrigerant circulating in the first cycle is 1 kg/s. 

22]. Chesi et al [23] presented an 
experimental analysis of commercial R744 parallel compression and estimated the key factors that influence the 
global performance of the cycle. Sarkar [25] calculated a COP enhancement of 47.3% compared to the system with 
only intermediate receiver and they concluded that the refrigeration system with auxiliary compressor is mainly 

the pressure of the receiver. Carbon dioxide Booster refrigeration systems are generally analyzed for 
cooling applications. As of now, no available literature discusses the implementation of R744 booster chiller for 

simultaneously produce heating and 
cooling energies. The difference of proposed work from other studies is that the system with and without parallel 

pplication. For this purpose, a multi- 
established. 

in Figs 1(a-b). 
as Fig1.a exhibits. For this 

and the ratio of cooling 

maximum performance. The second 
system is shown in Fig1.b and it is a CO2 booster unit with flash gas and parallel compression. This unit has 
similarities with the first system but it is different. They are three compressors, one booster, one at the MT stage and 

 (b) 
compression and flash gas by-pass. 

operating parameters. 
the proper details, while for second 

system only the extra equations are given. Some assumptions for thermodynamic calculations are presented as 
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 The reference temperature and pressure
 Water temperature entering gas cooler:
 Water temperature leaving gas cooler:
 the heat loss to the environment from

 
In this section, the first and the second
computing the total lost work of the refrigeration systems. A computer model has been developed first to 
the system at steady state for different operating conditions and then to evaluate the system performance based on
COP as well as exergetic efficiency, including
Energy balance 

Entropy balance 

 

CO2 refrigerators model equations
 

Energy and exergy of each component of
Valve (HPV, BPV, MTV 

and LTV) equations (index 

i for input and o, for output) 

 
MT-evaporator 

 
 

 

LT-evaporator 
 

 
LP-compressor 

 
 

HP-Compressor 
 

 
P-Compressor 

 

 
Gas mixer 1 

 
Gas mixer 2 

 

 

Gas mixer 3 
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pressure are 25°C and 1 bar 
cooler: 25°C. 

gas cooler: 75°C. 
environment from the cycle component are ignored 

second laws of thermodynamics are combined to 
computing the total lost work of the refrigeration systems. A computer model has been developed first to 
the system at steady state for different operating conditions and then to evaluate the system performance based on

efficiency, including component wise irreversibility. 

model equations 

of the CO2 booster are calculated in the following

 

 
 
 
 

derive useful equation for 
computing the total lost work of the refrigeration systems. A computer model has been developed first to simulate 
the system at steady state for different operating conditions and then to evaluate the system performance based on 

following model equations:  
 

(5) 
 
 
 

(6) 

 

 

(7) 
 
 
 

(8) 

 

(9) 
 
 

(10) 
 
 

(11) 
 
 

(12) 

 (13) 
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Gas cooler (Configuration1) 
 
 

Gas cooler (Configuration2) 
 
 

 
 

As mentioned earlier, the performance criteria

as follows: 

Config1  

 

and the exergetic efficiency, 
 

Config1 
 
 
 
 

Config2 
 
 
 

 
 

For the first cycle, optimization of this 
 

the parameter   which is defined as the ratio

The optimization factors for the second

intermediate receiver,  and the split ratio
As can be seen from fig2, COP1 is varying
0.458. For second system, COP2 is always larger

on the other side is varying between 0.429and 0.493. As can be noted from these 3D
with increasing gas cooler pressure, reach
for larger pressures. 

In analogy to Figs 3, Figs 4 illustrate in 

, and the bypass vapor split factor, 

performance criteria while enlarged 

increase with increasing refrigerant receiver
decline. 

Configur2 
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criteria used are the coefficient of performance, 
 

 

 

 
 
 
 
 

 

 
 
 
 

 cycle using the factors , the pressure of the intermediate

the ratio of cooling capacity of evaporators, . 

second refrigeration system are the high pressure

ratio of flash gas, . 
varying between 2.878 and 4.561, while ηex1is changing

is always larger than 4, fluctuating between 4.113 and 4.7

on the other side is varying between 0.429and 0.493. As can be noted from these 3D-surfaces, 
reach a maximum at roughly 105‒110 bars and then

 3D‒representation the effect on  and of their

As can be observed, increasing  affects negatively

values of split factor improve these performances.

receiver pressure , attain a maximum at about

 

(14) 

(15) 

 

 
, defined for both units 

 

 
(18) 

 
 
 
 
 

 
(20) 

 
 
 
 

(21) 

 

intermediate receiver, and 

 

pressure   , the pressure of the 

changing in the interval 0.311 to 
4.7 .The exergetic efficiency 

surfaces,   and firstly rise 
then begin to slowly decrease 

their corresponding parameters, 

negatively both 

performances.    and firstly 

about 50 bars and then slowly 

(19) 
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Fig. 2 3D plot of COP of refrigerators (a): First system;
 

 

 

 

 

 
Fig. 3 3D plot of of refrigerators (a): First system;
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(a) 

First system; (b): Second system. 

(b) 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 

(b) 

system; (b):Second system. 
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IV. BI-OBJECTIVE
 

In an R744 vapor compression refrigeration system, it is 
thermodynamic efficiency, Consequently,
performance of CO2 booster refrigeration unit and reduction in total lost work. The comparis
functions at different values of input
simultaneously. Accordingly, in this work,
conditions taking into account more than

 
 

Refrigeration system Optimization factors
With flash gas by- 
pass 

 
With parallel 
compression and 
flash gas by-pass 

HP,Pint,β 
 
 

HP,Pint,α 

 

In the optimization simulations, the COP1

this part is to find a good set of factors that will

The three parameters in the genetic method
- The number of individuals in a population=
- The number of generations to explore=62
- The maximum mutation rate=0.26

 

For the carbon dioxide booster cycles considered in this work, the combined objective function can be obtained
using the Weight approach. For this purpose, we need to assign weights to each response

(MOF) is calculated by summing
Maximum

TABLE I: OPTIMAL

 
 

 
Coefficient

 

 
(bar) 

Configuration 1 106.65 
Configuration 2 90,20 

 
 

 
The maximum coefficient of performance for the booster system 

the parameter    and the lower range value of the pressure of the refrigerant receiver 

at an intermediate value of the gas cooler
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OBJECTIVE OPTIMIZATION USING GENETIC ALGORITHM

In an R744 vapor compression refrigeration system, it is desired to maximize the coefficient of performance and the
Consequently, the combination of these factors would lead

performance of CO2 booster refrigeration unit and reduction in total lost work. The comparis
input operating conditions becomes more complicated

work, a multi-objective optimization is carried 
than one target at the same time. 

factors Factor limits Objective functions
HP:[80 to 120] 
Pint:[27 to 55] 
β: [0 to 2] 

HP:[90 to 120] 
Pint:[27 to 55] 
α: [0 to 1] 

Max COP 

Max  

Max COP 

Max  

COP1 and simultaneously are used as the objective

that will meet all the objective functions. 

method that are responsible for determine the optimum
population= 35 

explore=62 
rate=0.26 

For the carbon dioxide booster cycles considered in this work, the combined objective function can be obtained
using the Weight approach. For this purpose, we need to assign weights to each response

summing the all responses with some relative weights,
Maximum ( ) 

PTIMAL PARAMETER SETTINGS (SINGLE OBJECTIVE OPTIMIZATION) 

Coefficient of performance, 
Exergy efficiency,

 

 

 
(bar) 

 
 

/ 
(-) 

Max. 
 

 

 

 
(bar) 

 

 
(bar) 

27 0.01 4.58 103.381 27 
52,3 1 4.902 90,45 51,12 

The maximum coefficient of performance for the booster system with bypass gas is achieved at the lowest value of

the parameter    and the lower range value of the pressure of the refrigerant receiver . This maximum of is located

cooler pressure,  bar. 

LGORITHM 

desired to maximize the coefficient of performance and the 
lead to an improvement in 

performance of CO2 booster refrigeration unit and reduction in total lost work. The comparison of these objective 
complicated when optimize them 

 out to achieve the optimal 

functions 

objective functions .The goal of 

optimum solutions are: 

For the carbon dioxide booster cycles considered in this work, the combined objective function can be obtained 
using the Weight approach. For this purpose, we need to assign weights to each response. The bi-objective function 

weights, as follows: 

efficiency, 

 

/ 
(-) 

Max. 
 

 

2 0.466 
1 0.517 

with bypass gas is achieved at the lowest value of 

. This maximum of is located 
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For booster system with bypass gas and
(0.517) are very close: lowest feasible gas cooler pressure, largest value of split ratio (      

value of the refrigerant receiver pressure
The incorporation of a parallel compressor
performances, the coefficient of performance

 

The MOF are now used to find out the optimal parameter setting maximizing the performance criteria of both
systems. Fig represents the results of bi
for some values of weighing coefficients.
Fig 4 indicates a comparison between the single and multi

parallel compression for some values of

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 A comparison between single and multi-objective

In the first case of multi-objective function
same weights (the same importance). However, in MOF22 case COP2 is preferred to exergetic efficiency 
in MOF23 case this trend is reversed. The results reveal that MOF23 case seems to be the best choice among those
studies. 

 
 
 

 

In this study, the comparative thermodynamic performance evaluation of the refrigeration systems is performed.
They two systems produce cooling energies at two levels of temperature and heating using energy available in the
working fluid simultaneously. In this con
and the exergetic efficiency are investigated.
summarized as follows: 

• Both energy and exergy analysis
improve the performance in
transcritical cycle in cascade 

• Under same operating conditions,
achieves the lowest exergy destruction
with the optimizes design of system
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and parallel compression, the coordinates of the 
(0.517) are very close: lowest feasible gas cooler pressure, largest value of split ratio (      

pressure (  bar and 51.12 bar). 
compressor into a transcritical CO2-booster with 

performance is 6.5% higher and the exergy efficiency is 

MOF are now used to find out the optimal parameter setting maximizing the performance criteria of both
systems. Fig represents the results of bi-objective optimization for the CO2 booster cycle with parallel compression

ents. 
Fig 4 indicates a comparison between the single and multi-objective optimization for the CO2 booster cycle with

values of weighing coefficients. 

objective optimization using weight approach for two refrigerators. 

function (MOF23), the two objective COP2 and 
same weights (the same importance). However, in MOF22 case COP2 is preferred to exergetic efficiency 
in MOF23 case this trend is reversed. The results reveal that MOF23 case seems to be the best choice among those

V. CONCLUSIONS 

tudy, the comparative thermodynamic performance evaluation of the refrigeration systems is performed.
They two systems produce cooling energies at two levels of temperature and heating using energy available in the
working fluid simultaneously. In this context, the effect of some operating factors on the coefficient of performance

investigated. The main results that have been achieved

analysis reveals that R744 Booster with parallel compression
in comparison with that of CO2–booster two
 with a subcritical and flash gas by-pass. 

conditions, the optimized design of Booster unit
destruction rate, representing a significant reduction
system zith only flash gas by-pass. 

 maxima of (4.90) and  

(0.517) are very close: lowest feasible gas cooler pressure, largest value of split ratio (       ) and an intermediate 

 bypass gas enhances its 
 more than 11% larger. 

MOF are now used to find out the optimal parameter setting maximizing the performance criteria of both 
objective optimization for the CO2 booster cycle with parallel compression 

objective optimization for the CO2 booster cycle with 

 

 
 

are assumed to be of the 
same weights (the same importance). However, in MOF22 case COP2 is preferred to exergetic efficiency  while 
in MOF23 case this trend is reversed. The results reveal that MOF23 case seems to be the best choice among those 

tudy, the comparative thermodynamic performance evaluation of the refrigeration systems is performed. 
They two systems produce cooling energies at two levels of temperature and heating using energy available in the 

text, the effect of some operating factors on the coefficient of performance 
achieved in this work can be 

compression and flash gas bypass 
two-stage chiller combining 

unit 
 
with parallel compression 

reduction of 31% in comparaison 
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Abstract - The work described in the paper highlights: the potential of single junction Perovskite solar cells due to their 
novel crystalline structure and advantages in efficiency and cost reduction. We undertook numerical calibration of a 
specific cell (CS0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3) to match simulated performance with experimental measurements. 
Details were specified including the electron transport layer (ETL), active Perovskite layer, and hole transport layer 
(HTL) characteristics. Initial simulations showed significant discrepancies between the simulated and experimentally 
measured metrics, including short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power 
conversion efficiency (η or Eff). However, through an iterative adjustment process of tuning parameters such as layer 
thicknesses, defect densities, and interface properties, we achieved satisfactory agreement between simulation and 
experiment, providing a calibrated model (Jsc=24.18 mA/cm2, Voc=1105.67 mV, FF=74.34% and Eff=19.88%). We 
have studied the impact of several factors such as layer thickness and doping concentration in the multilayer solar cell 
on cell parameters such as (FF), (VOC), (JSC), and (η or Eff). The optimization and the simulation results revealed that 
the single junction perovskite solar had the highest power conversion efficiency of 23.78% 

 
Keywords— Solar cell- Perovskite- Halides- Modeling- Simulation Tcad Silvaco. 

I. INTRODUCTION 

Improving the performance and reducing the costs of current solar cell technology are dynamic areas of research 
in sustainable energy. This research is actively focused on enhancing the performance and lowering the costs of 
existing solar cells. The key to achieving these goals is to optimize the design of solar cells so that the light- 
absorbing material generates charge carriers with large diffusion lengths and small effective masses. Such charge 
carriers exhibit high mobility, which is favorable for increasing the performance of solar cells. Since the first 
realization of Perovskite solar cells (PSCs) showing an efficiency (Eff) of around 3.8% in 2009 , the performance 
of these devices has been boosted to reach a certified Eff of around 25.2% in just a few years [1], [2], [3], [4]. Most 
PSCs use a lead halide Perovskite with an organic-inorganic hybrid network, which has recently shown exceptional 
performance thanks to modifications in device configurations and the addition of different interfacial layers. 

In this study, we are interested in a single junction solar cell using a Perovskite with the formula 
CS0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3 as the absorber material. This is a hybrid Perovskite based on cesium, 
formamidinium (FA) and methylammonium (MA), with lead as the metal cation. 

The incorporation of cesium and the partial substitution of MA by FA helps improve the thermal and structural 
stability of the Perovskite [5]. The addition of bromine mixed with iodine increases the band gap, enhancing the 
open-circuit voltage. 

This Perovskite composition thus offers an excellent compromise between optical absorption, charge carrier 
mobility, durability and stability [6]. 

Some authors have studied the CS0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3 perovskite solar cell. We can cite the work 
of Saliba et al. (2016) published in Science, where they studied the effect of incorporating rubidium cations (Rb+) 
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into this perovskite composition. They fabricated solar cells with a TiO2/perovskite/spiro-OMeTAD structure, 
varying the Rb+ concentration from 0% to 5% molar. Structural analyses show that inserting the large Rb+ cations 
into the perovskite crystal lattice helps reduce defects and improve crystalline quality. This results in a significant 
increase in photovoltaic performance. The conversion efficiency reaches 21.1% with 5% Rb+, compared to 18.4% 
without rubidium [7]. 

The authors attribute this improvement to better charge carrier mobility thanks to the reduction in defects, which 
is notably manifested by an increase in short-circuit current. 

The work of Lee and al. (2020) published in Joule, studied the influence of the bromide ratio in this perovskite 
composition. They fabricated a series of colloidal nanocrystals with formula Cs0.05(MA0.15FA0.85)0.95Pb(I1- 
xBrx)3 with x varying from 0 to 0.15. 

Structural analysis shows that increasing incorporation of Br- causes a band gap increase from 1.6 eV (x=0) to 
2.3 eV (x=0.15), while maintaining the perovskite structure. These nanocrystals were integrated as the top cell in a 
stacked perovskite tandem solar cell. Adjusting the band gap by the Br- ratio in the top layer helped optimize 
sunlight absorption [8]. 

A record tandem efficiency of 18.1% was measured using composition x=0.10 (Eg = 2.15 eV) for the top cell 
The work of Yi et al. (2016) published in Energy & Environmental Science studied the effect of mixing 
methylammonium (MA) and formamidinium (FA) cations in this composition. They prepared a series of absorbers 
with formula (MA)1-x(FA)xPbI3 and analyzed the structural evolution as a function of x. The results highlight that 
mixing the small MA+ cations with the larger FA+ cations causes distortion of the perovskite lattice which 
increases disorder (entropy). This entropic effect helps stabilize the black perovskite phase at room temperature 
over a wide range of compositions. Incorporating FA also improves the electronic properties and durability of the 
perovskite. Solar cells made with composition x=0.9 showed an efficiency of 18.9%, confirming the benefit of the 
entropic stabilization approach by cation mixing [9]. 

In this study, we are interested in numerically calibrating the single junction 
CS0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3 perovskite solar cell, with the goal of obtaining simulation performance 
matching experimental measurements, performing numerical simulations using Tcad Atlas software with these 
initial parameters, thus generating current-voltage (J-V) curves and other electrical characteristics of the perovskite 
solar cell [10], and adjusting key parameters such as electronic state densities (Nc, Nv), dielectric permittivities, 
and electron and hole mobilities, progressively minimizing the gap between the simulated and experimental data. 
Once the calibrated parameters are validated, we leverage the adjusted model to simulate the performance of the 
perovskite solar cell under various layer thickness and doping concentration in the multilayer solar cell 

 

II. STRUCTURE OF THE PEROVSKITE SOLAR CELL 

 
We precisely defined the structure of the solar cell, including the composition of layers such as the SnO2 ETL 

layer [11], which possesses specific parameters such as the bandgap (Eg) of 3.72 eV, an acceptor concentration (Na) 
of 1e19 cm-3, and a thickness (d) of 40 nm. 

The active perovskite layer, Cs(Mafa)Pb(Ibr), is also thoroughly detailed [12], featuring a bandgap (Eg) of 1.6 
eV, an acceptor concentration (Na) of 1e15 cm-3, and a thickness (d) of 500 nm. The Spiro-OMeTAd HTL layer is 
characterized by a bandgap (Eg) of 2.72 eV [13], a donor concentration (Nd) of 1e19 cm-3, and a thickness (d) of 
220 nm. 

 

Fig. 1 Schematic of the standard Perovskite solar cell. 
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Fig. 1 shows a visual representation of a Perovskite solar cell (PSC), with a cross-sectional diagram illustrating 
the typical p-i-n structure.. 

 

Fig. 1 The energy band diagram of the standard Perovskite solar cell 

Fig. 2 explains the flow of carriers across the different layers of a typical PSC (Perovskite solar cell) by drawing 
a schematic diagram of the energy levels. 

III. RESULTATSOF CALIBRATION AND DISCUSSION 

Fig. 3 Simulation and experimental J–V curves of standard Perovskite solar cell 
 
 

The J-V curves were acquired using the AM 1.5G standard solar spectrum. The current density–voltage (J–V) 
curves of calibrated perovskite solar cells are shown in Fig. 3 under standard illumination. When compared to 
measured individual cell properties [14], the Jsc, Voc, FF, and Eff match well. These proved to be accurate in 
simulating and optimizing perovskite cells using numerical models. Consequently, trust in further exploring the 
tandem cells. 

Seckin Akin created a single junction-based Perovskite solar cell model (CS0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3, 
1.6 eV) with an initial efficiency of 20% (Jsc = 24.1 mA.cm-2, Voc = 1.11 V, FF = 75 %) [15]. 

Until the two sets of data satisfactorily matched, we tweaked the important parameters. Jsc=24.1825 mA/cm2, 
Voc=1105.67 mV, FF=74.3384%, and Eff=19.8765% are among the values that were acquired. We used the 
modified model to estimate how the Perovskite solar cell would function in different layer thickness and doping 
concentration scenarios. This made it possible for us to forecast the Perovskite cell's performance with accuracy 
and opened the door to investigating optimization options to raise the cell's efficiency in converting solar energy. 

 

IV. SOLAR CELL OPTIMIZATION 

 
In the optimization phase we will study: 

 
A. The Effect of Thickness on the Performance of Single-Junction Perovskite Solar Cells. We attempted to vary the 

Thickness of the three layers ETL HTM and Perovskite, to achieve maximum efficiency, as shown in Figures 4, 5 and 
6. 
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Fig 4, 5 and 6: Effects of Perovskite, ETL and HTL layer thickness variation on solar cell performance, (Jsc) short circuit current density, (Voc) Open- 
circuit voltage, (FF) Fill factor, (h) efficiency. 

 

The effect of Perovskite thickness on the performance parameters is shown in Fig. 4 As observed from the various 
performance graphs, the highest efficiency value is obtained for a thickness of 0.3 nm. As observed from Figure 4 a) and c) , 
both the efficiency Jsc , Voc exhibit a similar trend. 
As the thickness of the Perovskite layer ranges from 0.6nm to 1.2nm, there is a rapid decline in Voc values. Simultaneously, 
the form factor decreases with the thickness ranging from 0.1nm to 1.2nm. Additionally, the short-circuit current density (Jsc) 
is impacted by the thickness increase, showing a non-linear growth. 

 
Concerning the electron transport layer (ETL), the power conversion efficiency (PCE or Eff) presents a peak value of 

22.3408% at an optimal thickness of 0.003 nm. Equivalently, the fill factor (FF), open circuit voltage (Voc), and short circuit 
current density (Jsc) concurrently demonstrate maximal values at a thickness of 0.003 nm. Over the thickness range spanning 
0.4 nm to 0.1 nm, the Eff, FF, Jsc, and Voc exhibit only marginal variation with respect to ETL thickness. 

 
Regarding the hole transport layer (HTL), the power conversion efficiency (PCE) reaches a peak value of 19.3153% at an 

optimized thickness of 0.37 nm. The open circuit voltage (Voc) displays a sharp decline as a function of increasing thickness. 
Meanwhile, the short circuit current density (Jsc) exhibits a linear decrease over the thickness range spanning 0.2 nm to 0.68 
nm 

 
B. The impact of changing doping concentration of Single-Junction Perovskite Solar Cells. We attempted to vary the 

doping concentration of the three layers ETL HTM and Perovskite, to achieve maximum efficiency, as shown in 
Figures 7, 8 and 9. 
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Fig 7: The HTL layer doping concentration variation effect on a) Efficiency b) Fill Factor c) Voc d) Short circuit current density 
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Fig 8: Perovskite layer doping concentration variation effect on a) efficiency b) Fill Factor c) Voc d) short circuit current density 

 
 
 

21,0 
 
 
 
 

20,5 

 

82 1,12 
 
 

81 1,11 
 
 

80 1,10 

 

Voc 

 
24,4 

 

 
24,2 

 

 
24,0 

 
 
 

20,0 

 
79 1,09 

 

78 1,08 

 

 
23,8 

 

 
23,6 

 

19,5 
 
 
 
 

19,0 

 
 
 
 
 
 
 

0,0          2,0x1024     4,0x1024     6,0x1024     8,0x1024         1,0x1025
 

 

77 
 
 

76 
 
 

75 
 

0,0          2,0x102
 

 
 
 
 
 
 
 
 

4,0x102 

 
 
 
 
 
 
 
 

6,0x102 

 
 
 
 
 
 
 
 

8,0x102 

 
 
 
 
 
 
 
 

1,0x102 

 
1,07 

 
 

1,06 
 
 

1,05 

 
 
 
 
 
 
 
 

0,0           2,0x1024          4,0x1024          6,0x1024          8,0x1024          1,0x1025
 

 

 
23,4 

 

 
23,2 

 

 
23,0 

 
 
 
 
 
 
 
 

0,0           2,0x1024          4,0x1024          6,0x1024          8,0x1024          1,0x1025
 

Doping concentration ETL (/cm3) Doping concentration ETL (/cm3) doping concentration ETL (/cm3) doping concentration ETL (/cm3) 

a) b) c) d) 

Fig 9: ETL layer doping concentration variation effect on a) efficiency b) Fill Factor c) Voc d) short circuit current density 

For the electron transport layer (ETL), maximum energy conversion efficiency peaks at 21.0482% given an optimal doping 
density of ~1021 cm-3. Similar trends are observed for the short-circuit current density (Jsc) and fill factor (FF) as a function of 
doping concentration. But open circuit voltage (Voc) proves insensitive across doping densities, maintaining a value of ≈1.12V 
over 1020-7∙1020 cm-3, before settling around 1.05V for higher doping in the 1022-1025 cm-3 range. 

 
 
 
 
 
 
 
 
 

 

Fig. 10: I-V characteristic of the optimized structure Fig. 11: Structure of the photovoltaic solar cell 

Figures 10 and 11 represent the I-V characteristic of the optimized structure and the structure of the photovoltaic 
solar cell. The optimized results are Voc=1.17V, FF=83.87%, Jsc=24.31 mA/cm2, FF=83.87%, Eff=23.78%, 
Furthermore, the quantum efficiency (QE) is reported at a notable 0.92, further emphasizing the enhanced performance 
achieved through optimization. These results collectively underscore the success of the design improvements in 
achieving superior photovoltaic performance. 
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V. CONCLUSIONS 

 
In this work, we first calibrated the structure of the Cs0.05(MA0.10FA0.90)0.95Pb(I0.90Br0.10)3 perovskite solar cell by tuning various 
physical parameters. Our modeling achieved electrical outputs comparable to experimental measurements. With this baseline 
established, we proceeded to optimize the cell by systematically varying the thickness and doping density of each layer, 
specifically the electron transport layer (ETL), perovskite absorber, and hole transport layer (HTL). Optimization yielded 
appreciable performance gains relative to the base configuration. The champion cell reached a short circuit current density (Jsc) 
of 24.31 mA/cm2, an open circuit voltage (Voc) of 1.17 V, a fill factor (FF) of 83.87 %, and a maximum power conversion 
efficiency (PCE or η) of 23.78 %. Moving forward, we will assess whether these substantial simulated boosts in efficiency can 
be experimentally realized through careful manipulation of layer thicknesses and doping levels. If fabricable, such tuned 
architectures could meaningfully advance the deployability and competitiveness of perovskite photovoltaics. We will also 
model more complex cell stacks and interfaces to further close the gap between simulated and achievable efficiencies. 
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ABSTRACT 
 

The densities, 𝜌, speeds of sound, 𝑢, and refractive indices, 𝑛𝐷, have been measured for the 
binary mixtures of 2-Amino-2-methyl-1-propanol (AMP) with acetonitrile, toluene, 1-hexanol 
and 1-pentanol over the whole composition range at three temperatures (T = 303.15, 313.15 
and 323.15 K) and at atmospheric pressure. Experimental data have been used to calculate the 
isentropic compressibility, 𝜅𝑠, excess molar volumes, 𝑉E, deviation in isentropic 
compressibilities, ∆𝜅𝑠, and deviation in refractive indices, ∆𝑛𝐷, for all systems and correlated 
as function of temperature using Redlich-Kister polynomial equation. The excess properties of 
binary mixtures were found to be positive, negative or exhibit S-shape curves as a function of 
the composition. The results were interpreted in terms of molecular interactions and molecular 
structures occurring in the binary mixtures. 

 
Keywords: density; speed of sound; refractive index; AMP; excess properties; Redlich-Kister 
equation. 

 
 
 
 
 

1. Introduction 
Carbon dioxide (CO2) is one of the primary greenhouse gases produced by human 
activities that contributes to climate change. Carbon dioxide has been captured using a 
number of separation procedures, including membrane separation, adsorption, and 
absorption. The use of non-aqueous solutions of alkanolamines results in increases in 
the rate of absorption of CO2.1-3 
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The literature has revealed that acetonitrile can form stable complexes with the carbon 
dioxide.4 Acid gases are eliminated from gas mixtures or liquid hydrocarbons using 
alkanolamines. Understanding the molecular interactions between the components of 
the mixtures requires knowledge of the thermodynamics and acoustics of binary 
mixtures comprising alkanolamines with various types of solvents, including 
acetonitrile, alkanol, and hydrocarbons. 
In this work, the experimental data of density, speed of sound and refractive index for 
binary mixture are presented at different temperatures. Excess properties such as excess 
molar volumes, VE, deviation in isentropic compressibilities, ∆ks, and deviation in 
refractive indices, ∆nD were calculated from the experimental values and fitted using 
Redlich-Kister equation.5 

2. Methods 
Density and speeds of sound measurements for the pure liquids 2-Amino-2-methyl-1- 
propanol (AMP), acetonitrile, toluene, pentanol, and 1-hexanol and their binary 
mixtures were measured by using an Anton Paar (DSA 5000 M) digital vibrating tube 
densimeter and a sound velocity analyser operated at different temperature between the 
range of T = (303.15 to 323.15) K and at 0.1 MPa. 

A digital refractometer (Anton Paar Abbemat 300) was utilized to conduct the refractive 
index measurements involving pure solvents and their corresponding binary mixtures at 
303.15 K to 323.15 K with an uncertainty of 0.0004 in refractive index. 

3. Results 

The plots of VE and ∆ks versus xAMP have been presented in Figs. 1 and 2, respectively. 
For the binary mixtures of AMP (1) + 1-pentanol (2), the excess molar volumes are 
negative over the entire composition range of the mole fraction of AMP and for all the 
investigated temperatures, but an S-shaped variations of VE was observed for the (AMP 
+ 1-hexanol) binary system. 

The deviation in isentropic compressibilities in AMP + acetonitrile are negative and 
decrease with increasing temperature. The negative values arise from a decrease in free- 
space, and this impact contributes toward the negative values of the isentropic and 
deviation. 
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Fig. 1. Excess molar volume for the binary mixtures: (a) {AMP (1) + 1-pentanol (2)}, (d) {AMP (1) + 1-hexanol 
(2)} as function of the composition expressed in the mole fraction of AMP at 303.15 K (red ■), 313.15 K 
(green▲), and 323.15 K (purple ●). Solid lines: Redlich−Kister correlation. 

 

 

 
Fig. 2. Deviation in isentropic compressibility for the binary mixtures: (a) {AMP (1) + acetonitrile (2)}, (b) {AMP 
(1) + toluene (2)}, as function of the composition expressed in the mole fraction of AMP at 303.15 K (red ■), 
313.15 K (green▲), and 323.15 K (purple ●). Solid lines: Redlich−Kister correlation. 

 
4. Conclusions 

At atmospheric pressure and temperatures ranging from 303.15 K to 323.15 K with 10 K variations throughout the whole 
composition range, the experimental properties of density (ρ), speed of sound (u) and refractive index (𝑛𝐷 ) were obtained. 
The excess and deviation properties of VE, ∆ks, ∆nD were calculated and fitted to the Redlich-Kister equation. 

The excess properties of the prepared binary mixtures were found to be positive, negative, or S-shape curves as a function of 
the composition of xAMP. The results have been interpreted in terms of molecular interactions and molecular structures 
occurring between the binary systems. At higher temperatures, more intermolecular interactions were seen, indicating that 
there is good packing in the AMP's voids and that all of the compounds' interaction sites are easily available. 
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Abstract— This study deals with direct torque control based on fuzzy logic strategy. The purpose is to control the 
terminal voltage of a Self-excitation induction generator (SEIG) that supplies autonomous load and is driven by a 
variable speed wind turbine. The main objective of this control strategy is to ensure constant DC bus voltage, 
regardless of the variations the load and wind speed. Besides, to minimization of the torque and flux ripples is taken as 
another focus in paper. The present study includes the saturation effect of the magnetic material and the dynamic 
model, which is carried out in (α-β) frames by the Concordia transform. The proposed system, is validated through 
simulation tests under MATLAB/Simulink. 

 
Keywords— Self-Excitation, Saturation, Autonomous, DTC Control, Fuzzy Logic. 

I. INTRODUCTION 

The evolution of wind energy and the use of SEIGs for remote area electrical generation are indeed notable 
developments [1]. The cost-effectiveness and robustness of SEIGs make them a promising choice for providing 
electricity in areas that are not connected to the main grid. While SEIGs offer several advantages, they are not 
without challenges [1][2]; in fact, wind speed and load variations have a negative impact on the output voltage and 
frequency, and the need for power electronics, with an appropriate control technique, to convert the variable output 
into stable electricity can be issued to address this challenge. For this purpose, several control techniques have been 
proposed in the literature, and numerous of them use direct or indirect field-oriented control (FOC) methods [2][3]. 
Nonetheless, these methods are susceptible to the impact of both internal parameter variations and external 
disturbances. To address these limitations, Direct Torque Control (DTC) has arisen as an alternative approach to 
FOC and has received notable attention and recognition in recent years [4][5]. DTC is characterized by its 
robustness and high dynamic performance. It doesn't require a PWM (Pulse Width Modulation) modulation block 
or an inner current control loop like classical FOC methods, which simplifies the control system and improves 
dynamic performance [2][5]. However, it's important to note that DTC is afflicted by challenges, such as high 
torque and flux ripples due to hysteresis comparators, resulting in mechanical vibrations and undesirable acoustic 
noise, compromising the overall performance of the electrical machine [5][6][7]. 

To address these drawbacks, researchers proposed several solutions; in [8] a Space Vector Modulation 
(DTC_SVM) control is proposed, where the traditional switching table has been replaced by an SVM algorithm, 
and hysteresis comparators have been substituted with PI controllers. Furthermore, there have been innovations 
such as Predictive DTC (P_DTC) control [9]. Fuzzy logic regulators have been employed as alternative to 
hysteresis regulators in numerous contributions [5][6][10]. Additionally, in [10][11] the authors proposed the use of 
12 sectors instead of six to mitigate flux fluctuations. Moreover, certain authors have suggested reducing ripple by 
incorporating multilevel inverters into the system [7]. 

Our study focuses on the implementation of the Fuzzy DTC control technique, which is based on fuzzy logic, 
aimed to enhance conventional DTC. The fundamental concept behind this approach involves the substitution of 
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the Takahashi switching table and hysteresis controllers with a fuzzy logic inference system, in order to generate an 
optimized voltage vector, thereby maintaining a constant DC bus voltage. Furthermore, it helps steer the flux and 
torque towards their respective reference values. The simulation results clearly demonstrate that the proposed 
approach yields substantial improvements. A comparison between the two controllers reveals a significant 
reduction in torque and flux ripple, as well as a decrease in the total harmonic distortion (THD) of the stator current. 
This rest of the paper is structured as follows: the modelling of the SEIG is briefly summarized in Section (2). The 
stator flux and torque estimation with the strategy principle fuzzy FDTC are developed in section (3). The 
simulation results and discussions are presented in section (4). Section (5) comes to a conclusion of the paper. 

 

II. PROPOSED SYSTEM DESCRIPTION AND MODELING 

 
The system investigated in this article encompasses the following key components: a wind turbine, a three-phase 

squirrel cage asynchronous generator, a converter (rectifier/inverter), an autonomous load, along with a DC-side 
capacitor and a battery employed for generator excitation. figure 1 illustrates a schematic overview of the global 
studied system. 

 

Fig. 1 The studied system 
 
 

A. Induction machine model 
The SEIG dynamic model in the two phase (α-β) references is given by equation (1). It is worth mentioning that 

the phenomenon saturation is taking into account via a magnetization inductance Lm [2]. 
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Where: Rs, Rr, are the stator and rotor phase resistances, ls and lr are the self-inductances. vsα, vsβ, isα and isβ: are the 
(α-β) axis components of the stator voltages and currents respectively. imα and imβ are the magnetizing currents, 
along the α and β axis, given by: 

im im 
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imα   = isα  + irα (2) 
 
imβ 

= isβ + irβ 

irα and irβ: represent the α-β rotor currents. 
 

The magnetizing current im is defined as: 

im = (3) 

ωr: is the rotor angular speed. 
With: ωr = p 

 
The saturation effect is taken into account by the expression of the magnetizing inductance Lm with respects to 

im with using a polynomial approximation, of degree 12 [2]. The Lm with respects to im, is given by the following 
equation: 
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The different parameters of the studied squirrel induction machine are given in appendix 

III. CONTROL STRATEGY’S PRINCIPLE (CDTC) 

 
Direct Torque Control (DTC) is a control strategy that focuses on the direct regulation of a machine's torque. 
Unlike classical vector control, it doesn't require a PWM modulation block or an inner current control loop. Instead, 
it selects optimal inverter voltage vector based on a switching table [2][5][11]. The controlled variables are the 
stator flux and the electromagnetic torque, regulated using a two and three-level hysteresis controllers and is then 
used as input, along with a flux angle, for a switching table I. The evolution of the flux is partitioned into six 
sectors (1...6), each spanning 60 degrees. 

TABLE I 
THE SWITCHING TABLE OF CDTC [3] 

 
 
∆φ 

 
∆Tem 

Sectors Si 

S1 S2 S3 S4 S5 S6 
 

1 
1 V2 V3 V4 V5 V6 V1 
0 V7 V0 V7 V0 V7 V0 
-1 V6 V1 V2 V3 V4 V5 

 
0 

1 V3 V4 V5 V6 V1 V2 
0 V0 V7 V0 V7 V0 V7 
-1 V5 V6 V1 V2 V4 V5 

 

The primary objective is to maintain these two instantaneous values within a specified range around their desired 
set points. The estimation of the stator-flux vector relies one component of voltage and current in the α and β axes 
of the SEIG [2][3]. The stator currents in the stationary reference frame (α, β) are given as follows: 
 
isα  = 
 


isβ = 
 

 
 

1 
(isb  isc ) 

2 

(5) 

The α and β components of the stator voltage are computed using Eq (6), taking into account the DC voltage and 
the inverter switching states [3]. 

3
isa

2 

 



11ème Conférence Internationale des Energies Renouvelables (CIER-2023) 
Proceedings of Engineering & Technology-PET-Vol 85 

Copyright © 2024 
ISSN: 1737-9334 23 

 

 

2 
sα sβ + 2

 

 

 

Concordia 
Transformation 

Flux and torque estimation 

 

Vsα  = 
 


Vsβ = 

3 1 

2
Vdc (Sa  

2 
(Sb  Sc )) 

1
Vdc (Sb  Sc ) 2 

 

 
(6) 

The magnitude of the stator flux is given by: 
 

s = (7) 

Where, where the stator flux ( sα ,  sβ ) is estimated according to Eq (8) [3]. 

 t 
 sα =  (Vsα   Rsisα )dt  0 (8) 
 t 
 sβ =  (Vsβ   Rsisβ )dt 
 0 

The equation of the electromagnetic torque is given from the stator flux ( s ,  s ) 

current ( (is , is ) as [3]: 

Tem = p(sα isβ  sβisα ) 

 
 

components and the stator 
 
 

(9) 
The stator-flux space is segmented into six sectors, and its angle (θs) is determined using Eq (10) [11]: 
θ = tan 1( 

 sβ 
) 

s  sα 

 
(10) 

 

IV. FUZZY DTC 

The FDTC system operates on the same fundamental principles as the conventional DTC [11], while a fuzzy 
logic inference system is introduced as a replacement for hysteresis controllers and switching tables [5][10]. This 
adaptation aims to enhance the system's performance, by leveraging the flexibility and adaptability offered by fuzzy 
logic, in lieu of the rigid structures of hysteresis controllers and switching table [10][11]. The combination of fuzzy 
logic and the conception DTC grant a reduction in ripples in electromagnetic torque and stator flux and to enhance 
studied system performance. In this novel approach, the fuzzy controller takes the electromagnetic torque error, 
stator flux error, and the angle of sector identification as inputs, while producing the switching vectors (V0, V1..., 
V6) as outputs [5][11]. The functional diagram depicting the application of this fuzzy controller, referred to as 
FDTC, is outlined in figure 2. 

Fig. 2 Synoptic schema of the FL_DTC Algorithm applied to SEIG 
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The torque error fuzzy input comprises three linguistic variables (P: Positive, Z: Zero, and N: Negative), while 
the flux error fuzzy input consists of two linguistic variables (P: Positive and N: Negative). The third input, stator 
flux position θs, is divided into six sectors, each represented by a distinct fuzzy set (S1-S6) [11]. These sectors are 
determined using Eq (13) [5]. 

(2n  3) 
π 

 S(n)  (2n 1) 
π (11) 

6 6 
Figure 2 illustrates the set of voltage vectors delivered by the two-level inverter 

 

Fig. 3 Voltage vectors delivered by the two-level inverter 

 
The fuzzy switching table is characterized by 36 fuzzy rules, as illustrated in Table II. 

 
TABLE III 

FUZZY DTC SWITCHING TABLE [5] 

 
 
∆φ 

 
∆Tem 

Sectors Si 

S1 S2 S3 S4 S5 S6 
 

p 
P V2 V3 V4 V5 V6 V1 
Z V7 V0 V7 V0 V7 V0 
N V6 V1 V2 V3 V4 V5 

 
Z 

P V3 V4 V5 V6 V1 V2 
Z V0 V7 V0 V7 V0 V7 
N V5 V6 V1 V2 V4 V5 

 
 

V. SIMILATION RESULTS AND DISCUSSION. 

In this work, the flux reference is set to 0.7Wb, while the DC voltage reference is set at 465V. During startup, the 
(SEIG) is driven at a synchronous speed, and then a variation is applied in the speed profile as shown in figure 4. 
The load represented by its resistance R, initially set to 80 Ω is increased 90 Ω at t= 2 sec, before it returns to its 
initial value at t= 4 sec. According to figure 5, one can observe that the DC bus voltage closely follows its reference 
value with a slight overshoots at 2 and 4 sec, due to abrupt load change. 

Figure 6 illustrates the electromagnetic torque (Tem) evolution, showcasing that the estimated torque closely 
follows its reference for both control techniques (CDTC and FDTC). In Figure 7, a zoom of the Tem reveals 
noticeable reductions in ripples when employing the FDTC control technique. 

Figure 8 depicts the response of stator flux magnitude, illustrating its precise reference tracking for both 
strategies. Furthermore, Figure 9 highlights a substantial ripple diminution with the proposed (FDTC) strategy. 
Figure 10 shows the circular stator flux trajectory for both strategies, where it can be clearly seen that the proposed 
(FDTC) has a smoother circular path in comparison with the (CDTC). 

Regarding the stator current depicted in Figure 11, it is observable that its component shows a sinusoidal 
waveform. The stator currents demonstrate a lack of harmonic components, as indicated by the spectrum illustrated 
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in Figure 12, characterized by a significant THD reduction in the stator current, when using (FDTC), compared to 
classical control (CDTC). 

 
 

Fig. 4 Wind speed profile Fig. 5 Vdc voltage with its zoom 

 

(a) FDTC (b) CDTC 

Fig. 6 Electromagnetic torque evolution 

(a) FDTC (b) CDTC 

 
Fig. 7 Zoom on electromagnetic torque 
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(a) FDTC (b) CDTC 

Fig. 8 Stator flux response 
 

 

(a) FDTC (b) CDTC 
Fig. 9 Zoom on Stator flux 

 
 
 

Fig. 10 Stator flux trajectory with zoom 
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Fig. 11 The stator current with its zoom 

 

(a) FDTC (b) CDTC 
Fig. 12 Stator current harmonic spectrums 

 
 

VI. CONCLUSIONS 

 
The objective of the present paper consists to control the voltage of the induction generator in an autonomous 

variable speed wind system. The proposed control combines the fuzzy logic regulation to the well known DTC, to 
enhance the performances of the SEIG regardless of the load and wind speed conditions. The obtained results show 
the effectiveness of the proposed control, characterized by a fine regulation of the DC bus voltage and the stator 
flux, all with minimizing the torque and flux ripples. 

The proposed FDTC maintains the sturdy, uncomplicated, and highly dynamic characteristics of the CDTC while 
mitigating its shortcomings associated with torque/flux ripples and harmonic stator current. This leads to 
diminished mechanical vibrations and overall performance enhancement of the system. 
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APPENDIX 

 
Parameters of the SEIG: 
Rated power = 5,5 kW, Frequency 50 Hz, ,Rated voltage =230/400V, current =23.8/13.7 A, Rotation speed = 690 rpm, 
Inertia = 0.230 kg.m2,Friction =0,0025 N.m/rads-1, Stator resistance Rs= 1,07131Ω 
Rotor resistance Rr= 1,29511 Ω, Number of pair of poles =4 
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Abstract: This paper introduces a circular-shaped complementary split ring resonator (CSRR) filtering structure 
designed to enhance isolation of the MIMO antenna system. The research focuses on developing a straightforward and 
compact CSRR design. To assess the filtering element's performance and enhance isolation among closely situated 
antenna elements, arrays of configured CSRR structures are introduced between two antenna elements. This 
configuration integrates an array of configured CSRR elements with the printed antenna on both the top and bottom 
layers. The proposed filtering elements exhibit a remarkable 25 dB improvement in isolation compared to a simple 
array. The entire structure has been simulated using the CST MWS simulator. The efficiency of the proposed antenna 
makes it well-suited for 5G communication applications. 

Key words: microstrip antennas, MIMO system, mutual coupling, complementary split ring resonator, CST MWS. 
 

I. INTRODUCTION 

In recent years, the rapid expansion of advanced services has created a growing demand for increased data 
transmission capacity and higher data rates. Individual antenna elements typically have a wide radiation pattern and 
low directivity. While one approach to enhance antenna directivity is by enlarging the physical dimensions of the 
radiators, this method is often impractical. Alternatively, one can increase the electrical size of the antenna by 
constructing an array of similar elements, there by boosting antenna directivity [1]. A phased array antenna is 
composed of precisely arranged radiating elements of finite size, which are fed by a suitable feed network. Printed 
antennas, in particular, are well-suited for use as phased array elements due to their benefits such as being low- 
profile, lightweight, cost-effective, and easy to manufacture [2]. However, mutual coupling between the antenna 
elements has a significant impact on terminal impedance, radiation pattern, and gain in adaptive arrays [3]. To 
address the issue of terminal impedance mismatch, it is crucial to ensure that the mutual impedance is purely 
reactive at the resonant frequency [4]. 

Mutual coupling becomes particularly significant in array configurations due to two primary sources of coupling: 
free space radiation and surface wave effects [5, 6]. Several researchers have proposed a range of techniques aimed 
at mitigating these coupling effects. These techniques encompass the open-circuit voltage method [7–9], the 
element pattern method [10], the perturbation method [11], and the calibration method [12]. While these 
mathematical methods deliver highly precise results, their complexity tends to increase as the size of the array and 
the need for beam scanning grow. Additionally, implementing these methods typically necessitates the availability 
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of multiple preliminary experimental results to effectively compensate for coupling. An increasingly popular and 
straightforward method for mitigating the correlation between coupled antennas involves the utilization of 
metamaterial structures. This approach has gained significant traction within the realms of electromagnetics and 
antenna technology. Split ring resonators metamaterial (SRR) [4, 13–15] and their complementary counterparts, 
named complementary split ring resonators (CSRR) [16–18], have been suggested as solutions for uncoupling the 
array elements. The initial model of mu-negative (MNG) split ring resonator (SRR) was first introduced by Pendry 
[19]. The application of Babinet's principle led to the development of complementary split ring resonators (CSRR) 
[20]. The epsilon negative (ENG) CSRR was initially presented in [21], deriving it by applying duality to the SRR, 
effectively exchanging the roles of metal and dielectric. This interchange involves swapping the electrical and 
magnetic properties between the CSRR and the SRR. However, it is essential for both the CSRR and the SRR to 
have approximately the same resonant frequency [21]. As a result, the resonance frequency of the CSRR can be 
readily derived from the SRR in a straightforward manner. 

In this work, we propose the study of a MIMO system applicable in 5G communications antenna networks. The 
aim is to show the role that these structures can play in minimizing the coupling between the two antenna elements. 
The CST MWS simulation software was used for the design of the antenna array. The different sections of this 
work will be organized as follows: The first section will address the design of the antenna element which will be 
used to define the antenna array. Then, we will proceed to the simulation of a two-element MIMO antenna inspired 
by MMTs. The MIMO antenna presented in this work is an excellent candidate for 5G communication. It offers 
several advantages, including a low ECC, high diversity gain, significant peak gain, minimal channel capacity loss, 
and most importantly, extremely high isolation. 

II. DESCRIPTION OF THE ANTENNA GEOMETRY 
 

The antenna geometric configuration can be illustrated in Figure 1. The antenna under consideration is designed 
on a standard 0.254 mm thickness Rogers RT Duroid dielectric substrate, possessing a loss tangent of 0.002 and a 
relative permittivity of 2.2. The design involves two circular patches, both excited using a coaxial feed with a 
characteristic impedance of 50 Ω located at 0.6 mm from the center of the structure to ensure good adaptation. The 
radiating elements within the MIMO antenna maintain an edge-to-edge separation of 0.66 λ, equivalent to 7.9 mm. 
The dimensions of the antenna element have been determined to correspond to an operational frequency of 25 GHz. 
The total dimensions of the antenna array are 17 × 8.6 . The radius a of the patch antenna can be calculated 
from theoretical equations found in literature and equal to 0.77 mm [22] : 

 

f = 
knmc 

. (1) 
 

 
a = a 

 πr 
ln 

 
1.7726 
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   
 
 

where : 

e   2h   

f is the resonance frequency of the patch antenna, 
r 

a is the effective radius, 
e 

a is the physical radius, c is the speed of light in vacuum. ε , μ and h are respectively the relative permittivity, the 
r 

relative permeability and the thickness of the dielectric board used. 
th th 

K is the m 
nm 

non-zero root of the derivation of the Bessel function of n order (K 
11 

= 1.84118). 

In MIMO systems, the isolation between the elements that compose them is of crucial importance and must be 
taken into account as one of the essential parameters. When two antenna elements are positioned in close 
proximity, the electromagnetic field emitted by one element impacts the current distribution on the other. This 
effect leads to a modification of the port impedance (active impedance) for all the elements within the array, 
resulting in a pronounced adverse impact on the overall array performance. The way to address this issue involves 

+ 
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To enhance antenna isolation, the

Achieving a robust stopband response 
CSRR. Our objective here is to significantly enhance the band
periodic array. Figure 2 illustrates the schematic diagram and the equ
The primary advantage of the CSRR lies in its high filtering capacity, which is valuable for suppressing coupling
and achieving a compact size. 

 

Fig 2 : CSRR unit
 

The provided dimensions for the CSRR under consideration can be found in Table 1. These parameters have been
optimized for operation around the 25
RT Duroid with a thickness of h=0.254

 

Parametres radius 
Values (mm) 0.77 

To show the physical properties of the
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the antennas, both the real and imaginary components,
state can be attained by augmenting the isolation between

Fig1 : Geometry of the two-port MIMO system 

the CSRR filtering structure is introduced between
Achieving a robust stopband response with a conventional microstrip antenna is challenging with just a single
CSRR. Our objective here is to significantly enhance the band-rejection capabilities by arranging the CSRRs in a
periodic array. Figure 2 illustrates the schematic diagram and the equivalent circuit model of the CSRR unit cell.
The primary advantage of the CSRR lies in its high filtering capacity, which is valuable for suppressing coupling

unit cell. (a) Schematic diagram. (b) Equivalent circuit model. 

The provided dimensions for the CSRR under consideration can be found in Table 1. These parameters have been
25 GHz frequency. For the substrate, a standard material, specifically Rogers

h=0.254 mm has been chosen. 

TABLE I 

UNIT CELL DIMENSIONS 

w g h 
0.15 0.15 0.254 

. 

the designed structure, S parameters for the unit cell
the wave propagation. Next, the effective material

as it is described in [23],  where : 
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components, to approach zero at the 
between the antenna elements. 

filtering structure is introduced between the microstrip patches. 
with a conventional microstrip antenna is challenging with just a single 

rejection capabilities by arranging the CSRRs in a 
ivalent circuit model of the CSRR unit cell. 

The primary advantage of the CSRR lies in its high filtering capacity, which is valuable for suppressing coupling 

The provided dimensions for the CSRR under consideration can be found in Table 1. These parameters have been 
substrate, a standard material, specifically Rogers 

t 
0.035 

cell are calculated with 
material parameters can be 
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k and d are the wave vector and the thickness of the slab. z and n indicate the wave impedance and refractive 
index, respectively. The magntic permeability, can be calculated from these S-parameters by using MATLAB tool. 
Alternatively, ε can be calculated mathematically from the equation of ε = n / z . 
Figure 3 displays the computed scattering parameters, S11 and S21, for the configured CSRR. The structure is 
resonant and presents a strong band rejection at the 25 GHz frequency, which implies that most of the energy of the 
incident wave is blocked by the cell. Furthermore, Figure 4 illustrates the electric permittivity (ε) and magnetic 
permeability (μ) derived from the scattering parameters (S). The permittivity (eps) is negative in real part in the 
frequency band around the resonance, located between 24.7 and 26.15 GHz, while the permeability (mu) in real 
part remains positive throughout the working band as shown in Figure 4 (b). 

 

Fig 3 : S parameter of CSRR unit cell 
 

 

 
Fig 4 : Constitutive parameters of CSRR unit cell 

 
 

III. IMPROVING ISOLATION MIMO ANTENNA WITH CSRR 
 

As defined in the previous section, the isolation method using metamaterials was implemented to reduce the 
coupling between the circular antennas. Indeed, in order to maximize the energy radiation by a powered antenna, it 
is essential to ensure that all the energy supplied to it is not dissipated in the second antenna. Therefore, it is 
imperative to minimize the value of S21, which is used to measure the radiated energy and characterize the 
decoupling between the two radiating elements. Multiple unit cell orientations in one layout array were analyzed by 
the researchers [24], and it was concluded that the CSRR structure provides optimal band rejection characteristics 
when combining two face-to-face cells with a slot, compared to a CSRR unit cell array periodicals conventional. 
The goal is to improve good band rejection characteristics by periodically arranging CSRRs in a network. Three 
case are studied, the CSRR network is placed between the patches on the surface, on the ground plane, then both on 
the surface and on the ground plane as illustrated in Figure 5. 
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Fig 5 : Top and bottom views of a two-element array with and without decoupling elements. (a) Without CSRR. (b) with CSRR between the two 
patches. (c) With CSRR on the ground plane. (d) With CSRR both on the surface and on the ground plane. 

 
IV. SIMULATION RESULTS 

 
In Figure 6, the simulated reflection coefficient (S11) and transmission coefficient (S21) of the proposed MIMO 

antenna are presented, both with and without the application of CSRR metamaterial. We note from these graphs 
that the presence of the resonator network does not have much impact on the adaptation of the antenna, if we 
compare it with the case where it there is no CSRR cell. Indeed, at the frequency of 25 GHz, the reflection 
coefficient for the four case is less than -10 dB and remains very satisfactory as illustrated in Figure 6 (a). On the 
other hand, referring to Figure 6 (b), the mutual coupling was reduced from -31.2 to -31.6 to -34.6 to -63.29 dB for 
no decoupling, CSRR on the plane ground plane, CSRR only on the patch surface, and for CSRR on both the 
ground plane and the patch surface, respectively. Therefore, very good insulation is obtained in the last 
configuration with this type of cells. The suppression of mutual coupling is therefore achieved by integrating the 
CSRR cells on the ground plane which is responsible for the coupling current. However, this degrades the radiation 
performance due to the powerful energy propagating backward. To suppress this high energy loss, CSRRs were 
introduced onto the patch surface, which improved the mutual coupling by reducing backward radiation. Therefore, 
the combination of cells from two sides of the substrate exhibits a more dominant coupling suppression response. 
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The behavior of the MIMO system in terms of isolation can also be explained by analyzing the surface current 
distribution of the antenna at the working frequency. The current distribution at 25 GHz in both cases (with and 
without the use of metamaterials) is shown in Figure 7. When exciting the two ports of the antenna a strong mutual 
coupling occurs between the two elements, the current is strongly coupled to the second patc. So, it is obvious that 
the CSRRs exert control over the current flow between the antenna elements. Thus, a very weak mutual coupling is 
obtained. 

 

 

Fig 6 : S parameter of the two-element MIMO system: (a) coefficient S11, (b) coefficient S21. 
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Fig 7: Surface current distribution of the MIMO antenna: a) Without CSRR, b) with CSRR 
 

Further study, mainly the radiation characteristics of the MIMO antenna in both cases (with and without 
metamaterial), was also carried out. Figure 8 presents the simulated polar coordinate radiation patterns for the two 
principal planes (Phi = 0) and (Phi = 90), at 25 GHz frequency. As depicted in the figure, the inclusion of 
metamaterial has a minimal impact on the alteration of the radiation pattern. The simulated gain of the proposed 
MIMO antenna with and without metamaterial cell is shown in Figure 9. The antenna gain is improved when 
metamaterial unit cells are inserted at the ground plane and on the patch surface, therefore, the maximum realized 
gain of 7.56 dB is obtained at 25 GHz. 

A comparison between the spatial radiation of the MIMO antenna with and without isolation technique at the 
25 GHz frequency is shown in Figure 10. We observe a significant improvement in gain between the initial 
structure and that with MMTs. Indeed, the gain goes from 7.38 dB for the structure without CSRR to 7.56 dB for 
the antenna with CSRR. However, this result remains very satisfactory. 

The parameter defining isolation and correlation in a MIMO system is the ECC (Envelop Correlation 
Coefficient). It is a measurement that evaluates the correlation between the radiation patterns or performance of 
two or more antennas in a wireless communication system. An ECC close to 1 indicates a strong correlation, 
meaning the antennas have similar performance and are strongly coupled. In contrast, an ECC close to 0 indicates 
low correlation, meaning that the antennas have different performances and are relatively independent of each 
other. In Figure 11, we represent the correlation coefficient of the MIMO antenna simulated at 25 GHz. The ECC is 
very low and close to the ideal value and it is equal to 1.48 × 10    . This indicates that the proposed antenna 
system is capable of operating more independently, which can improve communication quality, reduce interference 
and increase reliability, allowing validation of the isolation technique used in this work. 

 
 

 
Fig 8 : Simulated radiation pattern (with and without CSRR) at 25 GHz (a) φ = 0°; (b) φ = 90° 
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Fig 9 : Gain variation of the multi-antenna system with and without decoupling technique for different positions of the CSRR array 
 
 

 
Fig 10 : 3D radiation patterns at 25 GHz frequency for the MIMO antenna (a) without CSRR and (b) with CSRR 

 

 
Fig 11 : ECC as a function of frequency for MIMO antenna without and with CSRR 
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Fig 12 : Diversity gain as a function of frequency 
 

Another essential parameter for characterizing the MIMO antenna is the Diversity Gain (DG), which can be 
computed using the equation provided in reference [24]. 

 

 = 10   1 − ( ) 

In Figure 12, the Diversity Gain (DG) as a function of frequency is displayed. At 25 GHz, the MIMO antenna 
under consideration achieved a DG of 10 dB. The higher the Diversity Gain, the better in terms of reducing 
transmission errors and improving signal quality. Remarkably, the proposed antenna maintains a DG exceeding 9.5 
dB across the entire frequency range. 

Moreover, a comparison between our proposed method and several other metamaterial-based techniques is 
outlined in Table 3. The CSRR filtering element we suggest demonstrates superior isolation enhancement in 
antenna arrays compared to the other metamaterial structures detailed in Table 2. 

TABLE II 

PERFORMANCE COMPARAISONNIT 

Ref Approach Frequency 
(GHz) 

Distance D Improvement 
in isolation S21[dB] 

[4] Slotted CSRR 5 0.5  10 
[17] Slotted combined CSRR 3.7 0.5  10 
[26] Defected ground structure 6 0.3  7.2 
[27] Square CSRR 25 0.67  23 

 Proposed CSRR 25 0.66  32 
 

 
V. CONCLUSIONS 

In this work, we presented a multi-antenna system designed for 5G communication antenna networks, 
implementing the MMTs technique to minimize the mutual coupling between their two constituent elements. The 
introduction of a CSRR cell array on the ground plane and patch surface helps to reduce the mutual coupling 
between these elements. As a result, improved isolation is provided, thereby enhancing the diversity performance 
and improving the overall radiation characteristics of the MIMO system. This approach has several advantages, 
including its simplicity, lower cost, and efficiency, making it a suitable solution for devices connected to 5G 
wireless applications. 
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Abstract— Several countries have restricted the use of synthetic and chemical preservatives due to their harmful effect 
on health. Therefore, the researchers directed their study towards the exploitation of new bio-preservatives, while 
depending on the current trend of consumers to follow natural diets. In order to contribute to the valorization of the 
Tunisian flora, we proceeded to the study of the essential oils of Citrus limon and Citrus aurantium zests, from the region 
of Borj Cedria. These two aromatic and medicinal plants are quite rich in essential oil with higher extraction yields 
ranging from 0.09% to 0.22%, respectively. Limonenewas the major volatile compound for the two essential oils 
((68.08%) and 93.53%, respectively). Both plants have powerful activities with IC50 = 23μg/ml and EC50 = 27μg/ml for 
Citrus limon and IC50= 28 μg/ml and EC50=30 μg/ml for Citrus aurantium. The results showed that creams added with 
essential oils do not present any contamination during the 14th day of treatment, then they begin to appear weakly from 
the 28th day to the 40th day of treatment in comparison to the control. Citrus essential oil can extend the shelf life of fresh 
cream and therefore make possible its application as an effective bioconservator in the food industry with higher 
acceptability. 
Keywords— Citrus limon, Citrus aurantium, antioxydant power, cream, sensory analysis. 

I. INTRODUCTION 

In recent years, synthetic food preservatives such as benzoate, nitrites and sulphites have become 
widely used and techniques have been developed to increase the shelf life of products. However, these 
chemicals posed problems in terms of safety and human health. The restriction imposed by the food 
industry and regulatory bodies has led to a renewed interest in the search for alternatives such as essential 
oils. They are commonly used as bio-preservatives in the food industry mainly for packaged foods sold in 
grocery stores such as fresh cream (Boulouri et al., 2022). Among the sources of these essential oils, 
Citrus spp weres widely used in traditional medicine as food preservatives for their antioxidant and 
antimicrobial potentials. It is in this perspective that this study was structured with the main objective was 
(i) to evaluate the antioxidant and antimicrobial effectiveness of Citrus limon and Citrus aurantium 
essential oils and (ii) to investigate its bioconservative effects to preserve the quality of fresh cream stored 
at +4 ° C for 40 days. 

 
 

II. MATERIALS AND METHODS 

A. Plant material 

Citrus limon and Citrus aurantium peels were collected from Borj Cedria (North Western Tunisia; 
latitude 36° 41’ 17.22’’(N); longitude 10° 22’ 40.31’’(E), altitude 11904 m). These species were 
deposited in the Herbarium of the Laboratory of bioactive substances under voucher number 28.452. 

 
B. Citrus essential oil extraction 

The peels of Citrus spp. (300 g FW) were subjected to Clevenger extraction (Silva Moura et al., 2020). 
The plant material was placed in a Clevenger flask for 4 h. The water vapour entraining the volatile 
compounds was condensed in a refrigerant to be recovered in the Clevenger siphon. The resulting 
essential oil was stored at 4 °C in the dark, under a nitrogen atmosphere until analysis. Esential oil yield 
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percentage (%) was calculated as volume (ml) of essential oil per 100 g of plant dry matter. The obtained 
oils were analyzed by GC/MS using an Agilent GC system 7890A coupled with a mass spectrometer 
Agilent 5975C inert XL MSD with electron impact ionization (70 eV). An HP-5MS capillary column (30 
m × 0.25 mm coated with 5% phenyl methyl silicone, 95% dimethylpolysiloxane, 0.25 µm film 
thickness). 

C. Antioxidant potential 

Antiradical scavenging potential. 
In this analysis, the purple-colored DPPH was reduced by antioxidants into pale yellow hydrazine 
(Najafabad and Jamei, 2014). 2000 μL of each essential oil at different concentrations (0.1−100 µg/ml) 
were added to 500 μl of fresh methanolic DPPH solution (0.2 mM). After 30 min of incubation in the 
dark at room temperature, the reading of absorbance was carried out at 517 nm using a Split Beam UV– 
vis spectrophotometer (T60 UV/VIS). Inhibition percentages were calculated using the following 
formula : 

IP% = ((Ac − At) / Ac] × 100 
Where IP%: Inhibition percentage; Ac: Absorbance of control; At: absorbance of the test made. BHT was 
used as a positive control at the same concentrations as the tested extracts. 

 
Ferric reducing antioxidant power. 
The reducing ability of tested essential oils was determined according to the method of El Jemli et al. 
(2016). This method was based on the chemical reaction to reduce ferric iron (Fe3+) present in the 
complex K3Fe (CN)6 into ferrous iron (Fe2+). To 1 ml of the sample at different concentrations (50, 200, 
1000 and 2000 µg/ml), 2.5 ml of a phosphate buffer solution (0.2 M, pH 6.6) and 2.5 mL of K3Fe (CN)6 

at 1% were added. The mixture was incubated at 50 °C for 20 min and then cooled at room temperature. 
2.5 ml of TCA (10%) were added to stop the reaction, and then the tubes were centrifuged at 3000 /min 
for 10 min. 2.5 ml of the supernatant were added to equal volume of distilled water and 500 μl of a 0.1% 
solution of FeCl3, 6H2O. The absorbance was read against a blank at 700 nm using a Split Beam UV–vis 
spectrophotometer (T60 UV/VIS). Ascorbic acid was used as a positive control under the same conditions. 

D. Monitoring microbiological and physicochemical quality of fresh cream samples 
 

The preliminary tests of sensory analyzes carried out at different concentrations to choose the acceptable 
doses of the different Citrus essential oil incorporated in the fresh cream. According to the sensory 
analysis. This application was based on adjunction of two doses (30µl/150g and 15µl/150g) of Citrus spp 
essential oil to the fresh cream to obtain treated and an untreated samples. All these were then, sampled 
each 3 days during refrigerated storage. 

 
 

pH measurement 
10 grams of fresh cream were homogenized with 90 ml of distilled water in a blender for 30s. The 
homogenate was filtered and the pH value of the filtrate was determined using the pH meter 
(Microprocessor pH meter BT-500, Boeco, Hamburg, Germany) (Boulares et al., 2017; Moradi et al., 
2020). 

 
Microbiological analysis of minced poultry meat 
The microbiological quality of different samples of control and treated fresh cream, during storage at 4 °C, 
was monitored by determining total mesophilic aerobic flora (TMAF), total coliforms (TC), fecal 
coliforms (FC) and yeast molds (YM) counts over time, defined by International standards. 10 g of fresh 
cream, containing or free of essential oil samples were aseptically removed and homogenized with 90 ml 
of buffered peptone water (BPW) (Biolife, Milan, Italy) for 2 min using a Stomacher 400 Lab Blender 
(ISO 6887/V 08-010, 1982) and bacteriological investigations were performed from decimal prepared 
dilutions according to the standardized method ISO 6887/V 08-010 (1982). TMAF was enumerated on 
Plate Count Agar (PCA) (Biolife) after 48 h of incubation at 30 °C according to the norm NF V 08-051 
(1999). TC and FC counts were determined on Violet Red Bile Glucose (VRBG) (Biokar) for 24 h 
respectively at 37 °C and 44 °C (NF V 08-054, 1999 and NF V 08-06, 1996 respectively). According to 
standard NF V08-059 (2002), YM were counted on Sabouraud medium at 25 °C for 3 days. 
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E. Sensory analysis 

The sensory analysis of the fresh cream based on the essential oils of the two species of Citrus was 
carried out by 15 people who gave their opinions on the overall quality of the cream prepared. Essential 
oil-added cream samples randomly coded and served to individuals to rate color, odor, hardness, juiciness, 
and overall acceptability using a 6-point hedonic scale, where: 5 was extremely similar and 0 was 
extremely unpleasant (ISO13299, 2016) compared to a control cream. 

 
 

III. RESULTS AND DISCUSSION 

A. Citrus essential oils 

The analysis of Citrus spp essential oils was determined by the chromatographic technique, GC-MS. 
The constituents had been identified (Table I) and their percentages were listed according to their elution 
order on the HP-5 column. The chromatographic allowed the identification of 25 and 24 volatile 
compounds respectively for Citrus limon and Citrus aurantium. Indeed, these essential oils were 
characterized by a clear dominance of monoterpene hydrocarbons with a percentage reaching up to 
89.83% for Citrus limon and 96.12% for Citrus aurantium. This class of hydrocarbons is known for its 
antibacterial, antioxidant, anti-inflammatory, antiviral, expectorant, sedative, herbicide and insect 
repellent effects (Shehadeh et al., 2019). Limonene represented the major volatile compound for the two 
essential oils (Citrus limon (68.08%) and Citrus aurantium (86.53%)). 

 
TABLE I 

Chemical composition (%, w/w) of Citrus Spp. peels essential oils. 
 

 
Volatile compound* Retention indices Essential oil composition 

IRa IRb Citrus limon Citrus aurantium 

α-pinene 939 1032 1.29±0.01 0.56±0.01 

Camphene 954 1076 0.13 ±0.02 0.01±0.00 

Sabinene 975 1132 6.48±0.06 0.09±0.00 

β-pinene 980 1118 1.06±0.03 0.20±0.01 

Myrcene 991 1174 1.54±0.02 1.55±0.03 

p-Cymene 1026 1280 9.84±0.09 0.10±0.02 

Limonene 1030 1203 68.08±0.11 86.53±1.05 

1.8-Cineole 1033 1193 0.51±0.01 - 

γ-terpinene 1058 1255 0.04±0.00 0.43±0.01 

 Chemical classes  

Monoterpene hydrocarbons 89.83±2.01 90.12±1.01 

Oxygenated monoterpens 3.92±0.05 3.92±0.09 

Sesquiterpene Hydrocarbons 0.06±0.00 1.92±0.02 

Oxygenated sesquiterpens 0.01±0.00 0.3±0.01 

*Compounds were listed in order of elution in HP-5 column. IRa : retention index calculated on HP-5 
column, IRb : retention index calculated on HP-innowax column -: absent. The values shown in this 
table were the average of three replicates andgiven as mean± SD (n=3). One− way ANOVA followed by 
Duncan’s multiple range test was used. 

 
B. Antioxidant potential 

The evaluation of the antioxidant activity of Citrus essential oil was highlighted by two tests: the anti- 
radical capacity (DPPH test) and the reducing power (Table II). It should be noted that the lower the IC50 

and EC50 of the sample, the higher the antioxidant activity. 
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TABLE II 
Antioxidant properties against DPPH radical and 

reducing power of Citrus spp. essential oils. 
 

Citrus species IC50 (μg/ml) EC50 (μg/ml) 

Citrus limon 23±1.22 27±1.00 

Citrus aurantium 28±0.88 30±1.55 

Synthetic standards 

BHT 50±2.33 - 

Ascorbic acid - 70±1.44 

The anti-radical activity of Citrus essential oils was higher than BHT; (IC50 = 50 µg/ml). This can be 
due to the dominant chemotype, limonene (68.08 to 86.53%) which showed strong anti-radical power 
(Vitalini et al., 2021). Citrus limon essential oil showed an IC50 = 23 µg/ml which was higher than that of 
Citrus aurantium. This potential could be linked to the synergy between major monoterpene 
hydrocarbons specifically; limonene, p-cymene, sabinene and α-pinene which are well known for their 
antioxidant potential. The EC50 recorded for Citrus limon essential oil (27µg/ml) was lower than that of 
Citrus aurantium EO (30 µg/ml), resulting from the powerful reducing power of Citrus limon. This result 
joins that of the anti-radical activity. This could be explained by the fact that Citrus limon essential oil is a 
mixture of volatile compounds with strong antioxidant activity, more particularly a synergy between these 
major compounds while in Citrus aurantium essential oil, the activity is due exclusively to a single major 
compound which is limonene 93.53%. 

 
C. Microbiological quality variation 

Total germs 

The results showed that creams added with essential oils didn’t present any contamination during the 
14th day of treatment, then they begin to appear weakly from the 28th day to the 40th day of treatment. On 
the other hand, untreated creams stored under the same conditions showed bacteriological growth which 
exceeded the standard which requires 106 CFU/ml (VignolaI et al., 2002). 

Total coliforms 
 

we noticed the absence of coliforms for the fresh cream added with Citrus lemon essential oil during 
storage. For the fresh cream added with Citrus aurantium esential oil, there is an appearance of coliforms 
from the 40th day, on the other hand for the control cream we observed the appearance of coliforms from 
the 28th day and the content of the latter does not exceed the standard which requires 10 CFU/ml but 
presented slight contamination. 

 
pH value variation 

We noticed that the pH of untreated fesh cream decreased more quickly than the pH of the treated 
cream (Fig.1). This decrease in pH could be justified by the acidity of Citrus essential oils. We thus 
noticed that the pH of the cream added with Citrus limon essential oil decreased more weakly than that 
added with Citrus aurantium essential oil. 
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Fig.1. Evolution of pH in untreated (T) and treated

 
 

D. Sensory analysis 
 

According to the bacteriological
Citrus limon essential oil to carry

 
 

Fig.2. Sensory
 

Obtained results showed that the treated fresh cream with 
good and non-oily texture which constituted a good point. The product was acceptable to most consumers
based on criteria of odor, taste, aftertaste,

 

The present study, carried out to
of fresh cream, showed powerful antioxidant and antmicrobial potentials of
of these essential oils reduced microbial load and improved fresh cream storage stability in comparison to
the control. Thus, it is concluded that
cream. However, toxicological tests are considered necessary to guarantee the use of these creams in
complete safety for human health.

The authors were grateful to Pr. Abderrazek Smaoui for botanic identification (Biotechnology Center in
Borj Cedria Technopole, Tunisia).
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treated (C30 and B15) fresh cream during storage. pH values, were significantly
(Duncan test). 

bacteriological and physicochemical analyses, we choosed fresh
carry out a sensory analysis (Fig.2). 

Sensory analysis of the fresh cream added with Citrus limon essential oil. 

Obtained results showed that the treated fresh cream with Citrus limon essential oil had a homogeneous,
which constituted a good point. The product was acceptable to most consumers

aftertaste, texture and color. 

IV. CONCLUSIONS 

to find natural bioconservator products capable of
of fresh cream, showed powerful antioxidant and antmicrobial potentials of Citrus 
of these essential oils reduced microbial load and improved fresh cream storage stability in comparison to

concluded that Citrus essential oils could be used as biopreservatives in fresh
cream. However, toxicological tests are considered necessary to guarantee the use of these creams in

health. 
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Abstract— Fossil fuels are down sharply and negatively affect the environment. The development of clean energy sources seems 
increasingly necessary; in particular, renewable energy that are an attractive alternative for energy supply isolated or difficult access 
sites not allowing connection year national grid. We present in this paper a new proper management of a Hybrid Energy System 
(HES) based renewable energy to power a autonomous power grid, using a Wind Turbine Generator (WTG) and a Diesel Generator 
(DG), this strategy helps balance operation and management of these sources. The use of renewable energy depends first of the 
installed capacity of the site to power. The integration of the Battery Energy Storage System (BESS) is required to ensure energy 
autonomy of economic site. The economic analysis of the production of this energy and its effect on the environment and ecology will 
have a long term benefit. 

 
Keywords— Modelling, Hybrid network, Energy management ,coupling,Wind,Group diesel,battery, inverter. 

I. INTRODUCTION 

Depletion of fossil fuels and environmental pollution caused by consumption of these fuels are two 
predominant energy problem faced in contemporary world. But still many communities around the world, 
living in remote location that lacks access to regular electric power grid supply, utilize the diesel generators 
for day-to-day power consumption. Since diesel generators are highly expensive option and contribute to 
very high carbon emission [8], an alternative energy solution is required to reduce diesel fuel consumption 
by integrating and operating a clean energy source in parallel. 
Sustainable development, recourse to the use of renewable energy sources energy systems has become 
indispensable. Knowing the problems for the transport of electricity in remote areas, as well as the high cost, it 
would be advisable to consider the use of hybrid energies (Wind-Diesel) systems in these regions as the wind 
direction (wind speed) is important. 

The preliminary study of this type of system is an important step, because oversized systems mean additional costs, 
while a system undersized would be less reliable. Southern Algeria and more particularly the Adrar site has strong 
wind energy potential which advocates the development of sources of renewable energy systems in these regions. It 
is then necessary to know the contribution of wind power source to power the load ensuring a suitable optimization. 

II. WIND MAP OF ALGERIA AND LOCATION OF HES 
The city of Adrar is located south west of Algeria, about 1540 km from Algiers. The region is characterized 
by relatively flat topography and geomorphology by a desert. Adrar and its surroundings are characterized by a 
high potential of wind from the north east(6.2 m/s) see Fig.1. 

 
Figure1. Annual wind map (m/s) at 10m from the ground, estimated by Dr. Boudia [11]. 
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Wind data from the Adrar region ranked it as the one with the best wind potential in Algeria. This site is 
located about 72km north of the city of Adrar near an electrical substation SONELGAZ its geographical 
coordinates are 27° 12'30 "N and 0° 10'30" W (Fig.2)[1]. 

Figure 2. Aerial view of the site 

 
The majority of sites   in the city of Adrar could be considered as isolated sites to the vast size and distance 
from the city and each other. The extremely difficult Climatic conditions are another parameter to be 
considered. All this leads us to think of hybrid systems for powering an area in this region [2] 

III. PROBLEMS OF THE PRODUCTION OF ELECTRICITY BY A DIESEL GROUP 
Fossil energies are always used extensively today in the world.   Presumably they will pose two major problems. 
The first is that their rarities will create geopolitical tensions in the world (eg Iraq War). The second 
problem is that CO2 emissions that they engender, are high and strongly contributing to global warming [3]. 

 

IV. SYSTEM OVERVIEW 
The proposed wind-diesel hybrid system shown in Fig. 3 consists of the following: 

• Wind turbine (WTG) with machine double-fed asynchronous (DFIG). 
• Generator diesel (GD) system. 
• Battery energy storage system 
• Load 

The connection of these elements is carried out at the level of an AC bus. This bus has the advantage of more easily 
interconnected the different elements of the hybrid system. 

 
Figure 3. Schematic of hybrid wind-diesel system supplying isolated load 
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Depending on the strength of the wind, 3 operating modes can be distinguished for systems with high penetration 
“Fig. 4”[4]. 

 

 
Figure 4. Variation of energy covered by a system Wind -Diesel and diesel consumption as a function of wind speed 

 

V. THE PROPOSED CONTROL SYSTEM STRATEGY 
For a multi-source energy system, a power flow management strategy is needed. According to wind speed 
values (Vm) and the power demanded by the consumer load. The power system has three operation modes, as 
follows [5]. 

• Weak winds (Vm≤3.5)m/s : Diesel Only(DO)in service. 

• Moderate winds(3.5< Vm ≤10)m/s : Wind- Diesel (WD) in serviced 
• Strong winds (10< Vm ≤17)m/s : Wind Only(WO)in service 
To adapt the production of the renewable source to the need for the load, we integrate a system of storage, such as 
the battery to ensure the continuity of service; that is necessary to feed the load, in case when the generator diesel 
fails and the wind is insufficient (low) for the operation of the wind turbine. 

The following figure shows the simulation block diagram of the different modes of the system manager “Fig.5”. 

 

Figure 5. Diagram simulation of the management energy 
 

For the hybrid system study (Wind-Diesel) must be modeled all the elements of this system (WTG, DG, BESS 
Battery, DC / AC inverter). 
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VI. MODELING OF SOURCES 

WIND TURBINE 
The wind generator set consists of a wind turbine, double
an AC supply. The turbine model is based on the
factor and the inertia of the turbine are
output power of the turbine is given by 

where, Pmec is the mechanical output power
area A= πR² , R is the blade radius (m), 
speed (m/s). 
The performance coefficient (Cp), determines the power conversion efficiency from wind to mechanical.
related to blade aerodynamic characteristics

Cp() = 0.5176

Where: β is the pitch angle (degree) and

Finally, the output mechanical torque is calculated
 
 

Where ωr is the rotor angular speed (rad/s).
 

*) MPPT CONTROL AND PITCH CONTROL
In order to track an optimal rotor speed
objective of the MPPT operation mode
following the maximum value of the wind
at , the maximum power coefficient

Where  and are the tip speed 
The aerodynamic power optimal must be

Pop

The above equations are used to establish
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 

a wind turbine, double-fed asynchronous generator, rectifier and inverter to get
based on the steady-state power characteristics of the turbine. The friction

turbine are combined with those of the generator coupled
 [6]: 

Pmec 
= 

1 
..A.Vm3.Cp() 

2 

 

is the mechanical output power of the turbine, ρ is the air density (Kg/m
area A= πR² , R is the blade radius (m), Cp is the performance coefficient of the turbine,

, determines the power conversion efficiency from wind to mechanical.
characteristics and turbine design. The performance coefficient
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and λ is the tip speed ratio (TSR), defined by 

 = 
t .R 

v 
is calculated from: 

(rad/s). 

Tmec = 
Pmec 

Wr 

CONTROL 
speed reference, the MPPT algorithm is proposed and

mode is to maximize power extraction at low to
wind power .To extract the maximum power, we need

coefficient  and β should be equal to 0° [9]. 

 = 
opt.R 

opt v 

 ratio and the rotor speed optimal respectively. 
be set to the following expression: 
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establish the servo block diagram of the turbine speed ( 
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fed asynchronous generator, rectifier and inverter to get 
characteristics of the turbine. The friction 

coupled to the turbine. The 

(1) 

(Kg/m3), A is the turbine swept 
is the performance coefficient of the turbine, and Vm is the wind 

, determines the power conversion efficiency from wind to mechanical. It is 
coefficient is calculated from: 

(2) 
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and based in PI controller .The 
to medium wind speeds by 
need to fix the tip speed ratio 

(5) 

(6) 

 See Fig.6). 
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To capture the maximum power of the incident wind must continuously adjust the rotational speed of the wind 
turbine. Optimal mechanical turbine speed is λopt and β = 0°. The speed of the DFIG is used as a reference for a 
controller proportional-integral type (PI phase lead) [10]. 

DIESEL GENERATOR SYSTEM 
Diesel engines are the prime movers in countless small and remote power systems throughout the world. Often 

diesel fuel at these locations is expensive. These generators also often operate at low load, with poor fuel efficiency. 
The low-load operation may result in increased engine maintenance requirements. Thus, fuel use and maintenance 
are primary concerns in these remote locations. 

Though the fuel consumption characteristic of a typical diesel generator is somewhat quadratic in nature, the 
linear function is used as a simplified model. 

Consu fuel  = Consu0, fuel + Consuspeci, fuel.PDG (7) 
Where: 
Consu0,fuel : Vacum fuel consumption of DG [l/h]. 
Consuspeci,fuel : Specific fuel consumption of the generator[l/kWh]. 

 

BATTERY LEAD-ACID MODEL 
The Battery block implements a generic dynamic model parameterized to represent most popular types of 
rechargeable batteries[7]. 
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Figure 7. Lead-Acid Model 

 

The parameters of the equivalent circuit can be modified to represent a particular battery type, based on 
its discharge characteristics as shown below(see Fig.8)[7]. 

Nominal Current Discharge Characteristic at 0.2C (1.3A) 
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Figure 8. Typical Discharge Strategy 

 
VII. RESULTS 

This study is based on the average wind speed according to the strategy proposed in Section IV. To simulate the 
WDHS system we realized the simulation scheme of Fig.3 in the software Matlab- 7.8 Simulink for powering a 
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load (AC) for a low-voltage regime knowing that at the beginning. We used the WO to supply the load with a well 
controlled wind speed. After we use the only diesel group for the same charge and finally hybridization (WD). 
Case 1- WO: 10≤Vm <17 (m/s) 

Figure 9 shows the average active and reactive power generated by WTG 
 

Figure 9. Active and reactive power generated by WTG. 

 
Depending on wind speed, it is noted that the active and reactive power is has attained maximum(120kW), 

(90kVAR) respectively as the wind operate (Vm≥10). 
The following figure shows the three phase voltages of the charge PL (380V) supplied by WTG view that the wind 
speed is sufficient (WO). 

 

Figure 10. Three Phase Voltage of the load when WTG operating. 
 

A. Case 2- DO: Vm <3.5 (m/s) 
The Figure below shows the average active and reactive power generated by the DG,(see Fig.11) 
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Figure 11. Active and reactive power generated by DG 

 
From Fig.11, we see that the power of consumers (PL) that are alimantés by the electric power generated by DG 
(DO) view that the wind speed (Vm <3.5m / s) for the time [1.2 s to 2s]. 
The following figure shows the three phase voltages of the charge (380V) which are fed by DG (DO) 

Figure 12.Three Phase Voltage of the load when DG operating. 

B. Case 3- WD: 3.5 ≤V< 10(m/s) 

Figure 13 shows the timing to be established between the two energy sources (WTG, DG) at t = 1.2s with a wind 
speed ranging from 3.5 to 10 (m / s). 

 
Figure 13. Voltages produced by DG/ WTG. 

The following figure gives us a general idea about the frequency of the HES system during operation. 

 
Figure 14. Overview of frequency 
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The following figure shows the amount of fuel saved through the use of a hybrid system (HES) when compared to 
diesel system (DG) 

Figure 15. Gain of the fuel saved 

According to Fig.15, we note that the quantity of fuel consumption is generated by HES (236.125 l) and vice verses 
less the DG system (658.84 l).Depending on the excellent wind speed where the DG is at rest. 

 

VIII. CONCLUSIONS 
Through the results obtained; we be conclude the use of the command which adapts this kind of hybrid energy 
system (HES). We have detailed and presented the modelling of the different sources of the system (WTG, DG, 
storage battery’’BESS”) and the service of rotational speed of the turbine by optimal control MPPT(Maximum 
Power Point tracking) ensuring of operation of the hybrid system. The analysis of the results of this article enabled 
us to obtain a technical-economic gain in fuel and longevity of the generator, without forgetting to mention the 
ensurance of continuity of service and the elimination of a portion of the green house gas effect when operating in 
wind 
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Abstract— An experimental study of convective boiling heat transfer of water flowing in minichannels at low flow rate is 
carried out with pure de-ionised water and copper-water nanofluids. A low concentration of copper nanometer-sized 
particles was used to enhance the boiling heat transfer. The aim is to characterize the surface temperature as well as to 
estimate the local heat transfer coefficients by using the inverse heat conduction problem IHCP. The inlet water 
temperature is fixed at 60°C and mass fluxes operated in range of 212–573 kg/m².s in minichannels of dimensions 
500×2000 µm². The maximum heat flux investigated in the tests is limited to 7000 W/m². The results show that 
the surface temperature and the local heat transfer coefficient are dependent on the axial location and the adding 
of copper nanoparticles can significantly improve the heat transfer. 

 
Keywords— Two-phase flow, cooling, boiling, local heat transfer coefficient, nano-fluid. 

I. INTRODUCTION 

The cooling process based on miniaturization has attracted a great deal of attention in many applications; one can 
cite electronic devices, computing technologies and proton exchange membrane fuel cells known as (PEM fuel 
cells). The comprehension of the main phenomenon related to the evacuation of heat energy peaks has 
led to a better control and thus has helped to improve the performance of thermal systems. In this context, 
several research studies have been carried out, in both fundamental and industrial applications. The focus 
is to guaranty energy efficiency by finding a compromise between rapid high heat dissipation fluxes and cost, 
in such configurations of two phase cooling in order to ensure compactness, adequate and efficient 
functionality. The modern cooling process has evolved towards to fluid phase change, which is considered a 
promising approach compared to classical ones, (air and liquid) especially in fuel cells technology. Indeed, Tome 
[1] has reported the benefit of the two phase cooling, Garrity et al. [2] has concluded that the use of this 
method of cooling can be effective in the fuel cell system. 
Then it appears in particular that the convective boiling heat transfer in microchannels or minichannels holds 
great promise to replace air-cooling and water-cooling [3], indeed cooling by ’’liquid-vapor’’ phase change is an 
effective solution [4], useful for dissipating a high amount of heat while a uniform system temperature 80-100°C 
is kept in the case of PEM fuel cells. It has also been noted that cooling systems using a coolant circulating in 
mini or micro-channels, (micro-ducts) is generally an innovative method which combines efficiency and 
compactness, (compactness of approximately 20 000 m².m-3) and which allows a better environmental protection, 
(reduction of coolant fluid amount) and a high thermal dissipation which would reach 20 000 Wm-3 as reported 
by M. Lallemand [5]. 
In addition, on the microscale, the effect of gravity forces is surpassed by that of the surface tension forces, i.e., 
no stratified flow exists if the channel diameter is sufficiently small [6]. The Bond number gives the ratio of these 
forces for a channel of hydraulic diameter Dh: 

g(𝜌𝐿−𝜌7)𝐷2
 

Bo = ℎ 
𝜎 

Where ρL and ρV are respectively, liquid density and vapor density [kg m-3], σ is the surface tension 
[N m-1] and g acceleration of gravity [m s-2]. 

(1) 

Cheng et al. [7] have proposed a classification of microchannels based on Bond number: (i) microchannel (Bo< 
0.05), (ii) minichannel (0.05 < Bo <3), and (iii) macrochannel (Bo> 3), in our case (Bo = 0,089). 
Studies have proven that the flow’s structure, and therefore the heat and mass transfer laws are significantly altered 
when the diameter of the channels is reduced to values lower than 3 mm [8]. In the case of boiling in micro- 
channels, many studies are performed on the visualization of flow regimes [9], in order to study the behaviour of 
the flow regimes, the extent of pressure drop and the average heat exchange coefficients. However, the critical 
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heat flux (CHF), or burnout refers to the sudden decrease in the heat transfer coefficient for a surface on which 
evaporation or boiling is occurring, is a constraint that limits the power increase of operating cooling systems 
[10], indeed exceeding this heat flux causes the replacement of liquid adjacent to the heat transfer surface with a 
vapor blanket. This blanket acts as a barrier to heat flow from the heat dissipating device, resulting in possible 
failure (burnout) of the device and the identification of mechanisms and trigger areas of critical flux appears to be 
necessary [11] in order to act on the exchange surface and to increase the critical heat flux. In This study, the main 
interests are the measure of both local temperatures and flux densities in minichannels (application to PEM fuel 
cells) in order to reinforce the literature by this new laboratory investigation. The local surface temperature and 
heat flux are determined by solving inverse heat conduction problem (IHCP) using only wall temperature 
measurements. Experimental results presented in this paper are treated only in steady state. The local heat transfer 
coefficient of each axial location along the channel length is determined from the local heat flux (qchannel,x) and 
local surface temperature (Ts,x) as follows: 

ℎ   =  
𝑞𝑐ℎ𝑎𝑛𝑛𝑒𝑙,𝑥 (2) 

𝑥 𝑇𝑠,𝑥− 𝑇ƒ 

where (Tf ) is the bulk mean temperature, it is equal to saturation temperature (Tsat) when boiling fluid is in the 
saturated state. (qchannel,x ) and (Ts,x ) are obtained by solving IHCP. The physical model for solving IHCP is 
defined in previous work [12]. 

 
 

 
II. EXPERIMENTAL APPARATUS AND PROCEDURE 

An experimental bench has been conceived and realized in this context. It is composed of: evaporator, micro 
pump and heat exchanger, the bench is instrumented with micro-thermocouples and accuracy pressure sensors. 
Fig.1 show a schematic diagram of the experimental device fully designed to investigate the two-phase-cooling 
in simulated bipolar-plate of a PEM fuel cell. 

 
 
 

Fig.1. Schematic diagram of the experimental apparatus. 
 
 

The experimental set up consists of a micro-channels test section (evaporator) and a heat transfer fluid loop. The 
liquid is pumped from the tank (1) by a magnetic gear pump (3) fitted with a control microprocessor of MCP-Z 
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standard type. The pump is also used as a flow meter. A 2 mm filter (2) is used to remove dust and micro-particles 
from the working fluid. The fluid passes from the tank to the test section (5). The mass flux is adjusted within the 
regulating valves. The working liquid passes through the micro-channels test section to become a vapor and then 
enters into the heat exchanger (7) where it is cooled before returning to the tank (1). The temperature of the coolant 
fluid in the tank (1) is controlled using an electrical heater associated with a temperature controller. The test 
section (the evaporator) is made of a copper plate of 250x250 mm² and 10 mm thick. On one side of the test 
section, 50 rectangular mini-channels with hydraulic diameter of 800 µm are performed, fig. 2a and fig. 2b. These 
mini-channels of 160 mm of length are parallel. On the opposite side of the exchange surface, a heating panel of 
a maximum power density of 7000 W/m² is placed. This panel is equipped with a PT100 sensor which keeps 
limiting the surface temperature level to 150°C. It distributes heat evenly over the entire surface. 

 
 

Fig. 2a. Copper plate of the test section. Fig. 2b. Construction of the minichannels in the test section. 
 

A power supply is used to control the power imposed on the surface of the test section. The mini-channel surface 
is covered by a polycarbonate plate of 8mm thick in order to visualize the coolant during its evolution in the mini- 
channels. All the plates forming the test section (polycarbonate plate, copper plate and the heater panel) are tightly 
jointed in a nested set of plates PTFE of 45 mm thick, which serve as a support and a thermal insulator. Chromel- 
Alumel micro-thermocouples (K-type 75 µm) are inserted into holes of 1mm diameter on the back and the side 
of the plate, microthermocouples calibration is conducted by comparing the temperatures measured by 
microthermocouples and a precision sensor probes (±0.03°C). The calibration procedure consists to maintain the 
microthermocouples at a known temperature through a precision sensor probe and to record the 
microthermocouples responses using a labview data acquisition system. The procedure is repeated for different 
known temperatures. Two mini-channels are instrumented by micro-thermocouples as shown in fig. 3a. 
Furthermore, two micro-thermocouples are placed at the inlet and outlet of the test section in order to measure the 
inlet and outlet temperature of the fluid. Two pressure sensors (4) and (6) Omega PX209 (0.25 % of accuracy) 
are installed to measure the total pressure loss in the test section. The data acquisition is fully automated using 
the”Labview” software and “National Instruments” hardware (8) which allows measurements in real time. Two 
mini-channels have been instrumented by micro-thermocouples that are inserted in the copper plate at different 
depths and different positions fig. 3b along the length of the channels. 
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Fig. 3a. Bottom side of copper test plate. Fig. 3b. Thermocouples locations in the 
first minichannel 

 
The first instrumented channel (channel 1) is located at 2 mm from the edge of the test section, near the 
inlet of the coolant. The second one (channel 41), situated near the outlet of the fluid, is located at160 mm 
from the edge of the test section. The micro-thermocouples are arranged at two or three levels deep from 
the exchange surface. Thus, for the first channel, 21 micro-thermocouples are placed at 0.5 mm, 5.5 mm 
and 8 mm from the exchange surface. However, 17 micro-thermocouples are placed at 0.5 mm and 5.5 
mm from the exchange surface for the second channel. These micro-thermocouples allow us to measure 
the temperature at different depths of the plate. 

 
III. RESULTS AND INTERPRETATION 

An experimental procedure is carried out to check the replicate results. Prior to testing, the micro pump flow is 
made constant and the power output is set to a maximum of up to 280 W in order to activate boiling. Once this 
latter is reached, power is then reduced by decrements of 20 W, while recording the system temperatures and 
pressures. 

1) Wall temperatures measured in steady and unsteady state 

During trials, the temperature time change of the two wall channels 1 and 41 are measured. The test is conducted 
for a total flow rate of 35 mL/min and a supply power of 200 W. Fig. 4a, 4b show the temperature time change 
for temperatures values given by micro-thermocouples placed at 0.5mm from the surface exchange for channels 
1 and 41. 

 

Fig. 4a. Wall temperature measured for channel 1. Fig. 4b. Wall temperature measured for channel 41. 
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These changes are related to both abscissas x = 47mm and x = 155mm for channel 1 and to both abscissas x = 
22mm and x = 148mm for channel 41. For readability reasons, only two curves are presented in these figures 
because the behavior is comparable to that obtained by curves given by other micro-thermocouples placed in 
the wall. Under transient conditions, the temperatures increase continuously with substantially the same 
temperature change with respect to time. In steady state, temperatures stabilize and become substantially 
constant over time. It is noticed during testing that at given positions of the channel outlet (x = 148mm for the 
channel 41 and x = 155mm for channel 1), the flow is composed of large pockets of bubbles which occupy a 
large part of the channel. This latter observation explains the rapid increase in temperature in the specified area 
Fig. 4b shows the difference between the inlet and outlet temperatures. For channel 41, the difference is about 
6°C in steady state, whereas, this difference is much lower in the case of channel 1, a gap of about 2°C is noticed 
in steady state. These temperature variations are due to the two phase flow structure in each channel that is 
mainly dependent upon flow rate and channel 1 is close to the entrance and the water flow in this channel is 
probably more important than that in other channels. In order to confirm this, the plate temperature is measured 
by an infrared camera as shown in fig. 5. This fact explains that the temperatures recorded in this channel are 
lower than those recorded in channel 41. Fig. 6 illustrates these temperature differences and shows the 
distribution of wall temperatures in both channels, in steady state for total flow rate. In the case of channel 1, 
and at the entrance of the channel, the temperatures difference of the wall measured at 0.5mm and 8mm from 
the exchange surface is more pronounced than that recorded at the outlet channel. 

 

 

 
Fig.5. Temperature distribution measured Fig. 6. Wall temperature distribution 

with infrared camera.  in steady state. 
 

Along on the flow direction, the difference of temperatures of the wall decreases as far as we move away from the 
channel inlet where the coalescence phenomena are amplified. 
This amplifies the thermal resistance between the fluid and the wall. This latter becomes less and less wetted by the 
liquid and the dispersed flow should tend towards a minimum value. Fig. 7 shows a typical pressure signal given 
by the pressure sensor located at the inlet of the test section. In the steady state the total pressure drop is 2000 Pa, 
fig. 8 shows the time variation of the pressures drop of the test section and it is found that the evolution of the 
pressure follows exactly that of the temperature as we can see in fig. 9. Other tests are conducted for power supplies 
of 180, 190, 210 and 230 W and for total flow variants of 20 mL/min to 36 mL/min with an increment of 1mL/min. 



11ème Conférence Internationale des Energies Renouvelables (CIER-2023) 
Proceedings of Engineering & Technology-PET-Vol 85 

Copyright © 2024 
ISSN: 1737-9334 58 

 

 

 
 
 
 

 
IV.  

 
 
 
 
 
 
 
 

Fig. 7. Inlet typical pressure signal. Fig. 8. Temporal variation of pressure drop. 
 
 

 

Fig. 9. Temporal variation of temperature and inlet pressure. 
 

The shape of the curves is comparable to those presented in fig. 8 and fig. 9. The maximum temperatures recorded 
are always located at the outlet region of the plate because of the upward flow of bubbles which is more 
pronounced in the upper part of the channel than that in the lower one. Another cause is the warming of the liquid 
during its passage through the mini-channel. The bubble rise increases the bubbles concentration and the void rate. 

 
2) Local heat transfer coefficients in steady state 

Tests treated in some articles [13] have proved the benefit of nano-fluids for heat transfer enhancement,that’s why 
these same tests are carried out here using pure dionized nano-fluid with copper nano-particles of 35 nm prepared 
carefully in a clean room. The concentrations of tested particles are 5 mg/L and 10 mg/L. To avoid the 
agglomeration of particles, an ultrasonic agitator was used. The measured electrical conductivity of nano-fluid is 
4.8 µS /cm. Fig. 10a and fig.10b show respectively the changes in wall temperatures for pure water and for the 
nano-fluid (water loaded with nano-particles of Cu). The results presented by these two figures are obtained for a 
flow rate of 28 mL/min and an imposed power of 200 W. 
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Fig. 10a. Wall temperature measured Fig. 10b. Wall temperature measured 
(water cooling) channel 1. (nanofluid cooling) Channel 1 

 
The temperatures shown by both fig. 10a and fig. 10b are recorded in the channel 1. A slight decrease in wall 
temperatures is noticed using the cooling nano-fluid. This is due to the presence of copper nano-particles of thermal 
conductivity of 389 W/m.K which improve the heat dissipation of the wall. To quantify the effect of nano-particles 
on the local heat transfer coefficients, the results of measurements are treated using the inverse technique, detailed 
in previous work [12]. Based on the measured temperatures within the wall this technique allows the estimation of 
thermal conditions at the exchange surface. The used physical model takes into consideration a flat plate thermally 
isolated with PTFE on both of its surfaces except that which is cooled by boiling. On this surface lie the estimating 
parameters, namely the heat flux and surface temperature. The surface on the opposite side of the exchange surface 
is subjected to a known heat flux density (assessed value during the experiment). The physical model is two 
dimensional. The solving procedure of the inverse problem is based on the minimization of the residual function, 
expressed in terms of measured temperatures and those estimated by solving the direct problem. Fig.11 shows 
curves of the surface temperatures measured in steady state for the pure water and the nanofluid. For a same flow 
rate and a same imposed power, surface temperatures, during cooling by the nano-fluid, are lower than those 
estimated by using pure water. The variance between the temperatures of water and nano-fluid does not exceed 
2.5°C at most. 

 
 
 

 
Fig. 11. Wall temperatures measured Fig. 12a. Local heat exchange coefficients. 
at 0.5mm below the heat transfer surface. 
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This maximum is observed at the inlet channel. Fig.12a shows the evolution obtained for the local heat transfer 
coefficients. These exchange coefficients are calculated for each abscissa 'x' from the heat flux density dissipated 
locally in the channel and the local temperature of the heat exchange surface. The results confirm that the heat 
transfer rate obtained by the nano-fluid is better than that obtained by pure water. An improvement in heat transfer 
rate of about 40% toward the inlet channel is noticed. Fig.12b. shows the effect of copper nanoparticles 
concentration on the enhancement of the local heat transfer coefficients estimated inversely using equation 2. It is 
shown that the heat transfer coefficient enhancement increases with the copper nanoparticles concentration at low 
concentration of nanoaparticles. Indeed at high concentration of nanoparticles it is shown that the nanoparticles 
agglomerates. Fig.14 shows the results of the inverse-heat-conduction-problem (IHCP) analysis applied to the test 
section which enabled the evaluation of thermal boundary conditions, the surface temperature and the heat flux. 

 
 

 

 
Fig. 12b. Effect of copper 

nanoparticles concentration on local heat 
transfer coefficients measured for a power 

supply of 200 W 

 
Fig. 13. Local heat flux and surface 

temperature 

 
 
 

IV. CONCLUSIONS 

This paper presents experimental results of a study of the phase change cooling using forced convection flow 
in mini-channels. 
Our prototype is designed to simulate PEM fuel cells cooling. Several flow rates and powers were tested, leading 
to a distribution of wall temperatures which is mainly related to the flow structure and the cooling flow. The main 
findings can be drawn as follows: 
• The amount of dissipated heat is very large in comparison to the very small amount of water used hence the 

interest of the two-phase cooling in mini-channels. 
•  It is noteworthy that heat transfer coefficients associated with boiling are typically much higher than those 

encountered in other forms of convection processes that involve a single phase. 
• The nanofluid shows higher local heat transfer coefficient and lower surface temperature than its base fluid 

at the same mass flux because the copper nanoparticles contribute to increase heat transfer locally and 
accelerate the onset boiling. 

• it is recommended to well choose the inlet and outlet port of fluid, in order to have an axisymmetric 
temperature distribution in the test section. 
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Abstract— In this paper , we will designing a nano terahertz hexagonal antenna for very small biomedical applications 
radiating  in  two  different  frequencies  using  different  type  of  substrate  materiel  such  as  polyimide  (r  =3.5)roger 
RO3003  (r  =3),  roger  RO4003C  (r  =3.55)  and  Quartz  (r  =3.75).The  best  result  obtained  by  Roger  RO4003C(r 
=3.55)substrate the antenna resonates in two deferent frequency 0.825 THz and 0.972 THz with hight Gain of 7.268 
dBi and 7.703 dBi respectively. Thus, The proposed antenna can be used in the THz region for medical application. 
Keywords— Medical application ; Terahertz region ; nano antenna ; Terahertz antenna ; Hight Gain ; Instructions. 

I. INTRODUCTION 

Telemedicine is a medical technique that uses information and communication technologies to deliver medical 
services to patients at a distance. It provides a platform for patients to consult medical professionals[1], obtain 
diagnoses, medical advice and even treatment, without having to physically visit a medical treatment facility[2]. 
Telemedicine uses different communication methods[3], such as video calls, telephone calls, e-mail messages and 
mobile applications, to enable remote consultations. Medical professionals can examine symptoms, ask questions, 
interpret test results, provide recommendations and even prescribe medication if necessary[4]. 

Biomedical antennas are essential devices in the field of medicine and healthcare for the transmission and 
reception of wireless signals for diagnostic or diagnostic-therapeutic purposes[5]. They are designed to be 
integrated into medical devices such as implants, sensors or portable monitors[6]. These biomedical antennas can 
operate at different frequencies, depending on their specific application. For example, some biomedical antennas 
are designed to operate in the radio frequency range[7][8], while others can use higher frequencies, such as 
microwaves[9]. 
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It should be noted that the design of biomedical antennas must consider a number of factors, such as bio

compatibility, small size, transmission 
ensure reliable and safe operation of these devices in a medical environment. The size of the terahertz antenna is a
crucial factor influencing its performance and efficiency[1].
terahertz frequency range, which is situated
size is directly related to operating wavelength. Terahertz waves have a relatively short w
a few hundred micrometers to a few millimeters[11]. Consequently, terahertz antennas need to be sized accordingly
to achieve maximum performance. 

In this work we will design a nano hexagon antenna for biomedical applications wide
size radiating in two different freque
performance the antenna is simulate
RO4003C(r =3.55) and Quartz(r =

 
II.

 
 

with the help of CST software, we designed a hexagon terahertz antenna with 50 Ohm impedance, fed by a
microstrip line. The materiel used for ground plane and the radiating element called the patch is the gold, We used
polymide(r=3.5) for material substrates
calculated from the equations[12]: 

 
 

 
 

where h:substrate thickness ,fr : the 
and substrate, Wg: width of both substrate
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FIg 1 The biomedical application antenna . 

It should be noted that the design of biomedical antennas must consider a number of factors, such as bio
compatibility, small size, transmission efficiency and resistance to interference[10]. These aspects are essential to
ensure reliable and safe operation of these devices in a medical environment. The size of the terahertz antenna is a
crucial factor influencing its performance and efficiency[1]. Terahertz antennas are designed to operate in the

situated between radio and infrared frequencies. In
size is directly related to operating wavelength. Terahertz waves have a relatively short w
a few hundred micrometers to a few millimeters[11]. Consequently, terahertz antennas need to be sized accordingly

In this work we will design a nano hexagon antenna for biomedical applications wide
encies using polyimide(r=3.5) substrate, to fu
ed with different type of substrate roger RO3003
=3.75). 

. PROPOSED HEXAGONAL ANTENNA DESIGN

with the help of CST software, we designed a hexagon terahertz antenna with 50 Ohm impedance, fed by a
microstrip line. The materiel used for ground plane and the radiating element called the patch is the gold, We used

trates with a thickness h=9 μm (fig1) . The dimensions

 

 resonant frequency, ll:the length of the line,Lg: 
substrate and ground plane . 

 

It should be noted that the design of biomedical antennas must consider a number of factors, such as bio- 
efficiency and resistance to interference[10]. These aspects are essential to 

ensure reliable and safe operation of these devices in a medical environment. The size of the terahertz antenna is a 
Terahertz antennas are designed to operate in the 

In terahertz antenna design, 
size is directly related to operating wavelength. Terahertz waves have a relatively short wavelength, on the order of 
a few hundred micrometers to a few millimeters[11]. Consequently, terahertz antennas need to be sized accordingly 

In this work we will design a nano hexagon antenna for biomedical applications wide a very small 
urther increase 

3003(r =3) , roger 

ESIGN 

with the help of CST software, we designed a hexagon terahertz antenna with 50 Ohm impedance, fed by a 
microstrip line. The materiel used for ground plane and the radiating element called the patch is the gold, We used 

ons of the patch antenna are 

Eq.1 

Eq.2 

Eq.3 

  Eq.4 

 length of both ground plan 
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FIg 2 Proposed Nano hexagon patch antenna. 
 
 

A. Simulation and result of hexagon antenna with polymide substrate materiel 
 

Simulation results for the proposed nano hexagon antenna with polymide substrate (r=3.5) are summarized in 
the figure 4 figure 5 figure 6 and figure 7 . 

 
 

FIg 3 The Reflection coefficient parameter of the proposed nano hexagon antenna with polymide substrate. 
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FIg 4 The VSWR parameter of the proposed nano hexagon antenna with polymide substrate. 

FIg 5 The 3D Gain parameter of the proposed nano hexagon antenna with polymide substrate. 
 

 
 
 

FIg 6 The polar Gain parameter of the proposed nano hexagon antenna with polymide substrate. 
 
 

We have seen in figure 2 we will obtained by polymide substrate tow different frequency 0.83 and 0.979 with a 
return loss of -24.264 and -34.976 respectively , the figure 5 show that this frequency have Voltage Standing Wave 
Ratio(VSWR ) less to 2 means that there is no reflection of energy and that the antenna impedance is perfectly 
adapted. 

B. Simulation and result of hexagon antenna with different type of substrate materiel 
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There are various other substrates that can be employed while keeping the shape of a gold patch antenna the 
same, such as polyimide(r  =3.5), roger RO3003(r =3) , roger RO4003C(r=3.55) and Quartz(r  =3.75). These 
substrates have varying electrical characteristics the figure 8,9,10,11 show a result obtained for studying the 
substrate effect antenna. 

 

FIg 7 Reflection coefficient parameter S11 of proposed nono hexagon antenna for deffirent types of substrates. 
 

FIg 8 VSWR of proposed nono hexagon antenna for deffirent types of substrates. 
 
 
 

As shown in Figure 8, changing the material substrate produce a variety of frequencies 0.819 THz and 0.966 
THz with -20.603 dB and -27.139 dB by Quartz substrate , 0.842 THz and 0.977 THz with -23.471 dB and -36.009 
dB by Roger RO 3003 substrate and 0.825 THz and 0.972 THz with -23.143 dB and -33.252 dB by Roger RO 
4003C substrate , all these frequencies are very well adapted are VSWR less than 2. 
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FIg 9 2D Gain

 

FIg 102D Gain 

 

FIg 11 2D Gain of
 

III. COMPARISON
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Gain of proposed nano hexagon antenna for Quartz substrates. 

 of proposed nono hexagon antenna for Roger RO3003 substrates. 

of proposed nono hexagon antenna for Roger RO4003C substrates.

OMPARISON OF RESULTS WITH OTHER SUBSTRATES 

 

 

 

substrates. 
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TABLE I 
COMPARISON OF RESULTS WITH OTHER SUBSTRATES 

 
 Substrate Frequancy 

(THz) 
S11(dB) Gain (dBi) VSWR 

Proposed nano 
hexagone 
antenna 

Polymide(r=3.5) 0.84 
0.98 

-26.45 
-28.674 

6.11 
7.21 

1.130 
1.036 

Quartz(r=3.75) 0.819 
0.966 

-20.603 
-27.139 

5.941 
7.093 

1.205 
1.092 

Roger RO3003(r=3) 0.842 
0.977 

-23.471 
-36.009 

6.318 
7.268 

1.143 
1.032 

Roger RO4003C(r=3.55) 0.825 
0.972 

-23.143 
-33.252 

7.268 
7.703 

1.149 
1.044 

[13] Roger RO4003C (εr = 3.55) 0.740 
1.148 
1.734 

-41.408 
-43.918 
-29.2 

5.32 
6.21 
4.815 

1.0156 
1.0146 
1.0683 

[10] Silicon(εr=11.9) 3.930 -54.96 5.4 1.0036 
Duroid 3210(εr=10.8) 4.010 -63.1 5.06 1.0034 

[8] RT Duriod 6010(εr=10.2) 0.852 -20 2.5 Not mentioned 
[14] Quartz(r=3.75) 1.02 -28.76 1.44 1.07 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 summarizes all of the results obtained with each substrate and compare them with the various works for 
medical applications in the terahertz band. The results obtained is very satisfactory, we have a very high gain which 
is more than 7 dBi. 

 

IV. CONCLUSIONS 

In this paper, a nano circular patch antenna operating at terahertz frequencies 0.1 to 10 THz is conceived for 
WBAN applications. The use of a Roger RO4003Csubstrate (r=3.55,h=9 μm) and the gold patch antenna with 6 
μm thickness very suitable suitable for medical applications. 

 
The antenna's size is very small with hight gain , this terahertz band is not ionized, i.e. it requires some electron 

volt it does not affect the human body. 
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Abstract—The objective of this work is the design of a new form of dual-band butterfly patch antenna based on Complementary 

Split Ring Resonators (CSRRs) addressing the needs of users in the frequency ranges [3.4-3.8] GHz for 5G mobile applications and 
[4-8] GHz for C-band. The antenna consists of two symmetrical triangles fed by a microstrip line, with 15 CSRRs etched on the 
ground plane which is modified by DGS in order to improve the gain and to increase the bandwidth. The DGS technique used 
allowed us to achieve gains of the order of 5.28 and 5.88 dB for the two frequency bands [3.5-3.8] and [4-8] GHz respectively. 

 
 

Keywords— Dual-band, butterfly patch antenna, CSSR, ,5G, gain, DGS. 

I. INTRODUCTION 

The new 5G cellular technology will provide major benefits in terms of high data rates, highly reliable 
communications and low latency, and will use different frequencies including high frequencies: (1GHz<f<6GHz) 
where it is allocated as intermediate spectrum [1]. Fifth generation (5G) systems suggest a lower band of 3.5 GHz 
and multiple beams with high gain and capacity for 5G mobile applications.[2-3]. In addition, in satellite 
communications, real-time satellite television networks and satellite power supplies, the C-band of the microwave 
frequency range is used. This C-band is frequently used in rainy tropical regions because it is less sensitive to 
evaporation caused by rain than the Ku-band. Its frequency range is between 4 and 8 GHz[4][5]In the last two 
decades, antennas have become very necessary in many mobile applications such as wireless networks, which have 
given rise to intense research, due to their many advantages and better prospects, including ease of design, low cost, 
light weight.[6]Metamaterials have a variety of advantages in different applications for different frequency ranges 
such as shape geometry, dimensions, alignment, arrangement of inclusions determine the nature of the interaction 
between the metamaterial on the host medium and an applied electromagnetic field.[7]. To meet the increasing need 
for wireless communication demands, broadband antennas with appropriate radiation properties are needed where 
metamaterials can be used to improve their characteristics and performance [8]. A split-ring resonator (SRR) [9-10]. 
A complementary split-ring resonator (CSRRs) [11-12], periodic array structures [13], and spiral resonators (SR) 
[14] have been proposed for the miniaturization of antennas [15], creating multi-band operation and improving gain 
and bandwidth [16].This work focuses on the design of a new form of patch antenna using complementary CSRR 
metamaterials on the ground plane in order to maintain the performance in terms of gain and bandwidth at the [3.4- 
3.8] GHz and [4-8] GHz frequency bands for 5G mobile and C-band applications. Rogers RT 5880 substrate 
material is used with relative permittivity of εr = 2.2, the DGS technique is introduced on the ground plane of the 
proposed antenna for improving the gain and bandwidth. 

II. ANTENNA DESIGN 

In this paper, a new form of patch antenna composed of two symmetrical triangles fed by a 50 Ω microstrip line 
is presented. A Rogers RT 5880 substrate with a relative permittivity of εr = 2.2 and a thickness of 1.57 mm is used. 
The proposed antenna simulated using CST MiroWave Studio software; resonates at 3.5 GHz whose size Wg x Lg 
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is 61.71 x 60.45 mm. The final geometry of the initial antenna is presented in Fig.1 and TABLE I presents their 
dimensions. 

 
 
 
 
 
 
 
 
 
 
 
 

A. Results and Discussion 
 

Fig. 1 Geometry of the proposed antenna 

TABLE I 

DIMENSIONS OF THE PROPOSED ANTENNA 
 

Parameters Dimensions 
Wg 61.71 mm 
Lg 51.82 mm 
a 30.4 mm 
L0 24 mm 
W0 4.30 mm 

 

• Return loss [S11] 
The reflection coefficient of the initial antenna obtained in the simulation is shown in Fig.2, with a match of 

about -4.91 dB at 3.14 GHz. This does not meet the conditions for use in the desired frequency band [3.4-3.8] GHz . 
 

 
 
 

A. The CSRR Cell 

Fig. 2 Return loss of the proposed initial antenna. 
 

III. ADAPTATION OF THE ANTENNA TO THE 3.5 GHZ FREQUENCY 

In order to determine the resonance frequency of the CSRR cell with the above parameters. The simulation 
software CST was used. The geometry of this cell is composed of three-square shaped rings with dimensions of 
W1= 5.81 mm, W2 =4.86 mm, W3=3.86 mm down and a gap of g=0.8 mm, were adjusted to match the desired 
resonant frequency 3.5 GHz. These dimensions resulted in the CSSR design as shown in Fig. 3 
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Fig. 3 CSRR cell. 

The simulation results in terms of reflection coefficient S11 and transmission coefficient S21 of the proposed 
CSRR cell are shown in Fig.4. 

 

 

 
B. Insertion of CSRR Cells 

Fig. 4 Reflection and transmission coefficients of the proposed CSRR cell. 

In this study, we added a CSSR structure to the ground plane of 5 x 3 (15) cells to have better performance in 
terms of reflection coefficient matching, gain and bandwidth. The Fig.5 shows the final geometry of the proposed 
microstrip patch antenna loaded with 15 CSRRs cells etched on the metallic ground plane. The final dimensions are 
given in TABLE II. 

 

(a) (b) 

Fig. 5 Patch antenna matched by two circular slots on the radiating element and 15 CSRRs etched on the ground plane (a) Top view, (b) Bottom view. 
 

 
TABLE II 

DIMENSIONS FOR THE 3.5 MATCHED ANTENNA 
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Parameters Dimensions 
Wg 61.71 mm 
Lg 51.82 mm 
a 30.4 mm 
R 10 mm 
L0 24 mm 
W0 4.30 mm 

 
C. Simulation Results 

• With inserting of 15 CSRR cells 
 

Fig. 6 The reflection coefficient after the insertion of 15 CSRR cells on the ground plane of the proposed antenna. 

As shown in Fig.6, after inserting 15 complementary CSRR metamaterial cells on the ground plane of our 
proposed antenna; we had a good match in terms of reflection coefficient at the frequency of 3.155, which does not 
satisfy the requirements of the 5th generation mobile applications between 3.4-3.8 GHz. 

• With inserting slits 
Fig.7 shows the final reflection coefficient obtained is -35.39 dB at the resonant frequency of 3.5 GHz which is 

very satisfactory. 
 

Fig. 7 Reflection coefficient of the proposed miniature antenna. 
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Fig. 8 Gain of the proposed antenna at 3.5 GHz resonant frequency. 

The resulting gain of the patch antenna is 4.09 dB at the resonant frequency of 3.5 GHz. 

(a) (b) (c) 

 
Fig. 9 Radiation patterns of the proposed antenna: (a) in 3D, (b) and (c) polar in 2D at the resonant frequency 3.5 GHz. 

 
 

The 3D and polar radiation patterns obtained are presented in Fig.9 which is omnidirectional. 

 
D. Defected Ground Structure DGS For Proposed Antenna 

The DGS is applied to the ground plane with the aim of improving the gain and widening the bandwidth. The 
final geometry obtained after using the ground plane modification technique is shown in Fig.10 
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Fig. 10 Proposed final antenna with DGS inserted on the ground plane. 

Fig.11 below shows the reflection coefficients of the final antenna after using the DGS. From the graph, we 
deduce that the antenna has two operating zones at resonant frequencies 3.509 and 4.166 respectively. 

 

Fig. 11 Reflection coefficients of the final antenna at resonant frequencies 3.509 and 4.166 respectively. 
 

Fig. 12 Gain of the final proposed antenna at resonant frequencies 3.509 and 4.166 GHz respectively. 

The Fig.12 shows the gain of the proposed final antenna in the [3.4-3.8] GHz frequency band is about 5.28 dB, 
while that in the [4-8] GHz frequency band is about 5.88 dB. As can be seen, the radiation gain is thus improved by 
the DGS used on the ground plane. 
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(a) 

 
Fig. 13 Radiation patterns of the proposed

 

 
(d) 

 
Fig. 14 Radiation patterns of the proposed miniature

The radiation patterns of the proposed final antenna studied and calculated in terms of gain are shown in Figures
13 and 14. From the 3D and 2D polar radiation patterns for the E (φ=0°) and H (φ=90) planes, we can deduce that
the proposed antenna has a semi-omnidirectional pattern for
4.166 GHz. 

COMPARED
 

References

[17] 
[18] 
[19] 
Proposed
antenna 

From TABLE III, we can say that our proposed antenna has a good performances compared to the works, we
achieved a gain of 5.28 and 5.88 dB for 3.5

A new form of dual-band butterfly patch antenna based on
studied. CSRR complementary metamaterial
performance under the conditions of use

Energies Renouvelables (CIER-2023) 
-Vol 85 
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(b) 

proposed miniature antenna: (a) in 3D, (b) and (c) polar in 2D at the resonant

 
(e) 

proposed miniature antenna: (d) in 3D, (e) and (f) polar in 2D at the resonant

The radiation patterns of the proposed final antenna studied and calculated in terms of gain are shown in Figures
2D polar radiation patterns for the E (φ=0°) and H (φ=90) planes, we can deduce that

omnidirectional pattern for the two resonant frequencies,

TABLE III 

OMPARED RESULTS TO OTHER REFERENCES RESEARCHERS 

References Fr 
(GHz) 

Reflection 
coefficient 
S11 (dB) 

Gain 
(dB) 

Dimensions 
Wg*Lg ( ) 

3.52 -29.77 3.66 50 x 40 
3.5 -20.5 6.74 78.6 x 42.5 
3.78 -23 3.48 48 x 48 

Proposed 
 

3.509 
4.166 

-38.73 
-15.62 

5.28 
5.88 

61.71 x 51.82 

From TABLE III, we can say that our proposed antenna has a good performances compared to the works, we
for 3.5 GHz and 4.16 GHz frequency respectively. 

IV. CONCLUSIONS 

band butterfly patch antenna based on CSRR cells, fed by a microstrip line, has been
metamaterial cells have been used for antenna matching

use for 5th generation applications and C band. The

 
(c) 

resonant frequency 3.509 GHz. 

 
(f) 

resonant frequency 4.16 GHz 

The radiation patterns of the proposed final antenna studied and calculated in terms of gain are shown in Figures 
2D polar radiation patterns for the E (φ=0°) and H (φ=90) planes, we can deduce that 

frequencies, i.e., 3.509 GHz and 

From TABLE III, we can say that our proposed antenna has a good performances compared to the works, we 

CSRR cells, fed by a microstrip line, has been 
matching while keeping their 

The simulation results show 
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that with the use of 15 CSRR cells, Slits and DGS, the gain and bandwidth are in the order of 5 dB and 180 MHz 
respectively. The butterfly antenna is easy to fabricate and to be used for 5G mobile and C-band applications 
respectively. 
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ABSTRACT: The densities, speeds of sound and refractive indices of binary mixtures 2- 

Benzylaminoethanol (2-BAE) with methanol, ethanol, 1-propanol, or 2-propanol were measured in 

the temperature range from 293.15 to 323.15 Kover the whole composition range and atmospheric 

pressure. Experimental data were used to calculate the isentropic compressibility, 𝗆𝐬. From this data, 
excess molar volumes, 𝐕𝐄 , deviation in isentropic compressibilities, ∆𝗆 , deviation inspeed of 

𝐦 𝐬 

sound,𝚫𝐮 and deviation in refractive indices, ∆𝐧𝐃, for all studied mixtures were calculated and 

correlated as function of temperature using Redlich-Kister polynomial equation. The excess 

properties of binary mixtures were found to be negative or positive curves as a function of the 

composition. The results were interpreted in terms of molecular interactions and molecular 

structures occurring in the binary mixtures. 

 
Keywords: density; excess properties; Redlich-Kister equation; refractive index; speed of sound. 

 
I. INTRODUCTION 

The understanding of the thermodynamic and transport properties of liquid mixtures has been 

used to resolve numerous challenging engineering issues, including heat and mass transfer, fluid 

flow, and energy transformations [1-4]. 

Intermolecular interactions are one of the most interesting areas, and therefore the applications of 

experimental data and theoretical models combined together are used to investigate the behavior 
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of liquid mixtures. In this regard, several transport and thermophysical properties of liquid 

mixtures comprising 2-Benzylaminoethanol + Methanol, Ethanol, 1-Propanol, or 2-Propanol 

were explored in this research to aid in the investigation of the nature and extent of intermolecular 

interactions. 

In this study, density, speed of sound and refractive index of binary mixtures of 2- 

Benzylaminoethanol (2-BAE) with methanol, ethanol, 1-propanol or 2-propanol were measured 

at the temperature range of T=293.15 to 323.15 K and atmospheric pressure. The excess or 
deviation properties: excess molar volumes, VE , deviation in isentropic compressibilities, ∆κ , 

m s 

deviation inspeed of sound,Δu and deviation in refractive indices, ∆nD are also calculated and 

correlated with the Redlich-Kister (RK) equation [5]. 

 
II. METHODS 

Density and speed of sound of the pure liquids (2-benzylaminoethanol, methanol, ethanol, 1- 

propanol, and 2-propanol) and their binary mixtures were measured using Anton Paar (DSA 5000 

M) digital vibrating tube densimeter and a sound velocity analyzer at a temperature range of 

293.15 to 323.15 K and an atmospheric pressure of P = 0.1 MPa 

Refractive indices of pure liquids and their binary mixtures were measured using an Anton Paar 

Abbemat 300 digital refractometer at temperature range of 293.15 to 323.15 K. The apparatus 

was calibrated with distilled water before each series of measurements. 

 
 

III. RESULTS 

The plots of VE, ∆ks, ∆u and ∆n versus the mole fraction of 2-Benzylethanolamine x1 have been 

presented in Figs. 1. 

The negative excess molar volume values reveals that there is a strong interaction between the 

investigated alcohols resulting to a well-organized packing effect when mixed with 2- 

benzylaminoethanol resulting to volume contraction. The other contributing factor towards 

negative values is due to unlike molecular interactions resulting to the charge transfer. The 

observed negative values for the deviation in isentropic compressibilities show that there are 

strong interactions between the investigated binary systems which contributes towards a limited 

free space in the molecules of the binary mixtures. It can be seen that the values of Δu are positive 

for studied systems at different temperatures and decrease in chain length of alcohol increases 

according to order: (2-BAE + Methanol) ˃  (2-BAE + Ethanol) ˃  (2-BAE + 2-Propanol) ˃  (2-BAE 

+ 1-Propanol) as shown Figure 1(c). The calculated data for the deviation in refractive indices are 

positive and decrease with an increase in temperatures. 
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IV. CONCLUSIONS 

 
In this work, new experimental data comprising thermophysical properties measurements 

including densities, speed of sound, refractive indices of the binary mixtures of 2- 

benzylaminoethanol with alcohols (C1 – C3) at T = (293.15 – 323.15) K and at atmospheric 

pressure. This was conducted at an entire range of mole fraction (𝒙𝟐−𝑩𝑨𝑬 = 𝟎 𝒕𝒐 𝟏). The results 

are interpreted in terms of molecular interactions between the binary systems by computing excess 

properties such as excess molar volume, isentropic compressibilities, and deviation in refractive 

indices. These were computed from the measured data of densities, refractive indices, and speed 

of sound data. The excess properties were correlated with the application of Redlich-Kister 

polynomial equation and a great correlation for the investigated binary mixtures was obtained. 

Negative differences were observed in the derived properties reaving the strong intermolecular 

interactions between 2-benzylaminoethanol and methanol, ethanol, 1-propanol, or 2-propanol. 

Large negative values were observed in 2-benzylaminoethanol and methanol suggesting that 2- 

benzylaminoethanol can easily accommodate methanol with high packing effect. The magnitude 

of strong intermolecular interactions was observed to be methanol > ethanol >2-propanol >1- 

propanol 
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Fig.1.Plot of excess or deviation properties, for the binary mixtures: {2-Benzylethanolamine (x1) + Methanol + Ethanol + 1-Propanol 

or 2-Propanol (x2)} as function of the composition expressed in the mole fraction of 2 -Benzylethanolamine at 313,15 K .(a) excess 

molar volumes,VE ,(b) Deviation in isentropic compressibility, 𝛥𝜅𝑠. (c): deviation in speed of sound,𝛥𝑢 , (d): deviation in refractive 

index, 𝛥𝑛𝐷. 
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Introduction: 

This paper proposes an enhanced maximum power extraction of a solar system consisting of a 
KC200GT photovoltaic generator that feeds a variable resistive load via a DC-DC boost converter. 
The corresponding PV control loop has two distinct steps. In the first, the Perturb and Observe 
P&O algorithm is directly implemented to provide the reference PV current according to the 
change in absolute temperature and solar irradiance. This last one is compared by the actual 
measured PV current, in which a discrepancy current is generated at each sampling time. As the 
minimization of the last one must be carried out in the second stage, the synthesis of a PID current 
controller becoming indispensable regardless the internal functioning of the solar system. 
According, the controller tuning parameters requires a prior linear model that describing the actual 
solar system behavior around the Standard Test Conditions STC where a linearization step 
occurred as a key success for improving the power extraction ratio. This step is established by 
applying the small-signal principle on the nonlinear state space representation of the actual solar 
system. On the basis of the resulting small-signal model, the parameters of the current PID 
controller are tuned using the existing guidelines available in Matlab®'s pidTuner function. This 
controller provides an optimal duty cycle variation which must then be added to the existing value 
of the existing control, given previously at STC. This allows optimally updating the duty cycle 
control which in turn leading to provide the power output without any ripple issue. The proposed 
preceding to steps leads highlighting the improved P&O-MPPT control strategy where its real- 
time implementation in the control loop becoming the important challenge in most scholars 
interesting by the renewable conversion system based on solar systems. This can be due to the 
modeling uncertainties that are unavoidable during the linearization step of the actual solar system 
behavior. It is also due the existing of some unmodelled dynamics occurring in real-world 
applications such as a dissipated power in the DC-DC boost converter diodes, nonlinearity of the 
current-voltage characteristic of the KC200GT PV module, and so on. To resolve these 
drawbacks, the solar system modeling is carried out using the existing electrical components in the 
Proteus software where all existing electrical devices in the control loop must be established 
component-by-component. Afterwards, the real-time implementation of the resulting optimal duty 
cycle control is ensured using the Arduino UNO card which including the required programs of 
standard and improved P&O-MPPT control strategies. Finally, the performance assessments of the 
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proposed improved P&O-PID control strategy including the preceding two distinct stage are 
demonstrated under different climatic conditions and some resistive load variations. The given 
simulation results are compared by those provided by the standard P&O control in terms of the 
trade-off between reference MPP tracking dynamic and closed loop robustness against the 
exogenous conditions affecting the control loop. Consequently, the proposed control loop based 
on the Proteus software and equipped with the Arduino UNO board offer a new gate for other 
industrial applications sur as optimal driving of solar water pumps, entrained by permanent 
magnet asynchronous motors, ensuring a stable electrical power feed, located as far from public 
grid and so on 

Results: Fig.1. shows the proposed control loop that will be used for the current regulation of 

the solar system, including the KC200GT PV module, the DC-DC boost converter and the 
variable resistive load. It is used for either standard and improved P&O control strategy where the 
main goal is to provide a smooth electrical power with oscillation-free tracking of the desired 
MPP and without ripple issue. This aim must be achieved, regardless of the change in climatic 
conditions such as solar irradiance and absolute temperature. 

  
Fig.1. Proposed control loop established by 
Proteus software and equipped with Arduino 

board 

Fig.2. Comparison between the power outputs, 
given by standard and improved P&O strategies 

 

• Nonlinear model describing the actual solar 
system: 

• Linear small-signal model: 

 d 
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Conclusion: 
The synthesis of the current PID controller, based on the small-signal model, has been 

investigated in this paper in order to increase the power extraction ratio of the standard P&O- 
MPPT control strategy. This improvement was achieved in two distinct stages. In the first step, the 
P&O algorithm was modified to generate the reference current using the existing the measured PV 
power and measured PV voltage of the KC200GT PV panel. This reference current was compared 
with the one measured from the PV panel, where the control loop based on the PID current 
controller was performed in the second step. The proposed control loop was set up using Proteus 
software equipped with the Arduino board, in order to overcome some drawbacks occurring in the 
modeling of the solar system as well as in the real-time implementation of optimal duty cycle 
control. Simulation results confirmed the effectiveness of the proposed control strategy in terms of 



Copyright © 2024 
ISSN: 1737-9334 84 

 

 

11ème Conférence Internationale des Energies Renouvelables (CIER-2023) 
Proceedings of Engineering & Technology-PET-Vol 85 

 

MPP reference tracking and robustness trade-off against model uncertainties, the existence of 
certain exogenous effects caused by meteorological changes, the presence of resistive load 
variations and so on. Finally, the proposed control loop, established by Proteus software and 
equipped with the Arduino UNO board, will offer a new gateway to other industrial applications, 
such as controlling solar water pumps, ensuring a stable power source, especially for systems 
located so far away from the public grid. 
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control techniques are well known methods for uncertain

 strict-feedback systems, a few results 
form [9-12]. 

This paper presents a tuning functions based adaptive backstepping control scheme for uncertain
affine nonlinear systems. The tuning functions design is introduced to overcome the problem

of the overparametrisation in the adaptive backstepping control method. Lyapunov stability theory
boundedness of all the signals in the closed-loop system
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Conclusion: 
In this paper, a tuning functions based adaptive control scheme has been presented for a class of 
uncertain non-affine nonlinear systems. By using tuning functions, the overparametrisation 
problem is avoided. Based on the Lyapunov stability theory, the proposed adaptive control scheme 
can guarantee that all the signals in the closed-loop system are bounded and the convergence of 
the tracking errors to zero is achieved. Simulation results of an arc length in GMAW process have 
been studied, where the results show the effectiveness of the proposed control scheme. 
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Abstract: The goal of this research is to improve the performance of InGaP/GaAs solar cells by evaluating the 
effectiveness of two distinct tunnel junctions. The aim is to surpass the efficiency achieved by InGaP/GaAs and 
GaAs/GaAs tunnel junction solar cells.To achieve this aim, adjustments to the thickness and concentration of 
the tunnel junction were made using the TCAD Atlas program.The simulation data indicated that 
InGaP/GaAs exhibited the top power conversion efficiency at 42.77%, closely trailed by GaAs/GaAs with 
41.10%.High fill factors and external quantum efficiency were observed across all two configurations. The 
study culminates in a comparative analysis of the InGaP/GaAs tunnel junction against the other one, offering 
significant insights into the optimization of InGaP/GaAs solar cells. 

 
Keywords— Solar cell,efficiency,Double Junction InGaP/GaAs, diode tunnel, TCAD Atlas 

 
Introduction 

In recent years, the costs of photovoltaic (PV) solar panels have seen a substantial decrease, while their 
efficiency continues to improve, thereby enhancing their cost-competitiveness relative to conventional energy 
sources[1,2].The performance of technologies utilizing crystalline silicon (c-Si) and thin-film technologies like 
Cadmium Telluride (CdTe) and Copper Indium Gallium Selenide (CIGS) has stabilized at approximately 26% 
and 23%, respectively [3,4,5] These efficiencies are, however, restricted by the fundamental Shockley-Queisser 
(SQ) limit, which falls in the range of 31% to 33% for single-junction solar cells. Consequently, researchers are 
increasingly focusing on multi-junction devices, comprising two or more stacked sub-layers [6,7,8]. Double- 
junction solar cells are designed with the concept of improving energy conversion efficiency by capturing a 
broader spectrum of solar light more efficiently. In this design, the first junction absorbs high-energy photons 
(short wavelengths) as sunlight passes through, while the second junction absorbs low-energy photons (long 
wavelengths). This sequential absorption of light optimizes energy utilization, resulting in a higher electricity 
yield from a single cell [9,10,11]. 
Materials frequently employed in the construction of InGaP/GaAs double-junction solar cells include 
combinations of semiconductors. Specifically, InGaP (Gallium-Indium Phosphide) is utilized for the first 
junction, which absorbs higher-energy photons, while GaAs (Gallium Arsenide) is employed for the second 
junction, responsible for absorbing lower-energy photons. The selection of these material combinations is based 
on their respective bandgaps, ensuring the optimal absorption of solar light [12,13]. 
Double-junction solar cells find common application in high-efficiency settings, such as space satellites or 
concentrated solar power systems, where solar light is concentrated onto the cell to amplify efficiency. While 
these cells provide superior efficiencies compared to conventional single-junction solar cells, their 
manufacturing can be more costly due to the intricacy of their structure and the utilization of specific materials. 
Nevertheless, technological progress and economies of scale are progressively rendering double-junction solar 
cells more competitive in the solar energy market [14,15,16]. 
In the context of double-junction solar cells, InGaP serves as the material for the first junction due to its 
proficiency in absorbing low-energy photons, specifically the longer wavelengths of solar light such as red and 
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infrared. Consequently, InGaP can efficiently produce electric current from red and infrared light [17]. GaAs is 
selected for the second junction in double-junction solar cells owing to its effectiveness in absorbing high-energy 
photons, which corresponds to the shorter wavelengths of solar light like blue and green. This attribute enables 
GaAs to generate electric current from blue and green light. 
A tunnel junction denotes the boundary between two semiconductor materials characterized by distinct 
properties. At this interface, charge carriers, either electrons or holes, can traverse the potential barrier existing 
between the two materials through a quantum tunneling phenomenon. This enables particles to overcome a 
potential barrier without possessing adequate energy, as per the principles of classical physics [18,19]. 
In a tunnel junction, the energy bands of the two semiconductor materials are misaligned, resulting in the 
formation of a potential barrier. Nevertheless, the quantum tunneling effect comes into play, allowing electrons 
or holes to traverse this barrier, overcoming their lower energy levels. This phenomenon facilitates the flow of 
current through the junction. Tunnel diodes harnessing this principle can be utilized to improve overall 
performance. 
Utilizing tunnel diodes can optimize the performance of multilayer solar cells by reducing series resistance and 
augmenting the short-circuit current. The selection of a tunnel diode for a III-V tandem solar cell is contingent 
upon various factors, including electrical resistivity, optical transparency, and the structural characteristics of the 
tunnel junctions. 
Our research involves refining the InGaP/GaAs tandem double-junction solar cell and determining the 
appropriate tunnel junction type between InGaP and GaAs. A meticulous selection and optimization of the 
InGaP/GaAs tunnel junction have resulted in remarkably high energy conversion efficiencies of 42.77% under a 
1.5G spectrum. Additionally, we explored the influence of factors such as layer thickness and doping 
concentration in the multilayer solar cell (InGaP/GaAs) on key cell parameters like (FF), (VOC), (JSC), and (η) 

 
 

I. Tandem configuration 
 
 

The tandem configuration (InGaP/GaAs) consists of InGaP as the top cell and GaAs as the bottom cell, with the 
InGaP/GaAs tunnel diode used to connect the top and bottom cells in this model[20]. 
To optimize power absorption, the top cell (InGaP) should have a bandgap energy (Eg) of approximately 1.84 
eV. This upper cell is designed to capture high-energy photons, effectively absorbing shorter wavelengths. 
Consequently, longer wavelengths are transmitted to the bottom cell. The bottom cell, operating with low-energy 
photons, is engineered with a bandgap energy (Eg) ranging from 1.42 to 1.43 eV[21,22]. 
In this configuration, the window layer and back surface field (BSF) layer are both composed of InAlGaP. The 
window layer, typically made of materials with a broad bandgap, is chosen to facilitate the passage of maximum 
solar irradiance to the device. Figures 1 and 2 depict the initial schematic structure of the simulated tandem cell 

top cell InGaP 

Tunnel 

bottom Cell GaAs 
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Fig1: A schematic illustration of the studied structure 
 
 

 Anode contact  

0.011 µm Window In(0.3)Al(0.09)Ga(0.7)P(0.91) 3e21 cm-3 (p-type) 

0.059 µm Emitter In(0.99)Ga(0.01)P 4e20 cm-3 (p-type) 

0.550 µm Base In(0.98)Ga(0.02)P 2e21 cm-3 (n-type) 

0.030 µm BSF In(0.2)Al(0.1)Ga(0.8)P0.9 1e21 cm-3 (n-type) 

0.020 µm Tunnel Diode InGaP 2e21 cm-3 (n-type) 

0.001 µm Tunnel Diode GaAs 8e20 cm-3 (p-type) 

0.032 µm Window In(0.49)Ga(0.51)P 1e21 cm-3 (p-type) 

0.680 µm Emitter GaAs 2e17 cm-3 (p-type) 

3.650 µm Base GaAs 4e16 cm-3 (n-type) 

0.0099 µm BSF Al(0.69)Ga(0.31)As 2e18 cm-3 (n-type) 

0.90 µm Substrate GaAs 9e18 cm-3 (n-type) 

 Cathode contact  

 

Fig 2: Design of the optimized InGaP/GaAs cell with InGaP/GaAs tunnel junction 
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Fig 3: Equivalent circuit of the double-junction InGaP/GaAs solar cell with a tunnel junction[23] 

 
Rs Jcell 

 

 
Fig4: Equivalent circuit of the two-diode model for possible exact modeling of the one junction of 

the double-junction InGaP/GaAs solar cell 

 
From a circuit perspective, it is apparent that a solar cell can be modeled by an ideal current density source (Iph) 
inparallel with two diodes, one with an ideality factor of “1” and the other with an idealityfactor of “2”, as shown 
in Figure 3. Diode D1 represents the recombination current in the quasi-neutral regions, while diode D2 
represents recombination in the depletion regionThe series resistance Rs accounts for ohmic losses in materials, 
metallization, and semiconductor contact. The parallel resistance Rsh represents the leakage current between the 
top and bottom of the cell. 

 
The current density equation for the two-diode model of the PV cell is as follows [24,25]: 

 
 

𝐽𝑐𝑒𝑙𝑙 = 𝐽 
 

𝑝ℎ — 𝐽 
 

𝐷1 — 𝐽𝐷2 — 
𝑉𝑐𝑒𝑙𝑙+𝑅𝑠𝐽𝑐𝑒𝑙𝑙(1) 
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Where Jcell is the current density delivered by the cell, Jph is the photocurrent density, JD is the diode current 
density, and Jsh is the shunt current density, Vcell is the cell voltage, JD1 is the current density of the first diode 
due to the diffusion of minority carriers and recombination in the depletion region, RS and RP are the series and 
shunt resistances of the cell, Jsatl is the reverse saturation current density, n is the ideality factor, T is the 
temperature, and G is the received solar irradiance energy. 
The top and bottom cells are connected in series with the tunnel diode and carry the same current 
The tunnel-junction interconnect between the InGaP and GaAs subcells serves an important electrical purpose. It 
provides a low-resistance connection path joining the p-type back surface field (BSF) layer of the top InGaP cell 
to the n-type window layer of the bottom GaAs cell. Without this conductive tunnel junction, the opposing 
polarity p-n layers would form a junction with its own photovoltage under illumination. This photovoltage would 
act in opposition to the useful photovoltages generated by the top and bottom cells above and below the junction. 
So the tunnel junction functions to effectively short out or bypass this counterproductive middle junction, 
allowing the total voltage generated by the multi-junction stack to equal the sum of the top and bottom cell 
photovoltages. This connects the subcells in series electrically using a low-resistance interface optimized for 
multijunction operation. 
Vcell is the algebraic sum of the top and bottom cell voltages, including the tunnel junction voltage. 

 
𝑉𝑐𝑒𝑙𝑙 = 𝑉1 − 𝑉𝐷𝑇 + 𝑉2(4) 
The functional form of JDT is dominated by an exponential term of the form: 

𝐸
3⁄2

 

𝐽𝐷𝑇 𝛼( − 𝑔     ) (5) 
√𝑁 

 
where Egis the band gap and N= NAND/(NA + ND) is the effective doping concentration [110]. The value of 
JDTmust be larger than the photocurrent of the tandem cell.If JDT< JSC, the behavior ofthe tunnel junction current 
switches to that dominated by the usual thermionic emissionand the voltage drop across the tunnel junction 
increases to that of a typical p-n junction. 
Numerical device simulations were conducted to model the structure shown in Figure 2. These simulations 
employed technology computer aided design (TCAD) software using ATLAS modules. The ATLAS simulation 
engine solves the fundamental semiconductor equations that govern carrier transport and electrostatics in 
semiconductor devices. Specifically, the Poisson equation is solved to determine the electric potential 
distribution based on space charge density. Additionally, the continuity equations for electrons and holes are 
solved to find the carrier concentrations throughout the device under bias. These coupled physical models enable 
simulation of electrical and optical characteristics based on the physics of carrier dynamics, allowing 
investigation of the Figure 2 device without the need for fabrication. 

 
𝜕𝑛 = 

1 
∇ 𝐽 

 

+ 𝐺 — 𝑅 (6) 
𝜕𝑡 𝑞 𝑛 𝑛 𝑛 

 

𝑑𝑖𝑣(𝜀∇𝑇) = −𝜌 (7) 
 

𝜕𝑝 = 
1 

∇ 𝐽 
  

+ 𝐺 — 𝑅 (8) 
𝜕𝑡 𝑞 𝑝 𝑝 𝑝 

 

Where ε is the dielectric permittivity, ρ is the local charge density, q is the elementary charge, ψ is the electric 
potential, Gn, Rn, Gp, and Rp express the generation and recombination rates for electrons and holes, and Jn and Jp 

are the electron and hole current densities, respectively 
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Jsc GaAs/GaAs 
Jsc InGap/GaAs 

Jsc=17.38 mA/cm2 
Voc=3.65 V 
FF=93.02 % 
Eff=42.77 % 
QE=0.43 

Jsc=16.6801mA/cm2 
Voc=3.6511 V 
FF=93.1702 % 
Eff=41.1023 % 
QE=0.412003 

 

I. THE TUNNEL JUNCTION EFFECT 

A tunnel junction interconnect is utilized between the InGaP top cell and GaAs bottom cell to provide a low 
resistance electrical connection path linking the p-doped back surface field (BSF) layer of the InGaP top cell to 
the n-doped window layer of the GaAs bottom cell. The tunnel junction functions as a conductive bridge serving 
to connect the two subcells in series, thereby avoiding a high resistance or rectifying junction between the 

disparate p- and n-type polarity layers of the adjacent multijunction subcells. 
Tunnel junctions composed of GaAs/GaAs, InGaP/GaAs, or InGaP/InGaP semiconductor layers are most 
prevalent in high efficiency multijunction solar cells. These materials offer suitable band alignments to facilitate 
low resistance tunneling current flow. To optimize the tunnel junction design and further improve efficiency in 
our simulated InGaP/GaAs tandem device, we computationally modeled a range of layer doping concentrations 
and materials. Advanced numerical simulation enables systematic optimization of the multilayer tunnel junction 
interconnect by accounting for carrier transport physics across the full solar cell stack. Leveraging these 
simulations, presented in detail in references [24] and [26], we pursued performance gains through refined tunnel 
junction calibration. This approach shows promise for guiding design of next-generation InGaP/GaAs-based 
tandem cells with potentials beyond existing limits.Through extensive numerical device simulations 
investigating a range of tunnel junction materials and designs, we determined an optimal configuration yielding 
maximum tandem solar cell efficiency. The modeling results indicated that an InGaP/GaAs tunnel junction 
interconnect structure provides superior performance in the InGaP/GaAs dual-junction stack. This specific low- 
resistance tunnel diode achieved the highest simulated efficiency among the candidate tunnel junction options 
considered. The optimized carrier transport and reduced optical absorption losses in the InGaP/GaAs tunnel 
junction boost current matching and voltage yield of the complete device structure. We have identified an InGaP- 
based tunnel junction that sets a new performance standard for the class of III-V multijunction photovoltaics 
targeted in this work. 
the results are illustrated in Table 1 

Table 1: Simulation Results for Each Type of Tunnel Junction Used 
 

type of tunnel 
junction 

efficiency 
(%) 

FF(%) Voc (V) Jsc 

(mA/cm2) 
InGaP/GaAs 42.77 93.02 3.65 17.38 
GaAs/GaAs 41.10 93.17 3.65 16.68 
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Fig 5: J-V Characteristics with Tunnel Junction InGaP/GaAs and GaAs/GaAs 
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Fig. 7: Effects of Window InAlGaPlayer thicknessvariation on dual-junction solar cell performance, (a) efficiency, (b) open-circuit voltage 
(c)Fill factor d) short circuit current density, 
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II. Effect of Window InAlGaP layer thickness 

 
The impact of thickness on performance parameters is depicted in Figure 7. Examining the diverse performance 
graphs reveals that the optimal efficiency is achieved at a thickness of 0.011 nm. Figure 7 illustrates that both the 
efficiency (Jsc - short-circuit current density) and the Voc (open-circuit voltage) follow a parallel trend. 
Concerning the open-circuit voltage (Voc) parameter, it remains relatively constant across the range of thickness 
variations. The Voc values consistently hover around 2.68 V for thicknesses spanning from 0.001 nm to 0.011 
nm. In contrast, the short-circuit current density (Jsc) is influenced by the escalating thickness. 

 
The impact of changing doping density for the window InAlGaP layer of the top cell on the dual junction 
cell 

 
Another step involves adjusting the doping density of the window layer from Na=21020 cm-3 to Na=91021 cm-3. 
Efficiency reaches its maximum value η=42,77% and Fill factor reaches its minimum value of 93.01%. when 
theacceptor concentration (Na) is 31021cm-3 Figures 8 illustrate the impact of variation of the doping density of 
the top cell window InAlGaPlayer versus on the efficiency of InGaP/GaAs dual junction, FF, VOC, and JSC. 

Table 3 Comparison between the proposed structure with other works 
 

Tandem 
cells 

InGaP/GaAs 
[21] 

InGaP/GaAs 
[26] 

InGaP/GaAs 
[27] 

Proposed 
structure 

Jsc 
mA/cm2 

14.54 16.4999 19:84 17.38 

Voc V 2.62 2.2340 2:32 V 3.65 
FF(%) 90.61 87.9201 83:9% 93.02 
Eff (%) 34.53 36.8608 38:53% 42.77 

 
The table presented above unmistakably demonstrates a notable enhancement in conversion efficiency for the 
current structure, reaching an impressive 42.77%—a substantial leap from previous design iterations. This 
noteworthy progress underscores the triumph and efficacy of the novel structure in optimizing the transformation 
of input energy into the desired output. 

 

III. CONCLUSIONS 

In this study, the refinement of the proposed InGaP/GaAs dual junction structure with a tunnel junction 
InGaP/GaAs involved meticulous adjustments to the doping concentration and thickness of the top cell's window 
layer. These strategic modifications were implemented with the aim of elevating the overall performance and 
efficiency of the structure.Through meticulous adjustment of these parameters, our objective was to enhance the 
overall performance and optimize the power conversion efficiency of the device. This fine-tuning process 
afforded us greater control over the electrical and optical properties of the structure, culminating in improved 
performance characteristics.Based on simulation outcomes, the dual junction cell yielded impressive results, with 
a short-circuit current density (Jsc) of 17.38 mA/cm2, an open-circuit voltage (Voc) of 3.65 V, a fill factor (FF) 
of 93.02%, and an overall efficiency (η) of approximately 42.77%. All assessments were conducted under 
standard AM1.5 illumination. Notably, the proposed structure outperformed previous research, showcasing 
superior performance across key parameters. 
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Abstract– The purpose of this paper is to optimize absorber geometry in order to enhance parabolic trough collector’s 
performance. A series of numerical simulations performed by Soltrace software and CFD code are performed. Indeed, 
it is shown that the outlet temperature can be improved by receiver diameter raise. Yet, there is a receiver optimum 
diameter from which the outlet temperature diminishes. A new correlation of the receiver tube optimum diameter is 
deduced to generalize this latter finding. Absorber tube with external layer can also enhance its performance. That is 
why, a new receiver tube surrounded by a metal thickness is tested. 

Keywords– PTC; MCRT method; Receiver tube optimum diameter; Empirical correlation; external layer. 

I. INTRODUCTION 

Solar energy is regarded as an unlimited and clean future energy source. Since solar energy is abundant, it seems 
interesting to focus it by reflectors in order to acquire high temperatures needed for electricity production. The most 
approved technology of concentrating solar power is parabolic-trough-collector (PTC) compared to other existing 
technologies (solar-tower-system, reflector-Fresnel-mirrors and solar-dish) (Mao Q G et al. 2014; Cherif H et al. 
2019, Codd, D S. et al. 2020). 

The PTC is principally constituted of an absorber, mirrors and a support structure (Bellos E et al. 2016). The 
absorber is a copper or steel tube coated by a black paint. 

Optical study is developed by MCRT method by Cheng et al. (2014). PTC were designed, manufactured and 
tested experimentally by Ghomrassi et al. (2017). The MCRT is coupled to CFD models to suitably reproduce the 
experimental results (Wang et al. (2010)). 

II. METHODOLOGY 

The adopted numerical procedure consists of two key steps. In the first step, Solar Heat Flux (SHF) focused in a 
focal line is determined by Soltrace software. In the second step, receiver thermal performances are optimized by 
Computational Fluid Dynamic (CFD) modeling. 

III. RESULTS AND DISCUSSIONS 

The studied Parabolic Trough collector is represented in figure 1. The receiver diameter enhances the PTC 
system’s optical performance by raising the SHF on its inferior periphery (figure 2). 
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Fig. 2 SHF distributions for different absorber tube diameters 
 

 
Based on the Soltrace software results, we found that as the absorber tube diameter rises, the SHF concentrated 

on the tube inferior half increases. Furthermore, raising the tube diameter implies a growth in the exchange surface 
with the environment and this can cause a rise in heat losses to the exterior. 

The raise in the absorber diameter brings on a growth in SHF concentrated, therefore an augmentation in the 

working fluid outflow temperature (figure 3). 

So
la

r h
ea

t f
lu

x 
di

st
ri

bu
tio

n 
(W

/m
2 )

 



11ème Conférence Internationale des Energies
Proceedings of Engineering & Technology-PET-

Copyright © 2024 
ISSN: 1737-9334 

 

 

 
However, there is doubtless an absorber tube optimum diameter (d

exit section reduces. 

To generalize this outcome, a mathem
diameter for any PTC’s dimension. 

Different aperture widths (Wa) are tested for diverse absorber tube diameters. SHF for different aperture widths
and for different absorber tube diameters are estimated by Soltrace. Then, the SHF distribution in each case is
introduced in ANSYS software as User defined functions written in C++ program. After that, thirty
simulations are launched. 

Temperature fluid evolutions for diverse
Then, the optimum tube diameter for each configuration is
expression of the receiver optimum diameter
established that the optimum diameter pursues
width Wa (see Figure 5) and can be written

do=0.006Wa+0.088 

This new correlation is statistically meaningful
advantageous for any configuration of the

 
 

 
 
 

Fig. 5 Evolution
 
 

Finally, we can announce that the MCRT method combined to the CFD model give satisfactory results. Diverse
receiver tube diameters were tested to acquire a PTC’s optimum diameter. A new correlation has been developed.
This finding avoids future researches to conduct experiments or 
diameter for different reflector configurations.
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Fig. 3 Temperature evolutions 

However, there is doubtless an absorber tube optimum diameter (dri = 0.115 m) beyond that fluid temperature at

To generalize this outcome, a mathematical expression is established to determine the absorber tube optimum

) are tested for diverse absorber tube diameters. SHF for different aperture widths
diameters are estimated by Soltrace. Then, the SHF distribution in each case is

introduced in ANSYS software as User defined functions written in C++ program. After that, thirty

diverse receiver diameters and for various opening widths
each configuration is then determined. This lets us 
diameter from which the PTC system’s performance  reduces.
pursues a linear law: optimum diameter (dop) in function of

written as follows: 

 

meaningful with an R2 =0.95. This generalized 
the PTC system. 

Evolution of the optimal diameters as a function of the opening widths Wa 

IV. CONCLUSIONS 

MCRT method combined to the CFD model give satisfactory results. Diverse
receiver tube diameters were tested to acquire a PTC’s optimum diameter. A new correlation has been developed.
This finding avoids future researches to conduct experiments or numerical simulations trying to calculate tube

configurations. In order to improve the PTC system performance

= 0.115 m) beyond that fluid temperature at 

atical expression is established to determine the absorber tube optimum 

) are tested for diverse absorber tube diameters. SHF for different aperture widths 
diameters are estimated by Soltrace. Then, the SHF distribution in each case is 

introduced in ANSYS software as User defined functions written in C++ program. After that, thirty-five CFD 

widths are shown in Figure 4. 
 deduct a generalized 

performance  reduces. We have 
in function of the opening 

 (1) 

 expression will be 

MCRT method combined to the CFD model give satisfactory results. Diverse 
receiver tube diameters were tested to acquire a PTC’s optimum diameter. A new correlation has been developed. 

numerical simulations trying to calculate tube 
performance by increasing the 
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heat transfer fluid energy absorbed and by the thermal losses reduction to the outside, a new type of receiver tube is 
tested. The latter is surrounded by a metal thickness. 

 
 
 

 
 

Fig. 4 Average temperatures at the outlet section for different dri and for different Wa 
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Abstract—The purpose of this study is to combine lightness and architectural aesthetics with the thermal and energetic qualities of 

concrete walls. Lightweight concrete with high thermal energy storage capacity was manufactured by mixing a composite phase 
change material (PCM), namely coconut oil (GV23-26), with sepiolite (S). Cells formed with these panels are subject to the vagaries of 
the summer climate over a few days at the same time as another cell, of the same dimensions, with ordinary concrete walls for 
comparison purposes. The measurements focused on the air temperature inside and outside the cells, the temperature of the walls as 
well as the heat fluxes exchanged at the walls and the amount of heat absorbed by these walls. Particular attention is paid to the 
internal temperature, an essential parameter of the thermal comfort of the cells. Our experiments have shown an increase in the 
thermal capacity of the cell envelope by the addition of PCMs, which by storing an additional part of the incident heat fluxes, leads to 
a reduction in cells inner temperature. This effect, positive for the thermal comfort, is accompanied by a reduction in the thickness 
and therefore the weight of the wall panels compared to ordinary concrete wall panel. 

 
Keywords—Experimental study, Thermal comfort in cells, Panels with PCM, Coconut oil 

I. INTRODUCTION 

As the industrial and transport sectors, the building (residential together with tertiary sectors) has become the 
largest consumer of energy in the world with 29% of total energy consumption. In France, the proportion of the final 
consumption of the residential sector reaches over 24% mainly due to the excessive use of mechanical heating and 
cooling systems in the building to guarantee the thermal comfort of the occupants [International Energy Agency 
(IEA) Data and statistics of 2018 (iea.org)]. Thermal comfort can be obtained in the building by passive or active 
means. Active means relate to the transfer of energy, stored or not, with mechanical or thermal systems, while 
passive means are mainly linked to thermal storage in the building envelope itself. [1]. Thermal energy storage (TES) 
in the building envelope in particular is one of the passive means put forward to reduce the energy consumption of 
buildings. The use of phase change materials (PCM) in the building envelope has been widely studied to take 
advantage of the latent heat stored during the phase change. The implementation of PCM has become a means of 
providing thermal inertia to the building [2]. 

For example, according to the manufacturer BASF-Micronal, a wall containing 2 cm of PCM manufactured by 
BASF has the same performance in terms of thermal inertia as a brick 36 cm thick or a concrete wall of 24 cm thick 
or solid wood 38 cm thick [3]. Several criteria exist for the classification of PCMs according to their chemical 
composition, their melting temperature, their latent heat of fusion, etc. The most frequent categorization divides 
them into three groups: organic, inorganic and eutectic [4]. Comparisons made by several authors [5], [6] present the 
advantages and disadvantages of organic and inorganic materials. A large number of materials have been used and 
studied as PCM for thermal energy storage. These are mainly hydrated salts, paraffin waxes, fatty acids and 
eutectics of organic and inorganic compounds. Furthermore, a non-exhaustive list of commercially available PCMs 
can be found in [6]–[9]. The phase change temperature as well as the melting range remain important criteria in 
choosing the type of PCM to use. Their meltingrange can be determined depending on the desired application 
(building, nuclear, transport, food, textile, etc.). On the other hand, these materials must exhibit a high latent heat of 
fusion. Other criteria should also be considered (see [1], [10]). PCMs are often encapsulated before being added to 
the material. There are two types of encapsulation, microencapsulation and macroencapsulation. However, it is 
common to find in certain research works a mix between microencapsulation and macroencapsulation of MCP [11]– 
[14]. Encapsulated PCMs are generally prepared using industrial techniques. The capsules are most often made from 
inert materials (natural or synthetic polymer), which allows them not to chemically interact with the materials with 
which they are in contact (PCM or matrix). In addition, these capsules must have high thermal conductivity for 
optimal melting of the PCM and must be strong to withstand the mixing process. In addition, several authors have 
opted for the use of lightweight aggregates with a porous structure (LWA) as PCM containers. They are generally 
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mineral aggregates that are perfectly compatible with most building materials, especially concrete. They allow a 
higher content of PCM and are produced easily and at low cost. Most clayey mineral materials have a porous 
structure and a considerable specific surface. Thus, the adsorption capacity of the clay mineral is excellent and the 
PCM can easily be impregnated therein. On the other hand, clayey mineral materials having a small specific surface 
and a small spacing between the layers are not very conducive to the loading of the PCM. The interactions between 
PCM and mineral clay materials are mainly capillary force, surface tension, hydrogen bonding, Van der Waals force, 
etc. These interactions may limit PCM leakage from TESAs [8]. Commonly used clay mineral materials are kaolin 
[15], diatomite [16]–[24], sepiolite [25]–[27], bentonite [28]–[32], perlite [33]–[38], le SiO2[39]–[41], attapulgite 
[42], vermiculite [33], [34], [43], etc. mineral materials have relatively high thermal conductivity and excellent 
adsorption, which successfully remedies the shortcomings of MCP. Most of the work available in the literature that 
deals with the thermal analysis of composites incorporating TESAs indicates the same result; higher thermal storage 
capacity and lower thermal conductivity [15], [44]–[46]. Special coating materials were used to prevent leakage of 
PCM from the LWA but also to improve the thermal conductivity of the final composite material. Thus, it is 
possible to integrate it into a metal matrix [47], [48] or to manufacture a composite having better thermophysical 
properties by dispersing particles of high thermal conductivity in the PCM such as graphite, graphene or again 
aluminum (incompatible with concrete) [49]. When no precautions are taken, the technique of impregnating light 
mineral aggregates with PCM has the main drawback of leaking PCM in the liquid state. After a few cycles of 
fusion solidification, the structure of the composite is destabilized and the effectiveness and role of PCM are called 
into question. To prevent any PCM leakage, most of the studies available in the literature use a protective coating 
generally comprising epoxy resin, graphite powder and silica fume [15], [32], [44]–[46], [50], [51]. Another solution 
is to limit the maximum degree of filling to 80 %v in order to minimize the risk of leakage [52]. 

When used in buildings, PCMs can be integrated into walls, windows, sunscreens and window shutters, ceilings 
and floors [53]. This integration essentially depends on the different target applications, thus making use of unique 
configurations and characteristics. In most of the existing studies related to the integration of PCMs in the building 
envelope, it is in walls that PCMs are mainly applied. This part of the envelope represents the area where the heat 
exchange is greatest and efficient, but also where the implementation is practical and simple [10]. 

The different modes of integrating MCP into walls can be categorized into two main families, namely immersion 
and attachment. Immersion is the introduction of PCMs into building materials by means of microencapsulation, 
macroencapsulation or direct immersion techniques, while attachment is the addition of one or more layers of PCM 
to a wall. This addition remains independent of the main wall. 

Error! Reference source not found.shows a sample of research work integrating a variety of PCM products into 
walls by different methods. In some buildings, especially those used as offices, the outer envelope is made of light 
and transparent elements and the internal partitions are often absent and give way to an open configuration (open 
spaces). 

TABLE 1. 

RESEARCH INTEGRATING PCM PRODUCTS INTO WALLS USING DIFFERENT METHODS 
 

 
Authors 

Integra 
tion 
mode 

 
PCM 

Wall materiel 
containing the PCM 

 
Résultats essentiels 

 
[1] 

 
Attach 

 
PEG 600 

Fiber   cement,    VIP 
panels, PCM pannels, 
Wooden plywood 

- Decrease   of    the   amplitude    of    the    interior 
temperature by about 20 °C in summer. Storage and 
significant heat release in winter. 

[70] Mic Micronal® PCM concrete 
- The thermal comfort time is increased by at least 
10% and the maximum temperature is reduced by 6%. 

 
[73] 

Mic- 
Attach 

 
Inertek 

 
PCM concrete 

- Significant reduction in thermal conductivity. 
Reduction of peak internal surface temperature up to 1.7 ° C. 
Thermal phase shift of about 2 hours. 

 
[57] 

 
Attach 

BioPCMT 
M 

Energain 

PCM panels, Plaster 
panels 

- Lower temperature fluctuations for longer periods, 
shifting the temperature peak and reducing temperature 
extremes. 

 
[2], [69] 

 
Mic 

 
Micronal® 

 
PCM concrete 

- (2007) Increase in thermal inertia, thermal phase 
shift of about 2 hours. Other monthly suggestions. 
- (2019) Reduction of surface temperatures. Large 
thermal phase shift of internal ambient temperatures and 
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    smoother fluctuations between day and night. Same thermal 
response and mechanical resistance same after ten years. 

 
[72] 

 
Mac 

Fatty acid 
Paraffin 
Salt 
hydrated 

 
Glass bricks 

- Significant increase in temperatures with the use of 
PCM but remaining lower than those without using PCM. 
Necessary for systems with PCM coupled with efficient night 
ventilation and strict limitation of solar gain. 

[13] Mac- 
Attach 

RT27 
SP-25 A8 

Polyurethane, Bricks, 
PCM panels 

- The use of PCM reduces the temperature peak by 1 
° C and the electrical energy consumption by 15%. 

 
 

[64] 

 
 

Mic 

Eutectic : 
capric 
Acid 
myristic 
Acid 

 
 

PCM concrète 

- Decrease in mechanical resistance. The 
microcapsules retained their spherical shape after addition to 
concrete. A 2 ° C damping is achieved at midday, or 13% 
energy savings according to ASHRAE standards. PCM 
thermally stable after 2 years. 

 
[63] 

 
Mac- 
Attach 

 
Energain 

Plaster, Polystyrene 
Wood panels, PCM 
panels 

- Reduction of air temperature fluctuations in the 
room. Lower overheating with the use of PCM. Reduction of 
wall surface temperatures with PCMs. Improvement of 
thermal comfort by radiative effects. 

 
 

[61] 

 

 
Mac- 
Attach 

 

 
SP29 
RT18 

 

 
Polystyrene, PCM 
panels 

- Temperature drop of approximately 4.28 to 7.7 ° C 
during the summer day and a temperature increase of 2.02 to 
2.71 ° C during the summer night. Temperature drop for the 
winter day from 11.21 to 14.12 ° C and the temperature rise 
from 6.93 to 9.48 ° C for the winter night. Reduction of 
temperature fluctuation from 17.7 to 25.4% in winter and 
from 28.8 to 67.8% in summer. 

 
 

86 

  
RT-27 
SP-25 A8 
Ester 

Cement mortar, 
Bricks, Polyurethane, 
Plaster, Concrete, 
Asphalt, Stone 

- The use of the ester as PCM improves thermal 
results. The use of salt or ester hydrates as PCM in cells 
results in an impact reduction of 9% and 10.5% respectively, 
compared to paraffin. Adding polyurethane to any cell 
increases the total impact score by approximately 20%. 

 
 

74 

 
 

Attach 

 
 

Energain 

 
Cement mortar, 
Bricks, PCM panels 

- The thermal phase shift reaches up to 7.3 ° C. 
Reduction of thermal losses through the ceiling by 
approximately 50%. More efficient PCM in the ceiling. 6h 
shift in the passage of calories through the PCM layer. 
Reduction of energy consumption by 20%. 

 
87 

 
Attach 

 
BioPCM 
Q23 M51 

 
Aluminum panels, 
Plaster panels, PCM 

- Significant passive cooling can be achieved with 17 
m² of PCM. A moderate temperature drop is observed when 
the PCM is covered with aluminum ceiling panels and 
plasterboard. 

 
16 

 
Mac 

 
RT18® 

 
Bricks, Cement, PCM 

- The PCM significantly increases the heat storage 
capacity of the tested wall samples. The thermal amplitude 
has been reduced by 80%, when the PCM is combined with 
external insulation. 

 

In this specific case and in many other situations, it is difficult to find vertical surfaces where we can integrate 
PCMs in order to boost the thermal energy storage of the structure. This is one of the reasons for choosing roofs and 
/ or false ceiling elements for loading with MCP. Many authors have published research where PCMs have been 
integrated using different methods in the roof or under ceilings [13], [53]–[58]. PCMs are also integrated into glazed 
surfaces such as glass bricks and air gaps in double glazing [59], [60]. 

In the construction industry, the trend is now to reduce the thickness of the walls to reduce their weight, transport 
costs and construction time. Lightweight envelopes are used more and more frequently in modern buildings; 
however, they have the drawback of insufficient thermal inertia. One of the solutions advocated by many specialists 
is to incorporate PCM in the envelope [1]. 

TABLE 2. 

LITERATURE REVIEW OF CELL-TEST INTEGRATING PCM 
 

Author Location / Period 
Material / 
PCM 

Dimension 
(m) Main results 

[53] Casablanca 
Morocco, 

Brick, PCM : 
Energain 3 x 3 x3 - Temperature increase of approx. 6 °C during the night, 

increase of the thermal mass of the room, reduction of heat 
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 Winter spring   flows, up to 20 % savings in heating energy. 

 

[61] 

 
China, 
Winter summer 

 
EP, PCM : SP 
29, RT 18 

 

1 x 1 x 1 

- Summer: Reduction of the indoor temperature by approx. 4.28 
to 7.7 °C and reduction of the fluctuation of the indoor air 
temperature by up to 28.8 to 67.8%. Winter: Temperature rise 
from 6.93 to 9.48 °C during the night and the fluctuation of the 
indoor air temperature decreases from 17.7 to 25.4%. 

 
[62] 

 
Lleida Spain, 
Winter 

 
PCC, Brick, 
PCM : RT 21 

 
2.4×2.4×5.8 

- The efficiency of the PCM depends on the weather conditions, 
with 20% energy savings achieved with a partial melting of the 
MCP and 55% when the melting is complete, 25% energy 
savings in hard winter and 40% in medium winter. 

 
 

[63] 

 
Lyon 
France, 
Summer, Climatic 
chamber 

 
Concrete, 
Plaster, Ps, 
Wood, PCM : 
Energain 

 
 

3.1x3.1x2.5 

- Reducing of the air temperature fluctuations in the PCM-cell, 
lower overheating effect, reducing of the wall surface 
temperatures, improvement of the thermal comfort. 5 mm PCM 
panel is equivalent to a concrete layer of about 8 cm, increasing 
of the thermal inertia of the PCM-cell, available storage energy 
is twice as high with PCM. 

 
 

[64] 

 

Adana Turkey, 
Winter summer 

 
PCC, PCM : 
(75% capric 
acid - 25% 
myristic acid) 

 
 

2 x 2 x 2 

- Maintain of the thermal comfort of the buildings, indoor air 
temperature gain of up to 2°C corresponding to 13% energy 
savings, difference of 5°C between the internal surface 
temperatures of the two cells (due to the storage effect of the 
PCM) observed using thermal cameras, thermal stability of the 
PCM after two years of monitoring. 

 

[65] 

 
Brno-sever 
Czechia, 
Summer 

 
Plaster, Ps, SP, 
MW, PCM : RT 
27 

 

3x2.43x3.09 

- The effect of latent heat storage in the PCM and its release is 
highly dependent on the intensity of overall solar radiation and 
the temperature of the outside air. The optimum response of the 
façade occurred under a maximum total solar radiation of 600 
W/m² and an outside air temperature of up to 26 °C. 

 
 
 
 

[66] 

 
 

Hefei 
China, 
Summer, mid- 
season (Sep-Oct) 

 

Brick, Cement, 
Ps, PCM : RT 
28HC 

 
 
 

1 x 0.95 x 1 

- The maximum temperature of the interior surface of the south 
wall is 40.7 °C (Cell A, Brick walls) 34.9 °C (Cell B, PCM 
walls) and 32.5 °C (Cell C, RC walls -PCM). The corresponding 
daily indoor average temperature is 27.8 °C, 27.3 °C and 
27.0 °C, respectively. The PCM fusion time in cell C is 
approximately 16 hours per day, which is approximately 2.3 
hours longer than that of cell B. The southern wall cooling loads 
for cell C are reduced by 47.9% and 23.8% relative to cells A 
and B, respectively. 

 
 

[37] 

 
Shanghai China, 
Summer mid- 
season (March) 

Ps, Concrete, 
Brick,  PCM : 
GH 20 
(paraffin- 
SSPCM) 

 

3.25x3.86x2.9 
1 

- Reduction in the fluctuation and maximum value of the surface 
temperature of the interior face of the PCM-composite wall in 
mid-season, insufficient melting of the PCM observed during 
certain days and absence of phase change after a given date, 
approximately 43.23% increase in heat transferred to the cell for 
a representative sunny day. 

 

[67] 

 
Lleida Spain, 
NC 

Brick, Plaster, 
Cement, 
Concrete, PU, 
PCM : SP 25, 
RT 27, Ester 

 

2.4×2.4×2.4 

- Better impact of the ester used as PCM compared to salt 
hydrates. The use of salt hydrates or ester as PCM in cells 
results in a 9% and 10.5% reduction in impact, respectively, 
compared to the case of the use of paraffin. 

 
[68] 

Perugia 
Italy, 
Summer 

SR, Plaster, 
Concrete, Brick, 
Sans MCP 

3.78×4.00×2.8 
5 

- Reduction of the interior temperature, the analytical model 
shows an acceptable accuracy in the representation of the 
building cladding behavior. 

 
 

[58] 

 
Oslo 
Norway (In 
laboratory), 
Summer 

 
Plaster, Others, 
PCM : Q23 
M51 

 
 

15 m² 

- A significant passive cooling effect can be obtained by using 
17 m² of PCM, the most significant effect obtained when the 
PCM is uncoated and directly exposed to the climatic 
conditions, a decrease in temperature observed when the PCM 
was covered with aluminum false ceiling panels and 
plasterboard. 

 
 

[69] 

 

Lleida Spain, 
Summer, mid- 
season (Mar-May) 

 

Concrete, 
PCM : Micronal 
DS 5001 

 
 

2 x 2 x 3 

- The cell without PCM has a maximum temperature 1 °C higher 
than that with PCM and a minimum temperature 2 °C lower. 
The maximum temperature in the wall with PCM appears about 
2 hours later compared to the wall without PCM, i.e. the thermal 
inertia is higher, this thermal inertia appears in the afternoon due 
to the freezing of the PCM and earlier in the morning due to its 
melting. 
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[1] 

Grenoble France, 
Winter mid-season 
(Sep-Nov) 
All the year 

 
VIP, PW, Fiber 
cement, PCM : 
PEG 600 

 
Environ : 
1 x 1 x 1 

- In summer: 20°C decrease in the amplitude of the interior 
temperature of the cell with PCM on a daily cycle. In winter: 
negative indoor temperature avoided when the cell temperature 
without PCM is -9°C and the outdoor temperature is below - 
6°C. 

 
 

[70] 

 

Lleida Spain, 
Summer 

 
Concrete, 
PCM : 
Micronal DS 
5001 

 

2.64×2.64×2.5 
2 

- Reduction in maximum temperatures of approximately 6%, the 
PCM remained active for at least 4% of overtime, increase in 
comfort time by at least 10% in cells with awnings, the effect of 
high outside temperatures and solar radiation was not 
completely overcome because the 
PCM did not undergo complete phase change cycles every day. 

 
[71] Lleida Spain, 

Mid-season (April) 

PU, Plaster, 
MW, PCM : 
Paraffin 

 
NC 

- The inclusion of PCM decreases the interior ambient 
temperature by up to 3 °C and the temperature on the southern 
part of the intermediate wall. 

 
 

[57] 

 
 

Toronto Canada, 
Summer 

 
PW, Ps, Plaster, 
PCM : 
BioPCMTM, 
Energain 

 
 

NC 

- Improvement of the thermal performance of the PCM cell, 
stabilization and reduction of the maximum interior and surface 
temperatures up to 6 °C, damping of 9% of the high peak 
temperatures in the west orientation and 22% of the low peak 
temperatures in the south orientation equivalent to an average 
temperature of 4.1 °C and 4.6 C°, respectively. 

 
 

[72] 

 
Grenoble France, 
Summer, Mid- 
season (May) 

Glass        brick, 
VIP,        PCM : 
(Capric acid – 
Myritic acid), 
Paraffin, 
Hydrated salt 

 
Environ : 
1 x 1 x 1 
NC 

- For the three different glass brick walls, the interior maximum 
temperature of the PCM cell is lower than that of the test cell 
without PCM. The temperature attenuation varies between 3.5 
and 4 °C for fatty acid, 2 and 3 °C for paraffin and 3.5 and 5 °C 
for hydrated salt. 

 
 

[2] 

 

Lleida Spain, 
Summer 

 
Concrete, 
PCM : 
Micronal DS 
5001 

 
 

2.4×2.4×2.4 

- Reduction of facade surface temperatures with PCM, greater 
thermal phase shift and smoother temperature fluctuations 
between day and night. Ten years later, the cell with PCM 
showed the same thermal response obtained in 2005 and the 
mechanical performance of concrete with PCM remains the 
same. 

 

[13] 

 
Lleida 
Spain, 
Summer 

Brick, Concrete, 
Cement, PU, 
PCM : RT-27, 
SP-25 A8 

 

2.4×2.4×2.4 

- Reduction of peak temperatures up to 1 °C and smoothing of 
daily fluctuations, in summer 2008, electrical energy 
consumption was reduced in PCM cells by about 15% resulting 
in a reduction in CO2 emissions from About 1-1.5 kg/year/m², 
some PCM solidification problems were observed overnight. 

EPs: Expanded polystyrene. PCC: Precast concrete. Ps: Polystyrene. PU: Polyurethane. OSB: Oriented strand board. SP: Solar panel. 
Mineral wool. SR: Sedimentary rock. PW: Polywood. 

 
To do this, a significant number of works have been carried out on test cells in several countries including China, 

France and Italy, but the majority of these studies are located in the municipality of Puigverd de Lleida located 
(Lérida in Catalonia). , Spain). The Error! Reference source not found. summarizes the characteristics of the test 
cells as well as the main results obtained. 

This study is devoted to the evaluation of the thermal performance of a test cell called TESC-S25-b-Cell designed 
with lightweight concrete wall panels in which the sand, which represents 25% of the total volume, is replaced by 
the same volume of sepiolite impregnated with vegetable fat (Coprah oil). This cell is subjected to the vagaries of 
climatic variations over a few days at the same time as another cell, of the same dimensions, with ordinary concrete 
walls called C-R-Cell, for comparison purposes. The measurements focused on the air temperature inside and 
outside the cells, the temperature of the walls as well as the heat fluxes exchanged at the walls and the amount of 
heat absorbed by these walls. Particular attention is paid to the internal temperature, an essential parameter of the 
thermal comfort of the cells. Our experiments, carried out mainly in the summer period, have shown an increase in 
the thermal capacity of the cell envelope by the addition of PCMs, which by storing an additional part of the 
incident solar energy, leads to a reduction in cells inner temperature. This effect, positive for the thermal comfort of 
the cells, is accompanied by a reduction in the thickness and therefore the weight of the wall panels compared to 
ordinary concrete wall panels. 

II. EXPERIMENTAL 
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The TESC-S25-b is a mixture of 75 %v of an ordinary concrete and 25 %v of TESA. In the preparation of the 
concrete, a mixture of three different normal-weight aggregates is used, namely sand and medium and coarse 
gravels. The cement used as a binder is a commercially available certified NA442 CEM II / B-L 42.5 N Portland 
limestone cement, compliant with the Algerian and French standards (true class greater or equal to 42 MPa). TESA 
was obtained by direct impregnating the sepiolite LWA (S) with the PCM (VF 23-26 : a low-cost Coprah oil 
furnished by Mewaholeo industries, Malaysia) at 60 °C during 30 mn and the maximum impregnation rate was 
about 48,20 %wt. The properties of the C-R and TESC-S25-b and each component are given in Table 33, 

Table 44, Table 55 and Table 6. 

 
TABLE 3. 

CHARACTERISTICS OF LWA (SEPIOLITE) 
 

LWA ρ (kg/m3)  maxat 60°C (%wt) D(mm) Price (€/kg) Origin 

Sepiolite (S) 759 48.20 0 - 7 ≈ 0.50 Spain 

 
 

TABLE 4. 

PROPERTIES OF PCM (VF 23-26) 
 

Melting range (°C) ρ à 30 °C (kg/m3) H (j/g) Price (€/kg) Origin 

≈ 15-26 700 77 ± 13 ≈ 1 Malaysia 

 
The panels of 77 x 77 x 3 cm3, 8 in total for the two cells, are fixed to a framework formed from wooden rods of 

section 5x5 cm². The cells thus formed can be geometrically assimilated to cubes with sides of 87 cm. To allow a 
comparative study, one of the cells has only ordinary concrete panels (C-R), this is the "control" cell, while the 
second is formed from the composite concrete panels TESC-S25-b. 

 
TABLE 5. 

THERMAL AND MECHANICAL PROPERTIES OF TESTED SAMPLES AND PANELS (TESC-S25-B AND C-R) 
 

 
1) Sample 

D 
(cm) 

Componen 
t 

 
%V 

ρ 
(kg/m3 

) 

 
T (°C) 

Cp 
(J/kg.K) 

λ 
(W/m.K) 

Qs 
(kJ/kg 

) 

L 
(kJ/kg 

) 

R 28 
(MPa) 

 
TESC-S25- 

b 

 
20x20x3.3 

 
TESA-S 
Concrete 

 
25 
75 

 
1898 

10-15 
30-35 
10-35 

Cs = 1093 
Cl = 1151 
Ct = 1145 

λ s = 
1.09 

λ l = 0.72 
- - - 

4.88 
5.48 
29.43 

- - - 
- - - 

19.07 

 
15.44 
± 0.97 

C-R 20x20x3.3 Concrete 100 2195 30-35 C= 1132 λ = 1.26 5.71 - - - 26.32 
± 0.69 

 
a large area fully exposed to the sun, without any physical obstacles in the vicinity, with a north-south orientation 

and sufficiently far from each other. The lower faces and the north faces are fitted with 5 cm thick polystyrene 
panels. The north-facing posterior panels feature a 35x30 cm² opening that can be kept open or closed depending on 
the requirements of each experiment. The experiments are carried out in the enclosure of the former institute of 
architecture of the University of Tizi-Ouzou (Algeria). The Tizi-Ouzou region, located in northern Algeria, is 
representative of the typical Mediterranean climate. It is characterized by wet and cold winters and hot and dry 
summers, marked by fairly large temperature amplitudes between day and night. Figure 1shows the monthly 
averages of maximum and minimum temperatures recorded by the local meteorological station of the National 
Meteorological Office (ONM). The melting and solidification temperature ranges of TESA are compatible with the 
climatic conditions of the summer period excluding periods of heat waves, that is to say daytime temperatures above 
25 °C and nighttime temperatures below 16 °C. 

 
TABLE 6. 
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COMPOSITION OF THE SAMPLES AND PANELS TESTED (TESC-S25-B AND C-R) 
 

 Mass (kg) for 1 m3 ofconcrete 

 
Sample 

 
Sand 

Gravel 
3/8 

Gravel 
8/16 

 
Water 

 
Cement 

TESA 
including 
PCM 

C-R 623 228 991 200 400 00 00 

TESC- 
S25-b 00 228 991 200 400 281 90 

 
In view of the outside temperatures in the Tizi-Ouzou region (see Figure 1) and the thermodynamic 

characteristics of the PCM used in the concrete of the cells, the cycles of energy storage-release by latent heat 
remain fully active during the months of May, June and October and partially during the months of April and 
September. But for the months of July and August which are as shown in Figure 1 the hottest months of the year, 
nighttime temperatures are too high to allow the coprah oil to solidify. 

 
 

 
Figure 1. PCM performance according to time of year and climate 

 
 

The test cells are equipped with six K-type thermocouples and two fluxmeters connected to a data acquisition 
system for the simultaneous saving of measurements. The computer and the data acquisition are placed throughout 
the experimental campaign in a weather shelter. 4 thermocouples and a fluxmeter are provided for the TESC-S25-b- 
Cell, a thermocouple and a fluxmeter for the C-R-Cell and finally 1 thermocouple for the measurement of the 

 
 
 
 
 
 
 
 
 
 
 

temperature of the external environment (see 
Figure 2). 
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Figure 2. Schematic representation of the experimental set-up of the test cells 

The temperature inside the two test cells is measured by thermocouples placed in the center of the cells. 
Thermocouples and fluxmeters intended to measure the internal and surface temperature of the top panels, as well as 
the heat flows passing through them, are fixed on the surface using aluminum tape. The choice to make these flux 
measurements by limiting oneself to the upper panels is motivated by the fact that the thermal contributions on the 
roofs of the cells represent in summer approximately 70% of the total contributions. The device as a whole is 

 
 
 
 
 
 
 
 
 
 
 

illustrated in 
Figure 2. 
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Figure 3. Composition of the walls of the test cells in the 5 scenarios 
 

III. EXPERIMENTAL PROTOCOL 

The two test cells are subjected for several days to external climatic conditions according to five different 
scenarios (see the composition of the walls in the five scenarios in Figure 3). In the first two scenarios, the cells 
have no thermal insulation with windows closed in the first case and open in the second. In the third test, the wall 
panels have no insulation boards and the windows are closed during the day and open at night. Finally, the panels 
are insulated by adding a 1.5 cm thick sheet of polystyrene, inner side in the fourth test and outer side for the fifth 
and final experiment by keeping the windows closed during the day and open at night. 

 

Figure 4. External and internal appearance of the two test cells in the 5 scenarios 
 
 

To further characterize the thermal behavior of TESC-S25-b panels, including its performance in terms of phase 
shift and thermal damping, experiments are conducted in the laboratory under controlled conditions. The 
experimental set-up, shown in Figure 5, comprises two exchanger plates on which are placed the two square 
samples of TESC-S25-b and C-R, 20 cm square and 3 cm thick. The exchangers are permanently supplied with 
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water, coming from two thermostatically controlled circulating baths. The outlines of the two samples are carefully 
isolated by sufficiently thick polystyrene plates, the upper faces (noted face 2) being left free. Before any 
experiment, we checked the consistency of the temperature measurements made on the two exchangers. We fed 
them with the bath water by imposing two heating-cooling cycles of 40 minutes each from 10 °C to 50 °C. The 
temperatures and flows at the surface of the exchangers are measured. The values are very similar for the two 
parameters, which makes it possible to conclude positively on the reliability of the set-up. The samples being placed 
on the exchangers, an experiment of three cycles of 100 min each is carried out with temperatures varying from 
10 °C to 50 °C. Thermocouples measure the temperatures in the middle and on the surface of the samples, on the 
exchanger side, while a fluxmeter placed on the upper face (face 2) of the samples measures the heat flows passing 
through them. These eight sensors are connected to a data acquisition center connected to a computer. 

 

Figure 5. Schematic representation of the experimental setup planned for the evaluation of the phase shift and thermal damping of the C-R and TESC-S25-b 
samples under controlled conditions 
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Figure 6. Verification of the agreement of the temperatures and heat flows emitted by the two exchangers 
 
 

IV. RESULTS AND DISCUSSION 

A. The testing scenarios 

i. Scenario 1: 31/08-02/09/2019, closed window, without insulation 

During the three successive days of the experiment, the outside temperature has a similar evolution and reaches 
the same maximum value of 34 ° C. Inside the cells, the maximum reached temperature varies between 40 and 
43 °C for TESC-S25-b-Cell and between 41 and 44 °C for C-R-Cell. With the exception of a short period between 8 
a.m. and 10 a.m., the temperature remained slightly higher in the C-R-Cell and the range reached 1 °C at midday. 
Closing the windows resulted in significant overheating (S). It evolves during the day in phase with the outside 

T
em

pe
ra

tu
re

 T
 (°

C
) 

H
ea

t f
lu

x 
(m

V
) 



11ème Conférence Internationale des Energies Renouvelables (CIER-2023) 
Proceedings of Engineering & Technology-PET-Vol 85 

Copyright © 2024 
ISSN: 1737-9334 110 

 

 

temperature and reaches a maximum of around 10 °C in the C-R-Cell and 9 °C in the TESC-S25-b-Cell 

( 
Figure 7). The cells' lack of thermal insulation and their small size, combined with the lack of ventilation, further 

accentuate this overheating phenomenon. Estimated from 

Figure 12, the thermal phase shift in the two cells is almost identical (D ≈ 1 hour). Thus, it is about 59 min in the 
C-R-Cell and it is 69 min in the TESC-S25-b-Cell, the PCM being in the liquid phase for the duration of the 
experiment. During these days, nighttime outdoor temperatures never dropped to a level low enough to solidify the 
PCM and activate the latent heat storage-release cycle. Overall, the flows recorded on the two cells are very close 
and follow the same daily evolution. The numerical values of the flows are very slightly different, greater in the CR- 
Cell during periods of underheating, at the end of the day and during the night, and higher in the TESC-S25-b-Cell 
between 6 a.m. and 2 p.m. 
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Figure 7. Variation of inside and outside temperatures of the test cells and heat flow through the upper walls (Sc1) 
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Figure 8. Variation of inside and outside temperatures of the test cells and heat flow through the upper walls (Sc2) 
 

 
ii. Scenario 2: 03-05/09/2019, opened window, without insulation 

During the three days of the measurement campaign, the weather was sunny with a moderately high maximum 
outside temperature (31 °C - 35 °C). Inside the cells, the maximum temperature during the day reaches a value 
higher than the ambient temperature with approximately 33 to 37 ° C for the TESC-S25-b-Cell and 34 to 38.5 ° C 
for the CR-Cell (see Error! Reference source not found.). Tempered by ventilation, the overheat, 2 °C for the 
TESC-S25-b-Cell and between 3 °C and 3.5 °C in the C-R-Cell, is much less (see 

Figure 12). The temperature remains higher in the C-R-Cell, with the exception of the 8 am-10 am period, with an 
average deviation at midday of 1.5 °C for the first two days and 1 °C on the third. The heat flow is greater, in the C- 
R-Cell at the end of the day and during the night and in the TESC-S25-b-Cell from 6 a.m. to 2 p.m. As in the first 
scenario, the thermal phase shift is around 60 minutes for the two cells. Here too the nighttime outdoor temperatures 
are not low enough, the PCM has remained in the liquid domain and the latent heat storage is not activated. The 
most interesting result remains the relative improvement in the thermal damping factor in the TESC-S25-b-Cell, 
which seems to be better insulated, especially since this is combined with a decrease in the average density of the 
panels synonymous with panels lighter. Opening the windows refreshed the interior ambience of the cells and 
reduced overheating, but without ensuring an acceptable level of thermal comfort. To obtain more information on 
these cells and to analyze the contribution of the MCP with an activated phase change cycle, additional experiments 
were carried out under more favorable climatic conditions (Scenarios 3, 4 and 5). 

 
iii. Scenario 3: 27/09-01/10/2019, windows closed the day, opened at night, without insulation 

During the measurement campaign carried out over a period of 5 days (from 09/27 to 10/01), the weather was 
sunny until the fourth day, then very rainy on the fifth; daytime temperatures were high, well above the melting 
temperature of coconut oil, and during the nights they dropped to 15 °C to 25 °C allowing it to solidify. In other 
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words, the weather conditions were favorable for the MCP phase change cycle. The curves drawn from the 
measurements of temperature and heat flux in the test cells have similar shapes with, however, some differences in 
relation to their thermal insulation. During the first four days, the temperature is approximately 3 °C lower in the 
TESC-S25-b-Cell. However, temperature levels remain excessively high, with a maximum of around 45 ° C for 
TESC-S25-b-Cell and 48 °C for C-R-Cell. Between 6 a.m. and 9:30 a.m., when the window is closed, the internal 
temperature rises more slowly than the outside temperature. After 9:30 am, the temperature rises rapidly in the cells 
giving overheating reaching 9 °C for the TESC-S25-b-Cell and 12 °C for the C-R-Cell. Figure 9 and 

Figure 12, it can be seen that the average difference in maximum temperatures between the inner and outer faces 
of the top panel of the TESC-S25-b-Cell is 3 °C. It becomes insignificant for minimum temperatures (around 
0.15 °C). The average thermal phase shift noted on the graph of the two cells (Figure 9) is approximately 1.5 hours. 
So, about 2 hours earlier, the temperature in the C-R-Cell has already reached the same value as the maximum 
temperature of the TESC-S25-b-Cell. Regarding the heat fluxes recorded in the two test cells, the evolution is 
generally the same, with lower values on the inner face of the roof of the TESC-S25-b-Cell. 

 

 

Figure 9. Variation of inside and outside temperatures of the test cells and heat flow through the upper walls (Sc3) 
 

Indeed, the examination of the heat flow and temperature curves of the test cells makes it possible to detect a 
relative efficiency of the process with a drop in the values for the temperature in the TESC-S25-b-Cell and in the 
heat flows exchanged. It is a result of the storage of part of the heat received in the form of latent heat. During the 
night, this flux is higher in the TESC-S25-b-Cell, which is explained by the release of the thermal energy absorbed 
by its walls during the day, which is greater compared to that which was stored by the CR-Cell panels. 

In view of these results, the TESC-S25-b-Cell cell showed very promising behavior. An improvement compared 
to the C-R-Cell is observable, this despite the average amount of MCP used. Note that in these experiments, the 
internal temperature in the TESC-S25-b-Cell however remains quite high. The thermal phase shift and damping can 
be increased with a greater wall thickness, a greater amount of MCP incorporated as well as by the addition of an 
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insulating plate on the panels. It is for this and to have a simulation that best approaches the reality of the building 
that two other experiments were carried out on these cells where polystyrene sheets are added on the interior faces 
of the concrete panels for the first experiment then on their outer faces for the second. 

iv. Scenario 4: 05-11/10/2019, windows closed the day, opened at night, interior insulation 

With the exception of the second day marked by bad weather and a temperature that fluctuates below 30 ° C, the 
other days were under perfectly clear skies with high temperatures during the day and quite low at night, oscillating 

 
 
 
 
 
 
 
 
 
 
 

between 12 °C and 41 °C. According to 
Figure 10, the maximum temperatures recorded inside the concrete slabs and on their two faces are between 

43 °C and 51 °C during the day and between 8 °C and 12 °C at night; a final temperature range, from 8 °C to 51 °C, 
favorable to phase changes, total melting and solidification of the MCP contained in the concrete. Although the flow 
and temperature curves follow similar patterns, the thermal performance of the two cells is slightly different. At 
night, the internal temperature curves meet and merge for the two cells. During the day, overheating, quite 
significant in both cells. The thermal phase shift is in the 30-80 minute interval with greater superheating (S) as the 
outside temperature increases. It reaches a maximum of around 5 °C for TESC-S25-b-Cell and 6.5 °C for C-R-Cell. 
Overall, the curves of the fluxes measured on the two test cells follow the same pattern with similar values. It should 
be noted at night that on the roof panel of the TESC-S25-b-Cell, the heat flow exchanged on the exterior side is 
greater than that which is exchanged with the interior of the cell. The internal thermal insulation device was not 
enough to lower the internal temperature of the two test cells below the external temperature. In fact, the 
temperatures recorded on the roof are very high and cause the cells to heat up when the windows are closed. 

During the night period when temperatures are low and below the melting range of the MCP, the temperatures of 
the concrete panels are much lower than the outside temperature due to the nighttime radiation, while the 
temperatures inside the two cells- test are almost similar to the outside temperature because of the exchanges by 
convection through the windows left open. The position of the insulating plate on the interior side reduces the 
transfer to the cell of heat stored during the day by the panels. Regarding the heat fluxes measured by the fluxmeters 
installed between the concrete panels and the polystyrene sheets (see Figure 3), they reach average maximum values 
of around 20 W.m-2 during the daytime period coinciding with the storage phase of heat by the concrete panels, and 
4 W.m-2 during the night period corresponding to the phase of restitution of this heat. When we take a closer look at 
the flux curves, we see a slight superiority of the flux recorded in the TESC-S25-b-Cell at midday and overnight. 
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Figure 10. Variation of inside and outside temperatures of the test cells and heat flow through the upper walls (Sc4) 
 

The results obtained during these experiments lead to conclusions similar to those in the literature. That is, PCMs 
used in concrete as a thermal dopant can cause temperature gains between 1 °C to 7 °C [10], [69]. 

v. Scenario 5: 13-15/10/2019, windows closed the day, opened at night, exterior insulation 

These experiments, carried out from October 13 at midnight to October 15, at midnight, show certain differences 

in the thermal behavior of the two test cells (see 
Figure 11). A refined analysis of the temperature curves makes it possible to distinguish three phases: a first 

period which lasts 2 to 3 hours and begins in the early hours of dawn; the windows are still open at this time of day, 
and the ambient temperature outside quite low (around 15 ° C). In this phase, the temperature in TESC-S25-b-Cell is 
slightly higher than that of CR-Cell. A second phase follows during the diurnal period of the day, which lasts about 
ten hours; the windows are in the closed position. In this phase which ends at the end of the afternoon around 6 p.m., 
the two curves almost merge, the two temperatures being quite close. In the evening and after opening the windows, 
the third phase begins, characterized by a temperature curve of the TESC-S25-b-Cell which passes little by little and 
slightly below that of the CR-Cell, this until to achieve a temperature difference of about 1 °C. Still from these two 
curves, we can see that putting insulation on the outside of the panels has an effect on the damping rate (A). It 
becomes more important than in the case of internal insulation. Indeed, thanks to this arrangement, the temperatures 
in the two cells fell, and even remained lower than the ambient temperature during the hottest period of the day. The 
temperature attenuation increases as the outside temperature increases and reaches a maximum of around 7 °C. The 
phase shift between the two curves is on average 2.5 hours. Regarding the weather conditions, it should be noted 
that from the second day, the climate became relatively milder with temperatures not exceeding 30 °C and a 
completely clear sky on the first day and then partially cloudy. The measurement campaign ended at the end of the 
third day under the constraint of heavy rains which occurred at midday of the fourth day. 

As previously indicated, the solidification limit temperature of the PCM used in the panels, coconut oil, is around 
15 °C, the minimum temperature to be reached to ensure that the PCM solidifies completely, and restores all the 
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heat stored to melt. During our experiments, these conditions were not always reached, which somewhat reduced the 
impact of this phenomenon on the thermal comfort of the test cell, the efficiency of the panels being conditioned by 
the rate of melting and solidification. of the PCMs they contain. 

 

 
Figure 11. Variation of inside and outside temperatures of the test cells and heat flow through the upper walls (Sc5) 

 

Regarding the heat fluxes exchanged between the internal faces of the panels with the interior of the cells and the 
comparative study of their evolution in the two cells, there are three zones as for temperatures. A first phase in the 
early morning in which the flow of the TESC-S25-b-Cell panels is greater, followed by a second where the trend is 
reversed and which lasts until the end of the afternoon. The third phase, nocturnal, is marked by flows which tend to 
equalize. Note that the direction of flow is imposed by the sign of the temperature gradients between the interior of 
the cells, the wall of the panels and the external ambient environment. The maximum flux exchanged and 
transferred by the external environment is of the order of 30 W/m², it is reached in the middle of the day. The flows 
evolve in a bell and decrease significantly at the end of the day. In this time interval, the temperature of the walls 
becomes higher than those of the cells and the external environment and the flow is thus directed from the wall to 
the interior. During the first two days, during the night period, it reaches a maximum value of -10 W.m-2. For TESC- 
S25-b-Cell panels, which show a slightly higher heat release potential than C-R-Cell panels. This is explained by the 
fact that the PCM begins to solidify following the drop in temperatures, the latent heat flux being added to the 
sensible flux. The value of these flows is negative, indicating that the flows have changed direction, the temperature 
of the panels having exceeded that of the cells. When the solid-liquid phase change is complete, which happens 
when temperatures are high enough in the middle of the day, the flux exchanged by the CR-Cell panels becomes 
greater, due to better thermal conductivity, the TESC- panels S25-b being more insulating. 

 

Figure 12. Temperature outside and inside the cells and superheating value in the 5 scenarios 
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Figure 13. Thermal tests on TESC-S25-b and C-R under controlled conditions; temperature and heat flux variation 
 

 
B. Controlled conditions tests 

 

Figure 13 shows that the temperature at the interface of the exchanger with the sample (T face 1) is higher for the 
TESC-S25-b reaching a maximum of 48.3 °C against 43.89 °C for the C-R, with temperatures in this sample which 
change more rapidly both in the temperature rise phase and in cooling. During cooling, we see lower temperatures 
on the TESC-S25-b with a minimum of 8.81 °C against 10.38 °C on the C-R. This is due to its lower heat capacity 
ρ.Cp compared to that of the sample of C-R, (TESC-S25-b: 2173 kJ/kg.K <C-R: 2485 kJ/kg.K). The heat fluxes are 
greater for the C-R plate in the heating phase due to a larger temperature difference than for the TESC-S25-b at the 
exchanger-sample contact surface; Conversely, and for the same reasons of temperature differences rather favorable 
to TESC in this phase, the flows in this sample prevail. Subject to the same conditions (temperature and cycle time, 
etc.), the two samples TESC-S25-b and C-R exhibit different phase shift and thermal damping values. The recorded 
average phase shift is 9 minutes for the TESC-S25-b and 6 minutes for the C-R. In addition to the low value of the 
conductivity of the TESC-S25-b, this phase shift is to be related to the phase change of the MCP contained in the 
TESC-S25-b, an effect which delays the evolution of the temperature in this medium. An interesting result to note is 
the average temperature difference observed between the two faces of the samples. Equal to about 15 °C, it is twice 
as important in TESC-S25-b than in C-R with 7 °C. The damping of the external thermal signal, characteristic of the 
insulating property of the constituent materials of the panels, is therefore more efficient for the TESC-S25-b, result 
in accordance with the thermal conductivity measurements carried out, 0.72 W/m.K against 1.26 W/m.K for the C-R. 
Thus, all the results of these experiments, carried out in the laboratory on the two plates subjected to controlled 
conditions, fully confirm and support the conclusions drawn from the performance of the test cells placed in external 
climatic conditions. 

 

V. CONCLUSION 

This study was a verification of the thermal properties of TESC-S25-b and its effects on indoor thermal comfort 
when it is used as panels. Two 87 cm3 test cells, made up of four TESC-S25-b panels for the first and four ordinary 
concrete (C-R) panels for the control cell were designed. Interior temperatures and walls, as well as heat flows 
passing through the wall panels were measured in real situations. Five scenarios were tested and made it possible to 
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carry out a comparative study of the thermal environment inside the two cells. Without insulation in the first two 
scenarios, windows closed then open, a third scenario where the windows are closed during the day and open at 
night and finally two last scenarios, with interior insulation then exterior by polystyrene plates, the windows being 
open at night and closed during the day. In addition to these outdoor tests, laboratory measurements are performed 
on C-R and TESC-S25-b plates to assess the thermal phase shift and thermal signal damping for these plates. The 
energy efficiency of the cell isolated from the outside was evident; this configuration is that which achieves the best 
conditions of thermal comfort. When their wall panels are not insulated, there is any noticeable difference in the 
behavior of the two cells and a significant overheating has been noted in the interior. When insulation is applied 
from the inside, greater thermal damping is seen in the TESC-S25-b-Cell. 

In addition, the following points were noted as a result of these experiences: 
• The importance of night-time ventilation in the summer to promote the completion of the melting/solidification 

cycle. In fact, closing the windows at night prevents the walls from cooling below the melting point of the PCM. By 
remaining in the liquid state, PCM cannot contribute to thermal comfort the next day and remains without any effect; 

• Full or no ventilation is not recommended; 
• The importance of choosing the PCM according to its melting/solidification range in accordance with the 

thermal amplitude of the target period; 
• The case with external insulation is the most efficient and would be even more interesting in winter; 
• The additional thermal inertia provided by the addition of PCM allows for better thermal performance than 

ordinary concrete, in addition to the advantage of being a lighter and less expensive composite material. 
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Abstract— An experimental study has been conducted to evaluate the performance of two types of evacuated tube solar 
collectors (ETSC) – Heat Pipe and Direct Flow. The investigation, focused on the operational parameters, explored the 
impact of the incident solar intensities and HTF mass flow rate on the overall performance of the Heat Pipe ETSC. 
Additionally, the study examined the performance of a heat pipe with four direct flow configurations (U-tube, Double U- 
tube, Coaxial tube, and Helical tube). The comparative analysis, conducted under uniform experimental conditions with 
water as the heat transfer fluid (HTF), revealed that the Helical tube configurationenhanced overall ETSC 
performancedemonstrating a remarkable 69% increase in thermal efficiency and achieving an HTF temperature of 
27.5°C. 
Keywords— Evacuated tube solar collector; helical tube; heat pipe; U-tube; coaxial tubes; double U-tube. 

 

I. INTRODUCTION 

With the rapid growth of the population over the years, the demand for energy sources and supplies has increased, as 
well as the reliance on limited fossil fuels, leading to an increase in global warming. Therefore, the search for new 
ways to obtain energy is extremely important. The use of solar thermal collectors is one of the most promising 
methods of harvesting solar energy in order to fulfill rising energy needs and reduce greenhouse gas emissions [1]. 
In general, there are two kinds of solar thermal collectors: a flat-plate solar collector (FPSC) and an evacuated tube 
solar collector (ETSC). There are two main categories of ETSCs [2]–[4]: (i)Direct-flow ETSC; and (ii) Heat-pipe 
ETSC. The ETSCs are the most promising solar collector outperforming FPSCs in term of efficiency and 
operational temperatures. An ETSC is a solar collector comprising two highly durable glass tubes fused together and 
filled with vacuum inorder to reduce losses through convection. The outer tube, known for itshigh transmissivity 
and low reflection, allows efficient radiation passage. The inner surface of the glass tube is coated with a selective 
material, maximizing solar energy absorption and minimizing reflection to effectively capture and retain heat.[5] 
Furthermore, the upper tube enhances thermal efficiency by inducing a greenhouse effect. Different researchers have 
focused their attention on several elements, including construction, design, heat transfer fluid type, radiation capture 
techniques, and tilt angle, which have a substantial impact on the ETSC’s performance[5], [6]. 

II. EXPERIMENTAL SET UP AND METHODOLOGY 

A. Design of the ETSC with heat pipe configuration 
 

The ETSC with heat pipe studied in this work consists of 10 evacuated tubes connected to a manifold. The 
evacuated tubes are made of high borosilicate glass. A heat pipe is placed within each tube with geometric 
parameters presented in Table I. The surface of the inner evacuated tubes is covered by a selective coating material, 
in contact with circular aluminium fins, designed to absorb the incident radiation collected as thermal energy. The 
HTF circulated inside the heat pipes is water. 
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B. Design of the direct flow ETSCs 

Fig. 1 Cross section of the Heat pipe ETSC system[7] 

 

The direct flow ETSC consist of two glass tubes enclosed in vacuum. The inner glass tube is covered with a 
selective coating and linked to the heat exchanger with water circulating within it. Four heat exchanger 
configurations were proposed and studied in this work as seen in Fig 2: U-tube, double U-tube, helical tube and 
coaxial tube. The geometric parameters of the four configurations are presented in Table I. 

 
- U-Tube configuration 

The U-tube shaped design enhances the absorption of the of sunlight and facilitates the flow of the HTF circulating 
inside the tube. The U-Tube which is shown in Fig 2a is made up of copper material and enrolled with aluminium 
fin with a thickness of 0.8 mm. 

 
- The double U-tube configuration 

The ETSC with double U-tube configuration represented in Fig 2b, consist of two U-shaped tubes made of copper. 
The two tubes are attached to an aluminium fin. 

 
- The Coaxial tube configuration 

The coaxial heat exchanger consists of tube inside tube, the two coaxial tubes are welded at the bottom and attached 
to an aluminium fin. The HTF circulated within the inner tube. This type of heat exchanger helps reducing heat loss. 
The present configuration is presented in Fig 2c. 

 
- The helical tube configuration 

The helical tube heat exchanger, presented in Fig 2d, consists of a spiral tube, which maximizes the surface 
area exposed to sunlight allowing for a maximum capture of solar radiation. The helical tube configuration makes a 
direct contact with the inner glass tube. 
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Fig. 2 Configuration of the direct

 

 

 

Parameters Heat Pipe 

Pipe length (mm) 680 
Pipe Diameter 

(mm) 
15.88/25.4 

Glass tube 
Length (mm) 

700 

Glass Tube 
diameter (mm) 

58/54 

 
 

C. The experimental procedure 

A purpose-built indoor experimental test rig was developed to assess the thermal performance of a typical ETSC
featuring a heat pipe.The experiments involved facing the ETSC to a solar simulator.The initial phase of the study
focused on examining the impact 
performance.Subsequently, a comparative investigation was conducted to assess the performance of the typical
ETSC against direct-flow ETSCs, each configured differently:with a U
and a coaxial tube. Fig 3 depicts the experimental

Fig. 3 The
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direct flow ETSC: (a) U-tube, (b) double U-tube, (c) Coaxial tube and 

TABLE I: 
GEOMETRIC PARAMETERS OF THE DIRECT ETSCS 

Direct Flow ETSCs
U- Tube Double U-Tube Helical

1360 2720 5730
7.94 7.94 7.94

700 700 

58/54 58/54 58/54

built indoor experimental test rig was developed to assess the thermal performance of a typical ETSC
featuring a heat pipe.The experiments involved facing the ETSC to a solar simulator.The initial phase of the study

 of received solar irradiance and mass flow
performance.Subsequently, a comparative investigation was conducted to assess the performance of the typical

flow ETSCs, each configured differently:with a U-tube, a double U
experimental setup of the 10 evacuated tubes exposed

The experimental setup of the ETSC with heat pipe configuration 

 

 (d) helical tube 

ETSCs 
Helical Tube Coaxial Tube 

5730 680 
7.94 7.94 

700 700 

58/54 58/54 

built indoor experimental test rig was developed to assess the thermal performance of a typical ETSC 
featuring a heat pipe.The experiments involved facing the ETSC to a solar simulator.The initial phase of the study 

flow rate on the ETSC's 
performance.Subsequently, a comparative investigation was conducted to assess the performance of the typical 

a double U-tube with a helical tube, 
exposed to a solar simulator. 
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D. Performance analysis 

The thermal efficiency of an ETSC is a measure of how effectively the collector converts solar energy into usable
heat.It is typically expressed as the ratio of the actual heat gain or
radiation that is incident on the collector.

(1) 

With A is the area of the solar collector
The heat gained from the ETSC can be

(2) 
 

With 𝑚̇ represents the mass flow rate of 
 

A. Study of the conventional Heat pipe ETSC

1) Effect of the solar irradiance 

In order to investigate the influence
intensities were specifically selected: 300, 500, and 1000 W/m
inlet water temperature were consistently set at 0.6 LPM and 36 °C, respectively.The process 
inlet water through the manifold connected

 
Fig. 4 The impact of

The influence of the incident solar intensities on the overall 
depicted in fig.4. The evolution of the HTF outlet temperature for three different solar intensities
500W/m2 and 1000W/m2) is presented in Fig 4a.
HTF outlet temperatures for the ETSC,reaching a peak of 48°C after 2400 seconds.Specifically, the HTF achieved
outlet temperatures of 42°C and 39°C when exposed to solar intensities of 500 W/m
is noted that the ETSC receives solar irradiance for the first 2400 seconds after that the solar radiation remains at
zero W/m2. Figure 4b illustrates the impact
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The thermal efficiency of an ETSC is a measure of how effectively the collector converts solar energy into usable
heat.It is typically expressed as the ratio of the actual heat gain or output energy from the

collector. The formula for thermal efficiency is represented

collector and I is the solar irradiance received by the solar
be calculated from the expression bellow[8]: 

of the water circulating inside the heat exchanger. 

I. RESULTS 

pipe ETSC system 

influence of solar irradiation on the performance of the
intensities were specifically selected: 300, 500, and 1000 W/m2.Throughout this experiment, the flow rate and the
inlet water temperature were consistently set at 0.6 LPM and 36 °C, respectively.The process 

connected to the heat pipes within the ETSC system. 

impact of solar intensity on the overall performance of the ETSC 

The influence of the incident solar intensities on the overall performance of the ETSC during 80 minutes is
depicted in fig.4. The evolution of the HTF outlet temperature for three different solar intensities

) is presented in Fig 4a. The results indicated that elevating solar intensity l
HTF outlet temperatures for the ETSC,reaching a peak of 48°C after 2400 seconds.Specifically, the HTF achieved
outlet temperatures of 42°C and 39°C when exposed to solar intensities of 500 W/m2 and 300 W/m

ETSC receives solar irradiance for the first 2400 seconds after that the solar radiation remains at
impact of solar intensities on the efficiency of the ETSC.

The thermal efficiency of an ETSC is a measure of how effectively the collector converts solar energy into usable 
output energy from the ETSC to the solar 

is represented as bellow[8]: 

solar simulator. 

the heat pipe ETSC, three 
.Throughout this experiment, the flow rate and the 

inlet water temperature were consistently set at 0.6 LPM and 36 °C, respectively.The process involved heating the 

performance of the ETSC during 80 minutes is 
depicted in fig.4. The evolution of the HTF outlet temperature for three different solar intensities (300W/m2, 

The results indicated that elevating solar intensity led to higher 
HTF outlet temperatures for the ETSC,reaching a peak of 48°C after 2400 seconds.Specifically, the HTF achieved 

and 300 W/m2, respectively. It 
ETSC receives solar irradiance for the first 2400 seconds after that the solar radiation remains at 

ETSC. The findings indicate a 
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notable influence of solar irradiance on the ETSC efficiency.Higher solar intensities resulted in a lower efficiency of
30.76%, whereas, with solar intensities of 500 W/m
respectively.This finding can be explained by the fact that the solar collector reached a point where its heat output
exceeds it saturation limit, leading to the observes

2) Effect of the mass flow rates 

An experimental investigation took place to study the 
heat pipe ETSC. The experiment is set under different mass flow rates of 0.6 LPM, 1.2LPM and 2.4 LPM, with a
higher incident solar intensity of 1000 W/m

Fig. 5 The

Figure 5 illustrates the evolution of the HTF outlet temperature over
distinct mass flow rates (0.6 LPM, 1.2
temperature for the initial 2400 seconds, reaching peaks of 34.1°C, 29.5°C, and 24.1°Cwith mass flow rates of 0.6
LPM, 1.2 LPM, and 2.4 LPM, respectively. As the solar irradiance diminishes after the first 2400 seconds and
remains at 0 W/m2,the HTF outlet temperature for all three cases starts to decrease, eventually stabilizing at the inlet
water temperature at the end of the 
temperatures when employing lower mass 
diminishing HTF mass flow rates prolong the contact time between the HTF and the condenser inside the heat pipe.
The slower movement of water allows for more extended contact with the he
higher outlet temperature provided by
circulation time of the HTF diminishes, 

B. Effect of the heat exchanger design 

In the second part of the study, a comparative analysis was undertaken to evaluate the performance of an ETSC
specifically focusing on the design of its
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influence of solar irradiance on the ETSC efficiency.Higher solar intensities resulted in a lower efficiency of
30.76%, whereas, with solar intensities of 500 W/m2 and 300 W/m2, the efficiency increased to 31.38% and 50.71%,

e explained by the fact that the solar collector reached a point where its heat output
the observes impact on the efficiency. 

An experimental investigation took place to study the influence of the HTF mass flow rate on the behavior of the
heat pipe ETSC. The experiment is set under different mass flow rates of 0.6 LPM, 1.2LPM and 2.4 LPM, with a

W/m2 and for an initial temperature of 22°C. 

The impact of mass flow rate on the HTF outlet temperature 

evolution of the HTF outlet temperature over an 80-minute period, employing three
1.2 LPM, and 2.4 LMP).The results indicate 

temperature for the initial 2400 seconds, reaching peaks of 34.1°C, 29.5°C, and 24.1°Cwith mass flow rates of 0.6
LPM, 1.2 LPM, and 2.4 LPM, respectively. As the solar irradiance diminishes after the first 2400 seconds and

,the HTF outlet temperature for all three cases starts to decrease, eventually stabilizing at the inlet
 experiment. The findings highlight that the ETSC

temperatures when employing lower mass flow rates of 0.6 LPM. This outcome can be explained by the fact that
diminishing HTF mass flow rates prolong the contact time between the HTF and the condenser inside the heat pipe.
The slower movement of water allows for more extended contact with the heat exchanging surfaces, resulting in a

by the ETSC. Conversely, when employing higher
 leading to a lower HTF temperature. 

the second part of the study, a comparative analysis was undertaken to evaluate the performance of an ETSC
its heat exchanger. 

influence of solar irradiance on the ETSC efficiency.Higher solar intensities resulted in a lower efficiency of 
, the efficiency increased to 31.38% and 50.71%, 

e explained by the fact that the solar collector reached a point where its heat output 

influence of the HTF mass flow rate on the behavior of the 
heat pipe ETSC. The experiment is set under different mass flow rates of 0.6 LPM, 1.2LPM and 2.4 LPM, with a 

minute period, employing three 
 a continuous rise in HTF 

temperature for the initial 2400 seconds, reaching peaks of 34.1°C, 29.5°C, and 24.1°Cwith mass flow rates of 0.6 
LPM, 1.2 LPM, and 2.4 LPM, respectively. As the solar irradiance diminishes after the first 2400 seconds and 

,the HTF outlet temperature for all three cases starts to decrease, eventually stabilizing at the inlet 
the ETSC achieves higher HTF 

flow rates of 0.6 LPM. This outcome can be explained by the fact that 
diminishing HTF mass flow rates prolong the contact time between the HTF and the condenser inside the heat pipe. 

at exchanging surfaces, resulting in a 
higher mass flow rates, the 

the second part of the study, a comparative analysis was undertaken to evaluate the performance of an ETSC 
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Fig.6 Effect of the ETSC configuration

Four distinct single direct-flow ETSC configurations were subjected to testing and compared against a single
ETSC featuring a heat pipe configuration, as illustrated in Fig. 6. These assessments were conducted 
experimental conditions, involving a higher solar irradiance of 1000 W/m
LPM with an initial HTF inlet temperature set at 22°C. As depicted in Fig. 6a, the temporal evolution of HTF outlet
temperatures for various ETSC configurations over a 5000 second duration revealed notable distinctions. The helical
tube heat exchanger consistently outperformed other configurations, achieving a peak temperature of 27.5°C at the
2500-second mark. Additionally, the temp
the U-tube, double U-tube, and heat 
Moreover, in the absence of solar irradiance, temperatures gradually declined,
23°C, and 22.8°C for the Heat Pipe, double U
superior performance of the helical tube heat exchanger under heightened solar irradiance, attributed to it
that augments the surface area, facilitating increased the contact of the HTF to be heated. Furthermore, the direct
connection of the helical tube to the inner area of the glass tube without an aluminium fin enhances its efficiency. In
Fig. 6b, the efficiency of the five ETSC types is presented. The helical tube configuration exhibited the highest
efficiency at 69%, followed by the coaxial
configurations demonstrated efficiencies of 52%, 
exchanger design on overall ETSC performance. The elevated thermal efficiency observed in the helical tube ETSC
underscores its superior capability in converting sunlight into usable heat, a
performance of solar thermal systems. Enhancing thermal efficiency stands as a primary objective in the design and
optimization of solar collectors, aiming 

This paper work experimentally studies the parametric effect of a conventional heat pipe evacuated tube solar
collector used as water heater and compare it with different configuration of a direct flow evacuated tube solar
collector. Two experiment tests were presented. The first test focused on the influence of the solar irradiation and
water mass flow rate on the effectiveness of the ETSC. Four single direct flow ETSC were studied in the second
experiment in order to compare it with heat
tube, and double U tube. The following 

- The ETSC provides higher temperature
48°C when received higher solar irradiance
- The deployment of lower mass flow
- The comparison of the five 

configuration performed better compared to the other configurations, by generation
27.5°C and a higher efficiency of 69%.
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ETSC configuration (a) on the HTF outlet temperature (b) and on the thermal

flow ETSC configurations were subjected to testing and compared against a single
ETSC featuring a heat pipe configuration, as illustrated in Fig. 6. These assessments were conducted 
experimental conditions, involving a higher solar irradiance of 1000 W/m2 and a HTF low mass flow rate of 0.6
LPM with an initial HTF inlet temperature set at 22°C. As depicted in Fig. 6a, the temporal evolution of HTF outlet

or various ETSC configurations over a 5000 second duration revealed notable distinctions. The helical
tube heat exchanger consistently outperformed other configurations, achieving a peak temperature of 27.5°C at the

second mark. Additionally, the temperature of the coaxial configuration reached a maximum of 26.1°C, while
 pipe configurations peaked at 26°C, 25.4°C,

Moreover, in the absence of solar irradiance, temperatures gradually declined, reaching 23.5°C, 23.4°C, 23.3°C,
23°C, and 22.8°C for the Heat Pipe, double U-tube, coaxial tube, helical tube, and U-tube cases. Noteworthy is the
superior performance of the helical tube heat exchanger under heightened solar irradiance, attributed to it
that augments the surface area, facilitating increased the contact of the HTF to be heated. Furthermore, the direct
connection of the helical tube to the inner area of the glass tube without an aluminium fin enhances its efficiency. In

the efficiency of the five ETSC types is presented. The helical tube configuration exhibited the highest
coaxial tube ETSC at 54%. The U-tube, double

configurations demonstrated efficiencies of 52%, 41%, and 31%, respectively, indicating the notable impact of heat
exchanger design on overall ETSC performance. The elevated thermal efficiency observed in the helical tube ETSC
underscores its superior capability in converting sunlight into usable heat, a critical factor when assessing the
performance of solar thermal systems. Enhancing thermal efficiency stands as a primary objective in the design and

 to maximize the utilization of solar energy for heating

II. CONCLUSIONS 

This paper work experimentally studies the parametric effect of a conventional heat pipe evacuated tube solar
collector used as water heater and compare it with different configuration of a direct flow evacuated tube solar

experiment tests were presented. The first test focused on the influence of the solar irradiation and
water mass flow rate on the effectiveness of the ETSC. Four single direct flow ETSC were studied in the second
experiment in order to compare it with heat pipe evacuated tube collector, including helical tube, coaxial tube, U

 conclusion were obtained from the study. 
temperature reaching 

irradiance of 1000 W/m2. 
mass flow rates enhances the effectiveness of the ETSC.

 types of ETSC configurations proved that the
configuration performed better compared to the other configurations, by generation

efficiency of 69%. 

thermal efficiency 

flow ETSC configurations were subjected to testing and compared against a single 
ETSC featuring a heat pipe configuration, as illustrated in Fig. 6. These assessments were conducted under identical 

and a HTF low mass flow rate of 0.6 
LPM with an initial HTF inlet temperature set at 22°C. As depicted in Fig. 6a, the temporal evolution of HTF outlet 

or various ETSC configurations over a 5000 second duration revealed notable distinctions. The helical 
tube heat exchanger consistently outperformed other configurations, achieving a peak temperature of 27.5°C at the 

erature of the coaxial configuration reached a maximum of 26.1°C, while 
25.4°C, and 24.8°C, respectively. 
reaching 23.5°C, 23.4°C, 23.3°C, 

tube cases. Noteworthy is the 
superior performance of the helical tube heat exchanger under heightened solar irradiance, attributed to its design 
that augments the surface area, facilitating increased the contact of the HTF to be heated. Furthermore, the direct 
connection of the helical tube to the inner area of the glass tube without an aluminium fin enhances its efficiency. In 

the efficiency of the five ETSC types is presented. The helical tube configuration exhibited the highest 
double U-tube, and heat pipe 

41%, and 31%, respectively, indicating the notable impact of heat 
exchanger design on overall ETSC performance. The elevated thermal efficiency observed in the helical tube ETSC 

critical factor when assessing the 
performance of solar thermal systems. Enhancing thermal efficiency stands as a primary objective in the design and 

heating purposes. 

This paper work experimentally studies the parametric effect of a conventional heat pipe evacuated tube solar 
collector used as water heater and compare it with different configuration of a direct flow evacuated tube solar 

experiment tests were presented. The first test focused on the influence of the solar irradiation and 
water mass flow rate on the effectiveness of the ETSC. Four single direct flow ETSC were studied in the second 

pipe evacuated tube collector, including helical tube, coaxial tube, U 

ETSC. 
the ETSC with helical tube 

configuration performed better compared to the other configurations, by generation higher temperatures of 
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Abstract— A Yagi printed antenna is designed in this work to achieve a high gain for using in mobile communication. 
The proposed antenna operates at 3.59 GHz between [3.4-3.8] GHz. The use of four directors exhibits a good return loss 
of -34.56 at 3.59 GHz wi th a bandwidth of 149.1 MHz between 3.5229 GHz and 3.672 GHz, directional energy patterns 
and linearly increasing gain ranging of 10.35 dB  over the entire bandwidth. The results are very satisfactory and the 
Yagi antenna can be integrated for 5 G applications enabling its usability for point-to-point and point-to-mul tipoint 
communication links. 

 
Keywords— Microstrip antenna, yagi-uda antenna, mobile communications, 5G applications, directional radiation 
pattern. 

I. INTRODUCTION 

Over the past ten decades, wireless communications have developed exceptionally. Today's communications 
systems are evolving at breakneck speed. Antennas play an essential role as the eyes and ears of our world, 
establishing our links with the space around us. These antennas are indispensable to wireless communications, and 
they also ensure OEM transmission and reception in space. Despite this, their integration into systems requires sma ll 
sizes and high performance. Microstrip antennas are widely used compared with other types of antennas, due to their 
lightweight, low cost and ability to be integrated into mobile devices. However, they have drawbacks such as low 
gain and narrow bandwidth. These limitations can be overcome by using the Yagi-Uda antenna, which was invented 
in 1926 by Dr. H. Yagi and Shintaro Uda. Its configuration normally consists of a number of directors and reflectors 
that enhance radiation in one direction when properly arranged on a supporting structure [1] that offers both. high 
bandwidth and efficient radiation performance. Micros trip YAGI Antenna is an antenna consisting of driven 
elements and some parasitic elements, including a reflector and director [2]. YAGI antenna, one of the most 
common antennas to achieve high gain, has been used successfully over decades due to its easy design structure and 
low cost with a single feed. However, the YAGI antenna needs a sizable volume/area. The parasitic elements called 
the reflector and the directors, are usually spaced approximately 0.25λ away from the driver. Additionally, each 
element, including the driver and parasitic elements, has a length of close to λ/2 [1]. 
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(a) (b) 
 

Fig. 1 Fabricated Yagi antenna by [3] (a) top view and (b) bottom view 
 

YAGI microstrip antennas have been the subject of several research papers. In a study by [4], the first YAGI 
microstrip antenna was presented. It comprises driven elements and parasitic patches (reflector and director 
elements) located on the same plane, used for the mobile satellite system (MSAT). YAGI-Uda dipole antenna 
operating at [3.4-3.8] GHz was designed and built for 5G applications [3]. A presentation was given on the design 
and results obtained with single-beam and dual- beam dipole antennas. First, the authors designed a printed dipole 
antenna with a single director. A printed dipole antenna with four directors was then studied to increase antenna gain. 
Finally, they developed a special dual-beam antenna for the node in a linear configuration. This antenna was 
designed as part of the ANR project called CAPNET, dedicated to site security (autonomous sensor network). In 
conclusion, they simulated, realized, and characterized all the antennas , measuring their return loss, radiation 
patterns, and gain. They noted very favorable results in terms of gain and obtained an accurate comparison between 
simulations and measurements [5]. Further work was presented by [6] ; They have developed a Yagi-Uda 5G linear 
array antenna specifically for vehicular applications. This array consists of two radiating elements with eight 
parasitic elements each, and its overall dimensions are 110×60×1.6mm3. Their[7] presented a modified broadband 
Quasi-Yagi microstrip antenna. This antenna consists of an insulated microstrip acting as director, a microstrip 
dipole acting as driver, and a truncated ground plane at the rear of the substrate serving as a reflector. The two arms 
of the driver dipole are positioned on opposite sides of the substrate. One arm is fed by the tapered strip of the 50-Ω 
microstrip feedline, while the other is fed by the tapered strip of the truncated ground plane. There have been several 
generations since the advent of mobile technology. Among them, the first was 1G, followed by 2G, 3G, 4G, and 
finally 5G. Throughout history, communication systems have evolved significantly with each new iteration [8]. The 
Fifth-generation (5G) technology[8], which is developing rapidly to meet the growing demand for mobile 
communications [9], has been designed to overcome the limitations of fourth-generation (4G) technology [8]. The 
key aspect of 5G is the ability to achieve and maintain data rates around 10 Gbps, delivering a superior customer 
experience by speeding up downloads and uploads[10].5G frequencies are grouped into three categories: low 
frequencies, medium frequencies, and high frequencies [11]. 5G mobile networks are extending their reach to enable 
higher data rates. In 2015, the World Radio Communication Conference (WRC) allocated frequency bands below 6 
GHz, sparked debate. Several frequency bands were proposed, including 470-694 MHz, 1427-1518 MHz, 3300- 
3800 MHz, and 4500-4990 MHz Of these, the 3.5 GHz frequency band was preferred, as it is recognized by most 
countries [12]. Printing antennas for 5G technology is the subject of a number of research projects. In a paper by 
[13], a microstrip antenna for 5G, operating at 3.5 GHz with a gain of 3.661 dB, was designed and implemented. In 
another work [14], the aim was to design and simulate an antenna based on metamaterials in order to miniaturize the 
dimensions of planar antennas. Firstly, they modelled and designed a rectangular patch antenna with notches. This 
was used to better adapt the antenna to the resonant frequency of 3.5 GHz, with a gain of 6.2 dB. This study 
preceded the design of a four-element antenna. This research demonstrates commitment to the development ofof 
printed antennas optimized for 5G technology in a variety of geometric configurations. 
In this work, we simulate a printed Yagi antenna between [3.4-3.8] GHz printed on an FR-4 substrate, having 
permittivity εr = 4.3, thickness h = 1.5 mm, and dielectric loss tangent of 0.025. We used four directors to achieve a 
high gain for using in 5G applications enabling its usability for point-to-point and point-to-multipoint 
communication links. 
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II. ANTENNA DESIGN 

In figure 2, a printed Yagi dipole antenna with a permittivity of 4, 35 and a thickness of 1.5 mm was simulated on 
FR4 substrates. We calculated the antenna dimensions using [1] to operate between [3.4 - 3.8] GHz for 5G 
applications. 

 

Lde = 0.47𝜆 (1) 
 

Ldi =0.406𝜆 (2) 
 

Lr = 0.76𝜆 (3) 
 

Sr = 0.25𝜆 (4) 
 

Sdi =0.34𝜆 (5) 
 

The width of the feed line from the following equation (6) [3]: 
 

W=2h/π {B-1 –ln (2B-1) + (Ԑr-1)/2Ԑr [ln (B-1) + 0.39- 0.61/Ԑr]} (6) 
 

Lsub 
 
 
 
 
 
 

Wsub 
 
 
 

 
(a) 

 
 
 
 
 
 

Wsub 
 
 
 
 

 
Lr 

 
Fig. 2 Yagi dipole printed antenna, (a) top view, (b) bottom view 

 
 
 

All numerical dimensions can be detailed on table I as below: 

Sr 

Lde/2 

Sd1 Sd2 Sd2 

Wf 

Lde/2 
  Lf  

We 
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TABLE .I 
 

DIMENSIONS OF THE PROPOSED YAGI ANTENNA 
 

Parametres Value 
λ0 85.71mm 

Wsub 𝜆0+5mm 
Lsub Lr+Sr+5*Sd+5mm 

h 1.5 
εr 4.35 
Sr 𝜆0*0.25 
Lr 𝜆0*0.76 

mth 𝜆0*0.001 
We 𝜆0*0.003 
Lde 𝜆0*0.478 
Sdi 𝜆0*0.34 
Ldi 𝜆0*0.406 
C0 C Light*1E-06 
Wf 2.89mm 
Lf Lr-1mm 

frequency minimum 0.8*frequency 
frequency maximum 1.2*frequency 

frequency center 3.5 

 
 

A. Return Loss | S11| 
III. SIMULATION RESULTS 

 

 
 

Fig. 3 Return loss of proposed Yagi printed antenna 
 

Figure 3 shows the 1st simulation with the initial Yagi antenna parameter values proposed from Table 1, the 
reflection coefficient obtained is equal to -11.694dB with a frequency of 3.3265 GHz wish is not satisfactory for 5G 
applications. 

 
We have carried out a parametric study of the length of the components of the Yagi antenna, which have a 

profound influence on return loss and the formation of its radiation pattern. To obtained more performances of our 
proposed antenna, the parameters chosen for the study are: L_de= [40.28: 0.5: 33], L_di2= [33.80 : 0.5: 23.9], 
L_di=[34.80 : 0.5: 24.5]. 
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     Simulation results are given in figure 4 (a): 
 

 

 
 

 

 
 
 

In figure 4, we obtained with four directors a high gain of 10.385 dB, a reflection coefficient |S11| of 
at 3.5905 GHz and a bandwidth equivalent
satisfactory for 5G applications. 
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(a) 

(b) 

Fig.4 Return loss S11 of YAGI printed antenna 

In figure 4, we obtained with four directors a high gain of 10.385 dB, a reflection coefficient |S11| of 
equivalent to 149.1 MHz between 3.5229 GHz and 3.672

 

In figure 4, we obtained with four directors a high gain of 10.385 dB, a reflection coefficient |S11| of -34.563 dB 
3.672 GHz. The results are very 
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             B. The Voltage Standing Wave Ratio| VSWR
 

 

 
As shown in figure 5, the Voltage Standing

 
 

C. Radiation Pattern 
 
 
 
 

 
 

Energies Renouvelables (CIER-2023) 
-Vol 85 

132 

VSWR | 

Fig.5   VSWR of Yagi antenna 

Standing Wave Ratio is 1.0384. 

(a) 
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Fig.6 Simulated
 

 
Figure 6 plots both E and H plane radiation

at 3 dB is 55.7 degrees in the H plane (Phi=90°)
 

D. Gain 
 

 
 

 
 
 

We obtained a high gain equal to 10.352dB
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(b) 

Simulated radiation pattern of the proposed YAGI antenna (a) 3D, (b) polar

radiation patterns of the Yagi printed antenna at 3.59
(Phi=90°) wish gives a directional and stable radiation

Fig.7 Gain of the proposes YAGI antenna 

10.352dB at 3.5905GHz frequency. 

 

polar 

3.59 GHz. The angular width 
radiation pattern. 
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E. Current Distribution 
 

 
 

Fig.8 Current distribution of the proposed antenna 
 

Figure 8 shows the current distribution of our YAGI antenna 
 

F. Comparison Results With Other Works 
 

We compared in Table II Our Proposed Yagi antenna with others research’s. 
 
 

TABLE II 
COMPARAISON WITH OTHER RESEARCHES RESULTS 

 
Ref Freq 

(GHz) 
|S 11| 
(dB) 

Gain 
(dB) 

L*W 
(mm) 

VSWR Bandwith 
(Mhz) 

[3] 3.6 -28.65 10.01 140.1* 84.66 / 250 

[13] 3.5 -29.77 3.661 45*35 1.0671 233.2 

[14] 3.51 -29 6.2 71.76*42 / / 

This work 3.5905 -34.563 10.352 138*48 1.0384 149.1 

 
 

 
Table II compares our antenna with various researches studies on printed antennas. The results obtained from our 

proposed antenna were highly satisfactory in terms of gain. The use of Yagi printed antenna in this paper, especially 
with 4 directors, we obtained a gain of 10.01dB compared to the other works. The results are very satisfactory for 
several applications in mobile communications. 

 
 

 
IV. CONCLUSIONS 

 
Four directors are used in Yagi-Uda printed antenna to achieve a high gain of 10.35 dB for using in mobile 

communications especially for 5G applications. This will significantly improve signal strength and range in areas 
where 5G coverage is weaker. Simulation results give a good return loss of -34.56 at 3.59 GHz with a bandwidth of 
149.1 MHz between 3.5229 GHz and 3.672 GHz. The proposed antenna gives a directional radiation pattern with 
angular wide of 55.7° and linearly increasing gain ranging of 10.35 dB over the entire bandwidth. 
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Abstract 
We investigate the structural, electronic and optical properties of AgGaTe2 chalcopyrite 
compounds. The calculation were performed in the framework of density functional theory 
(DFT) using the Full-potential augmented plane wave (FP-LAPW) method within Tran-Blaha 
Becke-Johnson potential (TB-mBJ) plus local density approximation (LDA). We have found 
that our results have a good agreement with previous reported experimental and theoretical 
data. 

 

Introduction 
The ternary chalcopyrite compounds have been extensively studied due to their various 
applications in solar cells, tunable optical filters, photodetectors, electro-optics, light emitting 
diodes, photovoltaic, linear and nonlinear optical devices.[1-3]. These compounds of this 

family crystallize in tetragonal structure with space group I 42d . The combination of Tran- 
Blaha modified Becke-Johnson (TB-mBJ) exchange and the local density approximation 
(LDA) correlation potentials gives accurate gaps for these chalcopyrite compounds. 
In this work, a first principles study of structural, electronic and optical properties  of 
AgGaTe2 using the density functional theory (DFT) [4] with TB-mBJ potential] and LDA 
correlation potential implemented in wien2k code [5] are studied. All of our results are 
compared with available theoretical and experimental data reported previously. 

 

Results 

We perform our study using the Full Potential Linearized Augmented Plane Wave 
(FP-LAPW) method within DFT [6, 7-10] as implemented in wien2k package that has been 
proved to yield reliable results for electronic, optical and structural  properties of various 
solids [11, 12-15]. We use TB-mBJ approximation [4, 16] as the exchange potential plus LDA 
correlation potentials to do calculation. The self consistent calculations are considered to be 
converged when energy and charge are less than 0.0001Ry and 0.001|e|, where e is the 
electron charge, respectively. 
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AgGaTe2 has a chalcopyrite structure, figure 1, with space group I 42d and a=b=6.28A°, 

c=11.96A° and the distortion parameter u=0.268 [17]. In order to get optimum values of the 

equilibrium crystal structure, we have performed full structural optimization by minimizing 

the total energy with respect to cell volume including lattice parameters and distortion 

parameter (u) using LDA exchange correlation potential. 

 

Figure 1. Crystal structure of AgGaTe2 Figure2. Calculated band structures. 
 

We have found that the lattice parameters are ,a=b=6.219A°, c=12.010A° and u=0.2626, 

which are in good agreement with previous reported results. 

In order to study the electronic properties, calculated band structure of AgGaTe2 is 
represented in Figure 2. The maximum of the valence band and minimum of the conduction 
band are situated at the same high symmetry Г point, indicating that our compounds has a 
direct band gap with band gap energy of order of Eg=1.49eV. 

The optical properties of the studied compounds is determined by frequency 
dependent of the dielectric function ε(w) given by: 
 ( w )   1 ( w )  i 2 ( w ) (1) 
The real and imaginary parts dependence of energy are shown in figure 3. The static value of 
ε at 0ev is about 7.18 in xx and zz directions but the maximum values of Im.ε are different in 
xx and zz directions. 
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Figure 3. Real and imaginary parts of the 
dielectric function. 

 

Conclusion 
The structural, electronic and optical 
properties of AgGaTe2 chalcopyrite 
compound have been study successfully 
using TB-mBJ(LDA) in wien2k code. The 
obtained results for structural parameters and 
band gap energy are in good agreement with 
previous reported data. Further, it is observed 
that AuGaTe2 has a direct band gap located at 

Γ point. The optical results show that the studied compounds have applications in solar cell 
and optical devices. 
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Abstract. The aim of this work is to study a Linear Fresnel Plant (LFP) in rural Sahelian areas. An analytical method 
is used to model optical transfers in the system, followed by a sizing using MATLAB software. Then, the analytical 
method is compared with the Monte Carlo method using TONATIUH rays trace software. And finally, the optical 
characteristics of the LFP over the period from December to April are studied by simulation using TONATIUH. The 
design gives for a thermal power of 51.01 𝑘𝑊𝑡ℎ an opening area of the LFP field equal to 109.04 m2 with a coverage 
rate of 75.41%. The comparison of the analytical method with that of ray tracing confirms the validity of the 
analytical method for the calculation of power. As expected, numerical simulations show for each day a peak of the 
power received around 13 h, and optical efficiency of the field increase from December to April. 

 

INTRODUCTION 
 

In countries of sub-Sahelian Africa only about 32% of the population have access to energy, among people 
having no access to electricity, 80% live in rural areas [1]. These regions are generally very sunny which makes 
solar technologies, in particular solar concentrators, very good alternatives for energy production. Among the 
solar- concentrating technologies, the most suitable for these mostly poor areas, are the Fresnel Linear Reflectors. 
These are simple to design, affordable and can achieve the performance of parabolic trough concentrators [2]. 
However, little work of this type of concentrator has been carried out in this area. Our main objective is to 
preform the modeling, sizing and numerical analysis of a Linear Fresnel Plant for geographic coordinates 14.7° 
North and 17.4°West of Dakar, Senegal. 

. 
 

MODELING OF THE LINEAR FRESNEL 
PLANT 

 

Description of the Linear Fresnel Plant (LFP) 
 

The LFP consists of a field of flat plate reflectors of equal widths arranged in a row, and a monotube receiver 
with a glass tube to cover it and reduce heat losses by radiation (Figure 1 and Figure 2). Geometric 
characteristics of the system are : the number of reflectors on both sides of the receiver (k), the length and width 
of reflectors (L and w), the position of each reflector and the spacing between reflectors (s), the height and 
length of the receiver (𝑓 𝑎𝑛𝑑 𝐿𝑝), the Outside diameters of the absorber tube and the glass tube. The main 
physical characteristics are the optical properties of reflectors and receiver elements, as well as the thermo-
physical properties of the heat transfer fluid. 
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Figure 1: Tubular receiver 

 
 
 

Equations of the Model 
 

Modeling Radiative Optical Transfers 
 
 

Our objective is to determine the total power received by the absorber tube and to be able to evaluate the 
optical efficiency. The analytical method developed by Mathur et al. [3] will be used. This method gives the 
position (Q), inclination (𝜃) of each reflector and spacing (s) between the reflectors. It has the particularity, as 
illustrated in Figure 2, to avoid blocking and shading when the sun's rays have an incidence perpendicular to the 
plane containing the opening surface. 

 

Figure 2: LFP with tubular absorber [3] 
 

For a reflector "n" located on either side of the receiver (n = 1,2, ..., k), the optical design gives its offset 
with respect to the center (𝑄𝑛), its inclination (𝜃𝑛), its offset with respect to the reflector which precedes it (𝑆𝑛), 
the diameter of absorber tube needed to intercept all the reflected radiation (𝐷𝑝) and the total width of field (𝐷). 

 
𝑄𝑛 = 𝑄𝑛−1 + 𝑊 cos 𝜃𝑛−1 + 𝑆𝑛

 (
1) 
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𝑛=1 

 
 

𝜃𝑛 = 1 [tan−1 
2 

𝑊 
𝑄𝑛+ 

2  
cos 𝜃𝑛 

𝑊 
𝑓− 

2 
sin 𝜃𝑛 

 
)] (2) 

 

𝑆𝑛 = 𝑊 sin 𝜃𝑛−1 tan(2𝜃𝑛 + 𝜉0)
 (
3) 

 
𝐷  = 2 [𝑤 sin 𝜃 + 

𝑄𝑘+𝑊 cos 𝜃𝑘 − 𝑓] sin(2𝜃 − 𝜉 ) (4) 
𝑝 𝑘 tan(2𝜃𝑘−𝜉0) 𝑘 0 

 

𝐷 = 2𝑄1 + 2 ∑𝑘   (𝑊 cos 𝜃𝑛 + 𝑆𝑛) (5) 
𝑛=1 

 

Once the solar rays are reflected, the appearance of several zones with different concentration ratios is 
observed on the surface of the absorber tube. Indeed, more a reflector moves away from the center, more its 
image on the surface of the absorber tube will be large. Therefore, the greatest concentration ratio will be at the 
center of the tube. For a number of reflectors on both sides of the receiver equal to "k", the number of zones on 
the surface of the tube will be "q = k + 1". 

 
Each reflector (n) contributes to the surface of the tube. This contribution (𝐶𝐼𝑛) is defined by [3] equal to: 

 

𝐶𝐼𝑛 = 
𝑊 cos 𝜃𝑛 

𝑟𝑛 
(6) 

 

With (𝑟𝑛) the width of the image of reflector on absorber tube: 
 
 

𝑟𝑛 

 
= (𝛿𝑛𝑎 

 
+ 𝛿𝑛𝑏 

 
+ 𝛿𝑛𝑐 

 

) 
𝐷𝑝 

2 

 
(7) 

 

Each area on surface of the absorber tube has its concentration ratio. The central part of the absorber tube which 
intercepts the contribution of all reflectors of the field has a local concentration ratio (𝐿𝐶𝑅1) equal to [3]: 

 

𝐿𝐶𝑅1 = 2 ∑𝑘 𝐶𝐼𝑛 (8) 
 

The local concentration ratio of the other zones of the absorber tube surface is given by: 
 
 

 
With (i=2, …, q) 

𝐿𝐶𝑅𝑖 
𝑞−1 
𝑛=𝑖−1 𝐶𝐼𝑛 (9) 

To determine the power received by the absorber tube, we need in addition the surface of each zone. Thus, the 
area of the central zone 1 noted (𝐶1) is given by: 

 

𝐷𝑝 𝐶 = 2 ∗ 𝛿 ∗ ∗ 𝐿 (10) 
1 𝑎1 2 𝑝 

 

The area of the second zone with the second largest concentration ratio (𝐶2) is given by: 
 

𝜋 

𝐶2 = 2 (
2

 + 𝛿𝑐1 − 𝛿𝑎1) 
𝐷𝑝 

2 
∗ 𝐿𝑝 (11) 

 

From the third zone, the surfaces (𝐶𝑗) are given by: 

= ∑ 

(
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𝐶 = 2(𝛿 𝐷𝑝 − 𝛿 ) ∗ 𝐿 (12) 
𝑖 𝑐(𝑖−1) 𝑐(𝑖−2)      2 𝑝 

 

With (i=3, …, q) 

The absorbed radiation (∅) from the reflectors per unit aperture area (𝐴𝑐) is given by [4] 

 
∅ = 𝐼𝑏 𝜌𝑟𝛼𝑝𝛾𝑟𝑔

 (1
3) 

 
𝐼𝑏 : The Direct Normal Irradiance of site (DNI) 

𝜌𝑟: The specular reflectance of reflectors 

𝑟𝑔: Glass cover transmittance 

𝛼𝑝: Absorber absorptance 

𝛾: The intercept factor 

And the aperture area is equal to: 
 

𝐴𝑐 = 2𝐿 ∑𝑘   (𝑊 cos 𝜃𝑛) 
 

(14) 
𝑛=1 

 

Thus, the flux density of each zone (∅𝑖)is given by: 

 

∅𝑖 = ∅ ∗ 𝐿𝐶𝑅𝑖

 (1
5) 

 
With (i=1, …, q) 

Finally, the total solar power received by the absorber tube (𝑃𝑝) is given by: 
 

𝑃 = ∑𝑞   ∅ 𝐶 + 𝐼 𝑟 𝜋 
𝐷𝑝 

𝐿 
 

(16) 
𝑝 𝑖=1     𝑖    𝑖 𝑏  𝑔 2      𝑝 

 

The optical efficiency (𝜂0) and the intercept factor (𝛾) are given by: 
 

𝜂0 =
  𝑃𝑝  

𝐴∗𝐼𝑏 
(17) 

 

𝛾 =
  𝑃𝑝  

𝐴𝑐𝐼𝑏 
(18) 

 

With A the total area of the field equal to: 

𝐴 = 𝐷 x 𝐿
 (1
9) 
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     𝐷   𝑑𝑝  

Modeling of Thermal Transfers within the Receiver 
 

In this part, our objective is to determine the thermal power lost by the receiver and the useful thermal 
power. 

The power lost by the receiver (𝑄𝐿𝑜𝑠𝑠) can be determined by iteration from its three expressions [4]: 
 

2𝜋𝜆𝑒𝑓𝑓𝐿𝑝 𝜋𝐷𝑟𝐿𝑟𝜎(𝑇𝑝
4−𝑇𝑔𝑖

4) 
𝑄𝐿𝑜𝑠𝑠 = 𝐷𝑝 (𝑇𝑝 − 𝑇𝑔𝑖 ) +  1     1−𝗌𝑔  𝐷𝑝 (20) 

𝑙𝑛(
𝑑𝑔 

) 
𝗌𝑝

+  
𝗌𝑔  

(
𝑑𝑔

) 

 

𝑃𝐿𝑜𝑠𝑠 = 
2𝜋𝜆𝑐𝐿𝑝(𝑇𝑔𝑖−𝑇𝑔𝑒) 

𝑙𝑛(
𝐷𝑔

) 
𝑑𝑔 

(21) 

 

𝑄𝐿𝑜𝑠𝑠 = 𝜋𝐷𝑔𝐿𝑝ℎ𝑎(𝑇𝑔𝑜 − 𝑇𝑎) + 𝜀𝑔𝜋𝐷𝑔 𝐿𝑝𝜎(𝑇𝑔𝑜 
4 − 𝑇𝑆𝑘𝑦 

4) (22) 

where the subscript p represents the absorber tube and subscripts a, gi and go represent the external 
environment, the glass inside and the glass outside. The cover thermal conductivity is 𝑘𝑐 and 𝑘𝑒𝑓𝑓 is an effective 
conductivity for convection between the receiver. 

 

In the same way, the useful power recovered by the fluid (𝑄𝑢) is given by [4]: 

𝑄𝑢 = 𝐸[𝑃𝑝 − 𝐴𝑝𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)] (23) 
 

With E the Flow Factor  
𝐸 = 

 𝑚̇ 𝐶𝑝 
[1 − exp (− 

𝐴𝑝𝑈𝐿𝐹𝘍

)] (24) 

 
𝑈𝐿 the Thermal Loss Coefficient 

𝐴𝑝𝑈𝐿 

 
 
 
 

𝑈𝐿 

 
 

=
  𝑃𝐿𝑜𝑠𝑠  

𝐴𝑝(𝑇𝑝−𝑇𝑎) 

𝑚̇ 𝐶𝑝  
 
 

(25) 
 

And 𝐹′ the Collector Efficiency Factor 
 

1 
 

𝐹′ =
 𝑈𝐿  

𝐷𝑝𝑙𝑛(
𝐷𝑝

) 
1 𝑝  

+ + 

 
(26) 

𝑈𝐿   ℎ𝑓𝑑𝑝 2𝜆𝑝 

 

where the subscript f represents the fluid. 
 
 

SIZING OF THE LFP 
 

The sizing of the LFP ensures the operation of a 3 𝑘𝑊𝑒 micro-ORC plant studied by Bouhamadi [5]. The 
necessary thermal power is 51 𝑘𝑊𝑡ℎ. The sizing is carried out for the locality of Dakar with annual average 
climate data. A number of parameters has been set as shown in table 1. These choices are justified by studies 
that have been carried out. Singh [6] found that the optimal width of the reflectors (W) should be between 10 
and 12 cm for better fixation and manipulation and the number of reflectors on both sides of the receiver (k) 
between 10 and 15 to have optimal overall performance. Xiao [7] shows that for latitudes less than 25 °, an 
orientation of north-south Tracking axis offers better efficiency. Finally, Duffie and Beckman[4] recommends a 
spacing between the absorber tube and the glass tube between 10 mm and 15 mm to minimize the thermal losses 
of the receiver. In addition, water was chosen as a thermal fluid. 
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Table 1: Geometrical parameters fixed for sizing 

 

Parameter Value 

Number of reflectors 30 

Width of reflectors 12 cm 

Width of the annular space between the absorber tube and the 
glass tube 

15 mm 

Orientation of tracking axis North-South 
 
 

. 
Sizing consists of determining the total area of the field and its geometric characteristics. The sizing 

methodology is presented in the form of the algorithm in figure 3. The methodology is first to fix all the input 
parameters such as the length of the reflectors and the receiver, the number of reflectors and the thermo-physical 
properties of the different constituting elements of the LFP. From this data, the geometric characteristics of the 
LFP are calculated such as the positions, inclinations and spacings of the reflectors and the diameters of the 
absorber tubes and the glass cover. The thermal power received by the absorber tube, the useful power recovered 
by the thermal fluid and the thermal losses of the receiver are then calculated. Finally, a comparison is made to 
check if the calculated thermal power output is equal to the one desired. If this is the case, the algorithm ends. 
Otherwise, the length of the reflectors from that of the receiver is increased and the calculations are resumed. 

 

Figure 3: Sizing methodology 
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Since the equations of the model are almost all interdependent, they can only be solved iteratively. To solve the 
algorithm, a MATLAB program was written and the sizing results are presented in table 2. 

 
Table 2: Sizing results 

 

Parameter Value 

LFP field total area 109.64 𝑚2 
LFP field aperture area 82.68 𝑚2 

Coverage rate 75.41 % 
LFP field width 3.44 m 
LFP field length 24.023 m 
Receiver height 1.82 m 

Outside diameter of the 
  absorber tube 

0.1431 m 

 
 
 

COMPARISON OF THE ANALYTICAL METHOD AND THE MONTE CARLO 
RAY TRACING METHOD 

 

In this part, the dimensioned LFP is modeled in the Tonatiuh rays tracing software to perform a flux map 
analysis on the absorber tube and determine the power received by the absorber tube. These results are compared 
with those obtained by the analytical method using MATLAB software. 
Figure 4 represents the distribution of the incident flux on the surface of the absorber tube obtained by the 
Monte Carlo rays tracing method and Figure 5, the one obtained by the analytical method. 

The analyzes show that the fluxes of different zones are more important with the Monte Carlo method 
than with the analytical method. However, the surfaces of different zones on the surface of the absorber tube are 
larger with the analytical method than with the Monte Carlo method. Knowing that the Monte Carlo method is 
the most accurate, the conclusion is that the analytical method tends to overestimate the area of the zones and to 
minimize their flux. On the other hand, the total powers that reach the absorber tube are quite close with a 
relative error of 4%. This is explained by the fact that the two errors made with the analytical method is 
compensated when it comes to calculating the power received by the absorber tube. This analysis shows that the 
analytical method can be used for the calculation of powers. 

 

 

Figure 4: Distribution of the incident flux on the absorber tube surface obtained by the Monte Carlo rays tracing 
method with TONATIUH 
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Figure 5: Distribution of the incident flux on the surface of the absorber tube obtained by the analytical method 
with MATLAB 

 
 

SIMULATION OF THE LFP 
 

 
Methodology 

 

In this part, the LFP is simulated for the geographical coordinates of Dakar with the Tonatiuh software. 
Actual measured data of the DNI was collected and only over the period from December to April. Therefore, the 
simulations are run only during this period. Four specific days are chosen in this period namely December 28th, 
February 1st, March 22nd and April 5th. The simulations are run using time steps of 15 minutes. To avoid losses by 
cosine effect, the receiver is moved longitudinally with respect to its axis of symmetry. The data determined for 
each simulation point are the power received by the absorber tube, the power incident on the field, the thermal 
power recovered by the thermal fluid and the optical efficiency. 

 

Results and Discussions 
 

Figure 6 shows that the power received by the absorber tube follows globally the variations of the incident 
power on the field, with the day of February 1st, which gives the highest powers. Each day a peak of power 
received by the absorber tube is observed around 13 h. This phenomenon is very characteristic of LFPs, which 
always give a peak of production in the middle of the day compared to a parabolic trough [8]. Indeed, this moment 
corresponds to the instant when the sun is the highest in the sky and the optical losses by shading and blocking 
are lower. 
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Figure 6: Powers obtained for simulation days 

 

Figure 7 shows the variations of optical efficiency. This efficiency increases day by day over the period from 
December to April, with always the peak around 13 h. This phenomenon is also explained by the fact that during 
the period from December to April for the geographical coordinates of Dakar, the height of the sun increases day 
by day. The higher the sun is in the sky, the less optical losses will be important. This shows the dependence of 
optical performance of the LFP with the height of the sun. 

 

Figure 7: Variation of the optical efficiency of the field during simulation days 
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CONCLUSION 
 

In this work, an LFP was modeled and simulated for the city of Dakar Senegal with geographic 
coordinates 14.7° North and 17.4° West. The modeling was carried out using an analytical method. This method 
was compared to the ray tracing method, showing that it can be used for the calculation of the powers. The 
results of the simulations showed that the optical performance of the LFP is very dependent on the height of the 
sun. This means that a better field orientation, a more adequate tracking system, and optimized geometry could 
greatly improve the performance of the LFP. In our future works, the focus will be placed on the optimization 
and the realization of a prototype for the Sahelian rural areas. 
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