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ARTICLE INFO ABSTRACT

Keywords: In order to achieve a sustainable, low-carbon energy future, it is necessary to develop innovative and integrated
Solar PV/T system solutions. However, one of the main obstacles to the advancement of renewable energy is storage. With this in
Electrolyzer

mind, hybrid systems combining solar energy and hydrogen production have great potential. This article focuses
on the evaluation of a solar PV/T (photovoltaic-thermal) system coupled with an electrolyser for the joint
production of hydrogen and heat. Simulations are performed in MATLAB. The analysis reveals that with PV/T
power supply, the production potential is estimated at 179.6 W and 551.9 W respectively for electrical and
thermal power. An in-depth study aimed at optimizing the system by evaluating the quality of the energy used in
the water electrolysis process makes it possible to analyze the effect of certain operating parameters. With a
water flow of 5.7 x10~2 m?/h, a current density of 200 mA/ cm? and an electrolyzer temperature of 60 °C, the
monthly production of hydrogen and oxygen reaches the maximum values of 4.85 m® and 2.42 m® respectively.
This led to a maximum exergy efficiency of 57.8 %. This study demonstrates the linearity between hydrogen

Hydrogen production
Thermoelectric production
Exergy optimization

production and current density which at high density reduces exergy performance.

1. Introduction

The transition to renewable and sustainable energy sources has
become a global priority to address the environmental and energy
challenges we face [1,2]. Moreover, gathered at the Conference of the
Parties (COP), several countries have set themselves the objective of
reducing their greenhouse gas (GHG) emissions by 2100 to keep global
warming below 2 °C. Faced with energy storage problems, hydrogen has
emerged as a promising energy vector, capable of storing and trans-
porting energy efficiently and cleanly [3]. According to several studies
[4,5], it is predicted that electricity, synthetic fuels and hydrogen will
represent 32 % of the global energy composition. This share should then
increase by 50 % by 2050. Hydrogen has many applications for example
hydrogen fuel cell vehicles, hydrogen powered phones and many others
[6]. In fact, a PEM electrolyzer (Polymer electrolyser membrane) can
achieve an efficiency of 95.1 % at 300 bar pressure and high tempera-
ture [7]. Hospitals and several sectors of activity today encounter a real
problem with oxygen and heating. And hydrogen is considered in its
current state as the energy potential of the future [8]. It is an energy that

is abundant in the universe, but is not available in pure form on earth
[9]. Especially since the PV system generates direct current which is
directly used by the electrolyser. At the same time, heat production
represents a significant share of global energy consumption, particularly
in the residential and industrial sectors [10]. The coupling of hydrogen
and heat production from renewable sources such as
photovoltaic-thermal solar (PVT) offers interesting prospects for
responding to these challenges [11,12]. PVT systems combine the pro-
duction of electricity through photovoltaic cells and the production of
heat by recovery of waste heat from the PV panel. This helps improve the
overall system efficiency and generate both electricity and heat from a
single installation [13]. When these PV/T systems are coupled to an
electrolyzer, it becomes possible to produce renewable hydrogen while
benefiting from the synergies between the heat and electricity generated
[14,15].

Much research has been carried out on the production of electricity,
hydrogen and heat in solar systems. Mokhtara et al. [16] proposed a
multi-criteria optimization method to find the optimal sizing of a
PV-electrolyzer system according to technical and financial constraints.
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The demand effect H, evaluated revealed that the Grid/-
PV/Electrolyser/fuel cell and storage tank combination is better with a
COE (cost of energy) of $0.1 per kWh. The authors [17] carried out a
modeling of the PV-electrolyzer and Wind turbine-electrolyzer system.
Using Matlab software, their study demonstrated that it is possible to
achieve a hydrogen production of 0.55 Nm?/h with PV and 0.675 Nm?/
h with wind turbines in a coastal region of Cameroon. In the same vein,
the authors of ref [18]. reveal in their study that with a PV area of 160
m? coupled to hydrogen is the best configuration compared to the
PV/battery system to satisfy a load of 19,745 kWh/year leading to a COE
of 1.06 $/kWh for a payback period of 6.44 years. The authors of ref
[19]. carried out a study aimed at solving the problem of maximum
voltage-power matching of PV to the operating voltage of the electro-
lyzer. Several studies have also shown that the water temperature and
the number of cells in the electrolyzer considerably affect the output
voltage of PEM electrolysis [20,21]. This voltage is also considerably
affected by the operating temperature of the electrolyzer. This requires
optimization of system parameters. The authors [22] were able, thanks
to an exergy analysis and a multi-objective optimization algorithm, that
the power of the solid oxide fuel cell and gas turbine and electrolyzer
loses approximately 61 % of the exergy which enters the electrolyzer of
the Panels PV. A similar study [23] carried out rather with the PV/T
source showed that the PV/T system reached an exergy efficiency of
15.8 % while that of the electrolyzer reached 60.7 % at a current density
of 400 mA/cm? and at a water temperature of 45.8 °C. Thus establishing
that the exergy efficiency increases with the water temperature but on
the other hand decreases with the current density. The authors of ref
[24]. followed suit by searching for optimal parameters such as the tilt
angle of the PV panel. The authors of ref [25]. carried out a more
in-depth study on the suitable type of PV cells for hydrogen production.
Their study reveals that polycrystalline cells are cost-effective than
monocrystalline and amorphous silicon cells for hydrogen production. A
solar-electrolyzer system for the production of electricity thanks to the
rankine cycle and cold by a refrigeration system is presented in ref [26]..
An overall exergy efficiency of 2082 % was obtained. At the same time,
the authors [27-29] demonstrated the need to perform exergy optimi-
zation of solar-electrolyzer technologies. An exergy analysis of the
photovoltaic concentrator (CPV) system reveals that there is more loss in
the CPV than in the electrolyzer [30].

Although previous work has brought significant advances in the
study of hybrid PV/T systems coupled with hydrogen production,
several gaps remain in the literature. First of all, the majority of studies
do not take advantage of the thermal energy recovered by the PV/T
panel to power the electrolysis process, thus limiting the overall effi-
ciency of the system. Furthermore, no PV/T system model integrated
into the HOMER Pro simulation tool has been developed so far, pre-
venting an in-depth techno-economic evaluation of these solutions.
Finally, there are few works that analyze in detail the influence of
essential design parameters such as energy storage capacity or electrical
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losses in the electrolytic system, although they are crucial for system
optimization. It is in this context that this study takes place, aiming to fill
these gaps and contribute to a better understanding and optimization of
solar PV/T systems coupled with the production of hydrogen and heat.
Table 1 gives the precise limits between the work from the literature and
the contribution of the present study. The main contributions of this
study are as follows:

- Modeling and simulation of a hybrid PV/T-electrolyzer solar system;

- The influence of solar irradiation and ambient temperature on the IV
characteristics of the PV/T hybrid system is presented;

- The electrical and thermal productivity of the PV/T system is
analyzed;

- Integration of the PV/T system in the production of clean hydrogen;

- Evaluation of hydrogen and oxygen production;

- Exergy optimization of the hybrid PV/T-electrolyzer system.

This article is organized as a continuation after this introductory
section, section 1, will follow section 2 entitled methodology, then
section 3 entitled results and discussion and then section 4 to conclude.

2. Methodology
2.1. Physical model

The PV/T -Electrolyzer device is presented in Fig. 1. It is made up of a
water pump which supplies the PV/T and the electrolyser. A commercial
PEM type electrolyzer was used to generate hydrogen and oxygen. A DC/
DC step-down converter was used to adjust the voltage of the PV/T to
provide the power required by the PEM electrolyzer. The PV/T system
captures solar energy and converts it into electricity and heat. This will
involve circulating a fluid (water) below the PV to recover the heat from
this fluid and use it in the electrolyzer for the production of hydrogen
and oxygen. The inclusion of a heat exchanger in the system serves to
recover the heat produced by the photovoltaic panels. When PV cells
operate, part of the solar energy is converted into heat rather than
electricity. The heat exchanger makes it possible to recover this residual
heat to use it, for example for heating domestic water. This improves the
overall efficiency of the system by making best use of the captured solar
energy. The reinjection of the heat produced by the electrolysis reactions
itself makes it possible to maintain an inlet temperature range between
60 °C and 80 °C. A compressor is used to store products in storage tanks.
Thermal production from the PV/T system is also stored in storage tanks.
The characteristics of each system are presented in Tables 2 and 3.

2.2. Mathematical model
2.2.1. Hybrid PV/T solar system

Much research has focused on creating mathematical models to
simulate the electrical behavior (the relationship between current and

Table 1
Limit of existing work in the literature.
Study Solar hydrogen Software Energy Electricity Heat Evaluation of monthly Evaluation of monthly Exergy
production source production production oxygen production hydrogen production Optimization
Present v MATLAB PV/T v v v v 3 parameters
study
[7] v MATLAB PV v X X v X
[17] v MATLAB PV v X X v X
[23] v MATLAB PV/T v v X v 2 parameters
[24] v MATLAB PV v X X X X
[25] v MATLAB PV v X X X X
[31] v // PV/EC v v 4 v X
[32] v MATLAB PV/T v v X v X
[33] v MATLAB PV v X X v X
[40] v MATLAB PV v X X v X
[41] v TRNSYS PV v X X v X
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Fig. 1. Presentation of the PV/T-Electrolyzer system.
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Fig. 2. Electrical diagram of a PV cell.

Table 2
Electrolyzer input data [24].
Settings Symbols Values
Reversible voltage V ey (V) 1229
Chemical Exergy of hydrogen eXch,, (KJ/kg) 159.13
Chemical Exergy of oxygen eXchy, (KJ/kg) 0
Chemical Exergy of water €Xchyno (KI/KE) 2.5
The area of the electrode A, (m?) 0.25
Faraday’s constant F(C/mol) 96485
number of electrons z 2
Coefficient of overvoltage of the electrode s (V) 0.185
t1 (A 1m2) 1.002
t 5 (A 'm%C) 8424
ts(A'm?C) 247.3
ohmic resistance of the electrolyzer r1 (Qm?) 8.05e ~°
12) (@m2CY) -2.5¢ 7
f1 (mA%cm4) 200
f5 (mA>cm™) 0.985

voltage) of solar cells, photovoltaic modules or photovoltaic generators.
In other words, on the one hand there have been efforts to model the
fundamental characteristics of photovoltaic components at the electrical

Table 3
PV/T hybrid solar system data [17].

PW-180 12 V configuration
Typical power (W) (1000 W/m?, 25 °C) 180

Vmax (V) 35

Imax (A) 3.55

Short circuit current (A) Isc 4.45

Open circuit voltage(V) Voc 43.5

The area of the PV/T (m2) 0.8

level, and on the other hand work aimed at modeling their overall en-
ergy production. The following paragraph will consist of modeling the
current-voltage characteristic of solar cells.

- Current-voltage characteristic of the PV/T system

Fig. 2 presents the photovoltaic cell model used in this study. It is a
single diode model. Based on this equivalent electrical diagram of the PV
cell, we can apply the laws of currents to the nodes of the circuit to
establish the equation linking the current and the voltage of the cell
[28]. The PV output current I can be given by equation (1).

I=I —Ip —In @

Or [, is the photocurrent and I the diode current given by equation
(2). Iy, is the shunt leakage current given in Equation (3) . In the
expression for the diode current, I is the saturation current and V is the
terminal voltage of the solar cell, A is the ideality factor and Rs is the
series resistance, k is the Boltzmann constant, q is the elementary charge
of the electron and Tc is the absolute temperature of the solar cell [32,
33].

((VH.R;)q)
AKTe
ID = IO e -1 (2)
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Substituting equation (2) and equation (3) into Equation (1) we
obtain Equation (4) [2].

((V+I.R5 )q)
AKT,
I=L-I)|e -

Neglecting the leakages in the PV module, the resistance and the
shunt current tend to infinity and zero respectively and equation (5)
[21] is obtained.

((V t LRs)‘l)
AKT.
I:IL — IO e -1 (5)

V+ LR

Ry 4

In the case of the short circuit, the output voltage is zero (V = 0) and the
resulting expression is given in equation (6) [8]:

Iec Rs
(qA.K.Tc>
Icc :IL 710 e -1 (6)

In the case of an open circuit, no current flows (I = 0) and the photo-
electric current is expressed in equation (7) [31][35].

Vo

q
L=1I, e( A'”‘> ~1 )

The maximum current is obtained at the maximum power point
given in equation (8) [17].

(Vm+lm-Rs)q>
AKT,
-1

In=I—1I e( (€))]

By inserting the logarithm function into equation (8), we obtain
equation (9):

L—In\  Vm+InR
1 =
n( I ) T7AKT. ©)

By applying the same function to equation (7) and subtracting with
equation (9), the new expression is given in equation (10). Then a
rearrangement allows us to have equation (11).

I, — I, L\ Va+I.R Ve
In[——— ) —-In[=) = — 1
n( Io ) n(lo) 97akT. IAKT. 10
IL - Im q
1 - IR~V 11
n< I ) AKT, (Um T InRe = Vo) an

This results in the expression for the series resistance R given in
equation (12) [19]. The output power is expressed in equation (13)
[32].

AT In <1 - ’f) + Voo — Vi

In

Ry= (12)

Peece =1V (13)

At the maximum power point, the power is at its maximum, so its
derivative with respect to the voltage is zero dP,../dV = 0. In this case,
the expression for the ideality factor A takes the form of equation (14) [
33].
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q(zvm - Voc)

i (1)

The system voltage can therefore be expressed by equation (15)
[21].

q I Icc IO
V=—-IR+—=In| ——— 1
R n( A (15)

A= a14)

Likewise, the thermal power P, of the system is expressed by
equation (16). With my, C;, Ty, and Ty represent the flow rate of the
fluid, its specific capacity, the inlet and outlet temperature respectively
[13]. More details are given in Refs. [13,34].

Pth :mf.Cf. (Tfo - Tﬁ) (16)

2.2.2. PV/T-electrolyzer coupled system

Polymer membrane electrolyzers are manufactured from pure poly-
mer membranes or composite membranes. In the latter, the different
materials are assembled to form a polymer matrix. The most commonly
used material for these membranes is Nafion (very effective in energy
storage due to its high efficiency) [9]. Its principle results from the
electrolysis of water which is the process used to produce hydrogen and
oxygen from an electrolyzer [4,38,43].

The electrolyzer is made up of two electrodes (cathode (—) and anode
(+)) immersed in water. When an electric current is applied between the
two electrodes, a redox phenomenon occurs: hydrogen gas is released at
the cathode when the water is reduced while at the anode gaseous ox-
ygen is released during the oxidation of hydroxide ions. This is described
by equation (17) and equation (18) representing the half-reactions [5,
6].

- At the cathode, water is reduced, releasing hydrogen gas:

2H,0+2e — H, +20H" a7

- At the anode, hydroxide ions are oxidized, releasing oxygen gas:
40H - O,+2H,0+4e 18)

The PEM model considered in this study is based on single-cell
characteristics. Using the Ulleberg model. Its voltage depends on three
parameters as defined in equation (19) [22].

Veet = Vrey + Vet + Vonm 19)

Where V,,, is the reversible overvoltage necessary to overcome the
thermodynamic limitations of the electrolysis process and allow the
production of gases (hydrogen and oxygen). Its value is available in
Table 2. The term V, is the activation overvoltage (equation (20))
making it possible to activate the electrochemical reactions at the
electrodes. Next, V,pn,, is the ohmic overvoltage (equation (21)) which
in fact represents the voltage lost due to the electrical resistance of the
different components of the electrolyzer cell [17,40].

t L B3
Ve =slog Gl L (20)
e
T
Vom =120 @1)
A,

The terms t and r represent the overvoltage coefficients and the
ohmic resistances, respectively. The hydrogen production rate can be
evaluated as follows by equation (22) [41].

. I
My, = ”FE* (22)
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With ny representing the Faraday efficiency which is deduced from an
empirical development expressed in equation (23) [39].

(&)

p=—""—"— 92 (23

)

- Expression of the exergy of the system

Exergy is an important concept in thermodynamics that helps eval-
uate the quality and utility of a form of energy. It represents the
maximum amount of useful work that can be obtained from a system or
flow of energy when it is brought from its initial state to the state of
thermodynamic equilibrium with the environment. Unlike energy,
which is always conserved, exergy can be destroyed during irreversible
transformations. Exergy takes into account both the energy and the
entropy of the system, and therefore makes it possible to evaluate its
quality and its potential for conversion into useful work [34-36], [42].
The importance of an exergy efficiency assessment for this system can be
listed as follows:

- In an electrolysis system, the electricity supplied is a high quality
form of energy (high exergy) that is used to break down water into
hydrogen and oxygen;

- However, the electrolysis process involves irreversibilities (heat
losses, resistance, etc.) which reduce the exergy of the system.

- Evaluating the exergy efficiency of an electrolyzer makes it possible
to quantify the fraction of the exergy supplied which is actually
converted into exergy of the products (hydrogen and oxygen).

- This gives a better indication of the actual performance of the system
than traditional energy efficiency, which does not take into account
exergy losses.

exergy efficiency of a PEM electrolyzer is defined as the ratio be-
tween the exergy gained by the reaction products (difference in exergy
of the reactants reacting with the exergy of the products) and the exergy
supplied in the form of electricity at the entrance to the system.
Expressed in equation (24) [36,37].
(En, + Eo,) — (Enyo)

B M LI (24)
1 Pelect

With the exergy of the reactant and products given respectively by
equations (25)-(27) [21-23].

EHZO = Tlezg (exch + exph)Hzo (25)
EH2 =Ty,0 (exch + exph) H, (26)
Eo, =i, (exen + exph)02 27)

The chemical exergy of the different constituents is given in Table 2.
And their physical exergy is expressed by equation (28) [23].

(k-1)/k
o u(E) () ")
a a )

2.3. Digital model

The meteorological data used in this study are those of an equatorial
climate in Cameroon, more precisely from the town of Bafoussam
available in ref [13].. The numerical method is based on an explicit
scheme for temporal discretization, which allows a simple and efficient
implementation in MATLAB. Table 3 shows the input data of the solar
PV/T system. The parameters of the heat transfer fluid which is water in
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this case are available in ref [13]..
3. Results and discussion

This section focuses on the presentation of the results obtained. The
influence of cell temperature and solar irradiation on the current-voltage
characteristics of the hybrid solar system is evaluated. In addition, the
thermal and electrical performances are analyzed and the productivities
of the hybrid solar PV/T-electrolyzer system as well as an exergy opti-
mization are carried out.

- Validation

To validate the numerical model of the electrolyzer powered by the
PV/T hybrid solar system, the current-voltage characteristics of the
electrolyzer are compared with the experimental results. This to guar-
antee the reliability of the model presented here, the current is taken as a
fixed reference and the errors between the experimental and numerical
voltages are evaluated. In Table 4 we can observe that the root mean
square error (RMSE) is 0.54 % and the relative error (RE) is 1.28 %.
These values are very low, indicating that the numerical model very
accurately represents the experimental behavior of the electrolyzer.
Showing that the model captures the main physical and electrochemical
phenomena that govern the operation of the system.

- Influence of temperature on current-voltage and power characteris-
tics of the PV/T system

Fig. 3 allows you to visualize how cell temperature affects the
current-voltage characteristics of the PV/T system. It should be observed
that as the cell temperature increases, the output voltage decreases.
With a maximum cell temperature at 60 °C, the voltage is 44.32 V and
the maximum current intensity is 4.39 A. On the other hand, with a
minimum cell temperature at 15 °C, the maximum voltage is 57.56 V
and the current maximum is 0.07 A. This is explained by the fact that the
increase in cell temperature reduces the band gap of the semiconductor,
which lowers the open circuit voltage. On the other hand, the increase in
temperature tends to increase the short-circuit current logarithmically.
This is due to the improved mobility of charge carriers at high temper-
atures. The combination of these two effects results in a decrease in the
maximum power produced by the PV/T system when the cell temper-
ature increases. This can be seen in Fig. 4 by moving the maximum
power point towards lower current and voltage values. The combination
of these two effects results in a decrease in the maximum power pro-
duced by the PV/T system when the cell temperature increases. This led
to an electrical power of 179.6 W at minimum cell temperature and 131
W at maximum temperature.

Table 4
Experimental validation of the coupled PV/T-electrolyzer model.

I (Tefectro = 80°C) Vexp Ref [33]. Voum (Present work)

0.1428 1.6857 1.6946
0.2857 1.7333 1.7445
0.4285 1.7620 1.7739
0.5714 1.7896 1.7923
0.8571 1.8275 1.8323
1.0000 1.8500 1.8502
1.2857 1.8733 1.8807
1.7142 1.9066 1.9155
2.0000 1.9333 1.9413
2.5714 1.9733 1.9839
3.0000 2.0071 2.0135
4.0000 2.0821 2.1047
Relative error (%) 0.54

RMSE (%) 1.28
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Fig. 3. Influence of temperature on the current-voltage characteristics of PV/T.
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- Influence of solar radiation on current-voltage and system power
characteristics

Fig. 5 shows the influence of solar irradiation on the current-voltage
characteristic of the PV/T hybrid solar system. The observation made is
that when the solar irradiation increases, the output current of the PV/T
system increases almost linearly. With a solar irradiation of 200 W/m?,
the maximum current is 0.88 and the maximum voltage is 43.34 V.
Further at 1000 W/m?, the maximum current is 4.501 and the maximum
voltage is 50.72 V. This trend continues. explained by the fact that the
increase in the flow of photons incident on the photovoltaic cells gen-
erates more electron-hole pairs, which results in an increase in the short-
circuit current. The low variation in voltage is explained by the fact that
the open circuit voltage of the PV cells depends logarithmically on the
short-circuit current, which itself varies linearly with irradiation. Also
visible in Fig. 6, it is seen that the output power of the PV/T system
increases almost linearly with solar irradiation. A maximum electrical
power of 152.4 W is reached for solar irradiation at 1000 W/m?. This
results from the combination of the linear increase in current and the
small increase in voltage with irradiation.

- Evaluation of the thermal and electrical performances of the PV/T
system

Fig. 7 shows the influence of cell temperature and solar irradiation
on the electrical power output from the PV/T. At 20 °C and 200 W/m?
cell temperature and solar irradiation respectively, the electrical power
is 29.52 W. By maintaining this cell temperature at 20 °C, with solar
irradiation at 1000 W/m?, the electrical power is at 147.6 W. On the
other hand, by setting the solar irradiation at 1000 W/m?, with a cell
temperature at 50 °C, the electrical power drops by almost 21 W. Then
decreasing by 4.32 W in the case of irradiation fixed at 200 W/m? and a
cell temperature leaving from 20 °C to 25.2 °C. This visualization reveals
that as the temperature of the PV cells increases, the electrical power of
the PV/T system decreases significantly and increases more significantly
with solar radiation. It can be established that the negative effect of
temperature on electrical power is all the more marked as solar irradi-
ation is high. Hence the need for a cooling fluid (water in our case) used
to reduce the temperature of the cells. The influence of the outlet fluid
temperature and solar irradiation on the thermal power is visualized in
Fig. 8. It shows the relationship between the overall irradiation, the
water outlet temperature and the thermal power of the system.
Increased thermal power can be observed when solar irradiation in-
creases. A minimum thermal power of 129.8 W is reached at 200 W/ m?

150

200

150

Power (W)
3

50

60

i 2
Irradiation (W/m”®) 0 o 2 Voltage (V)

Fig. 6. Influence of solar irradiation on PV/T output voltage and power.
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with an outlet water temperature of 25 °C. And a maximum thermal
power of 551.9 W is reached at 1000 W/ m? with a fluid outlet tem-
perature of 70 °C. This is explained by the fact that the higher the
irradiation, the heating of the cells is significant, and the temperature at
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the water outlet is high. And the greater the temperature difference
between the inlet and outlet of the water, the greater the heat transfer.
This results in an increase in thermal power. The cell cooling system
with water directly promotes an increase in the output voltage as well as
the electrical output power of the PV/T. It could also be explained by the
fact that reducing the temperature of the PV cells reduces the thermal
agitation of the electrons, which facilitates their separation in the
transition zone (PN junction) and therefore increases the voltage.

- Evaluation of the current-voltage characteristics of the PV/T-
electrolyzer system

The study of the current-voltage characteristics of the system is
crucial to understand and optimize the operation of a PV/T-electrolyzer
system. These characteristics make it possible to evaluate the efficiency
of the conversion of solar energy into electrical energy and hydrogen
produced by electrolysis. Fig. 9 (a) and 9. (b) present the current-voltage
characteristics of the PV/T/Electrolyzer couple and the electrolyzer
respectively. That of the electrolyzer has a non-linear appearance, with a
progressive increase in voltage as the current increases. It presents a
maximum power point which will correspond to the optimal operation
of the PV/T-electrolyzer coupling. Has a maximum current of 4.43 A and
1.71 V maximum voltage. These values are influenced by overvoltages
linked to oxidation and reduction reactions, as well as by the internal
resistance of the electrolyzer. This operating point of the PV-electrolyzer
system corresponds to the intersection between the IV characteristics of
the PV/T photovoltaic generator and those of the electrolyzer. This point
represents the current and voltage values for which the system operates
optimally.

In Fig. 10, the evaluation of the produced hydrogen flow rate as a
function of (a) current density and (b) local time is presented. The
relationship between the current density applied to the electrolyzer and
the volumetric flow rate of hydrogen produced is linear. At a current
density of 100 mA/cm?, the flow rate of hydrogen produced is 0.016
m3/h, and at 174 mA/cm? the flow rate is 0.028 m®/h which represents
the flow rate obtained at the hour (12h) of maximum sunshine as shown
in Fig. 10b. Thus, at hours (6 a.m.-9 a.m. and 3 p.m.-6 p.m.) when solar
irradiation is low, the hydrogen flow rate reaches values below 0.015
m3/h. There is therefore a strong dependence on the electricity pro-
duction of PV/T. This corroborates the observations made in studies [17,
18], which showed that hydrogen production directly depends on the
electricity production of the PV/PV-T system. In addition, these values
are of the same order of magnitude as those reported in the study [17] of
the literature, where flow rates of 0.55 Nm®/h and 0.675 Nm®>/h were
obtained respectively with PV and wind-electrolyzer systems. the results
obtained clearly demonstrate the linear relationship between the

5 T

4 L 4
~
<5 .
N
=
%]
c
=27 1
@)

1 L 4

0

1 1.2 1.4 1.6 1.8
Voltage (V)

Fig. 9. Current-voltage characteristics (a) of the PV/T/Electrolyzer couple (b) of the electrolyzer.
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Fig. 11. Variation of exergy efficiency as a function of current density.

electric current and the hydrogen flow, as well as the variation in the
electrical production of the PV/T depending on the sunshine during the
day, which directly conditions the flow of hydrogen. hydrogen produced
by the electrolyzer. This observation is consistent with the results of
studies [19-21] in the literature, which also pointed out that the output
voltage of electrolysis is strongly affected by electrolyzer parameters
such as current density.

- Exergy sensitivity analysis of some system parameters

Exergy sensitivity analysis makes it possible to optimize the design of
the PV/T-electrolyzer system. Optimization of these design parameters
would improve the overall exergy efficiency of the system. Thus, the
exergy efficiency makes it possible to evaluate to what extent the elec-
trolysis system uses electrical energy to produce hydrogen and oxygen.
Fig. 11 shows the variation of exergy efficiency as a function of current
density. The solar radiation incident on the PV/T is set at 1000 W/m?
and the temperature of the electrolyser is set at 60 °C and a flow rate of
3.5 x 10~3m?®/h. The observation is that the exergy efficiency of elec-
trolysis decreases as the current density increases. Thus, at low current
density, polarization losses are reduced, but the hydrogen production

rate is low, which limits performance. exergy. However, at high current
density, polarization losses increase, reducing the exergy efficiency.
Hence, an optimal current density (200 mA/cm? for 47 % exergy effi-
ciency) lying in an intermediate range, neither too low nor too high is
recommended. This may involve working at an intermediate current
density, where flow rate is acceptable and exergy efficiency remains
relatively high. In Fig. 12, the effect of exergy efficiency as a function of
electrolyzer temperature is presented. According to this figure, the
exergy efficiency of the electrolyzer increases significantly with tem-
perature. This trend is explained by the fact that at higher temperatures,
the Kkinetics of electrochemical reactions at the electrode accelerate,
which reduces overvoltages and improves the efficiency of the process.
The ionic conductivity of the electrolyte also increases with tempera-
ture, reducing ohmic losses. This results in an improvement in the
reversible potential and therefore in the exergy efficiency. A higher
operating temperature (around 50-60 °C for greater efficiency) exergy
of 39 %) is generally desirable to improve exergy efficiency. But,
although increasing temperature improves exergy efficiency, it can have
impacts on other aspects of the system, such as the energy consumption
of the heating system. Also, temperatures that are too high can cause
problems with degradation of the electrolyzer materials. A compromise
must therefore be found between exergy efficiency and other perfor-
mance criteria of the electrolysis system. Fig. 13 presents the variation of
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Fig. 12. Variation of exergy efficiency as a function of electrolyzer
temperature.



A.Z. Kenfack et al.

24 , , . ;

it [ N
(=] [—} N

Exergetic efficiency (%)

o
=)

1 4 1 1 1 1
2 3 4 5 6 7

Water flow rate (m>/h ) x10°7

Fig. 13. Variation of exergy efficiency as a function of water flow in the
electrolyzer.

the exergy efficiency as a function of the water flow in the electrolyzer.
The exergy efficiency of the electrolyzer increases significantly as the
water flow increases to an efficiency threshold where it tends to stabi-
lize. This is explained by the fact that at a low water flow, the transport
of reagents (water, ions) towards the electrodes is limited, which leads
to concentration overvoltages and the evacuation of gas bubbles
(hydrogen and oxygen) produced at the electrodes is less effective.
Beyond this threshold (5.7 x 10~3m?3/h), increasing the water flow no
longer brings significant improvement in performance. This is probably
explained by the appearance of other limiting phenomena, such as the
increased energy consumption of the circulation pump. Table 5 presents
the results of the optimal parameters obtained. The literature [16,
19-21] confirms this multi-criteria optimization approach to find the
optimal sizing and particularly the authors [16] with a PV-electrolyzer
system. But these results provide more information that exergy anal-
ysis and multi-objective optimization can identify exergy losses in the
system and optimize system parameters.

- Monthly assessment of hydrogen and oxygen production

Fig. 14.a and Fig. 14b presents the monthly evaluation of the pro-
duction of hydrogen and oxygen delivered by the hybrid solar PV/T-
electrolyzer system. The monthly production of hydrogen and oxygen
reaches the maximum values 4.85 m® and 2.42 m® respectively in
February. And the minimum values of 1.87 m® and 0.93 m® respectively
for hydrogen and oxygen in the month of July. This strong seasonal
variation is probably explained by fluctuations in the electricity pro-
duction of the PV/T system which supplies the electrolyzer. These re-
sults show the importance of taking into account seasonal variations in
renewable electricity production to correctly size a hydrogen production
system by electrolysis. The maximum hydrogen productions that you

Table 5
Optimal system parameters.
Exergy efficiency 39 47 231
(%)
Settings Electrolyzer Current Water flow in the
temperature density electrolyzer
Parameter values 60°C 200mA/ 5.7 x10°3 m3/h

cm?
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report (4.85 m3/month) are of the same order of magnitude as those
observed in the study [24], which obtained monthly productions of up to
6 m>. This highlights the crucial importance of taking into account these
seasonal fluctuations when designing and sizing such renewable pro-
duction systems.

- Challenges and limitations of technology

Although PV/T-electrolyzer technology has many advantages in
terms of production performance and carbon emissions, CO, reduced, it
faces several major challenges that must be overcome to enable suc-
cessful deployment on a large scale.

First, the long-term reliability and durability of the system must be
improved. Components, particularly the electrolyzer, may experience
premature degradation with intermittent operation or frequent charge/
discharge cycles. This could significantly reduce the lifespan of the
system and limit its economic viability. Advances in materials and
manufacturing techniques are necessary to increase the robustness and
longevity of these technologies.

Second, challenges related to integration into the electricity grid
must be overcome. The intermittency of solar production can cause
disruptions on the grid and require the development of storage and
intelligent energy management solutions. In addition, increasing the
share of green hydrogen in the overall energy mix implies the estab-
lishment of suitable distribution and refueling infrastructures, which
represents a considerable investment.

Finally, further progress is needed in component design and system
modeling to further optimize their performance and efficiency. In
particular, further studies are required to assess the impact of environ-
mental conditions, design parameters and control strategies on overall
hydrogen and heat production.

Despite these challenges, the potential of hybrid PV/T-electrolyzer
systems for large-scale green hydrogen production remains significant.
Continued efforts in research, technology development and business
model innovation will be essential to overcome these obstacles and
enable wider adoption of this sustainable solution.

4. Conclusion

Water electrolysis is an efficient and clean way to produce hydrogen
and oxygen from water and electricity. This is a key process for the
development of a sustainable hydrogen economy. This digital study is
therefore a contribution to the production of healthy and sustainable
hydrogen with the source of a new hybrid photovoltaic and thermal
solar system. There is therefore double production in addition to elec-
tricity, heat which can be used in hospitals for heating, electricity and
oxygen supply. And in several sectors of activity. After experimental
validation, the effect of operating parameters such as operational
operating temperature of the electrolyzer, current density and mass flow
rate of water in the electrolyzer on the exergy performance are analyzed.
This article reveals that:

- The negative effect of temperature on electrical power is all the more
marked as solar irradiation is high;

- That with a maximum operating point of the PV/T-electrolyzer sys-
tem at 4.43 A and 1.718 V, hydrogen is obtained;

- The relationship between the current density applied to the elec-
trolyzer and the volumetric flow rate of hydrogen produced is linear.
But at high density, a slight deviation from linearity may appear due
to overvoltage phenomena and losses, limiting the exergy yield;

- The renewal of the fluid allows better dissipation of the heat
generated by the irreversible processes in the electrolyzer;

- Beyond this threshold (5.7 x 10-3m?®/h), increasing the water flow
no longer brings significant improvement in performance;
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- With a water flow of 5.7 x10~3 m3/h, a current density of 200 mA/
cm? and an electrolyzer temperature of 60 °C, the monthly produc-
tion of hydrogen and oxygen reaches the maximum values of 4.85 m?
and 2.42 m® respectively.

The results of this study provide valuable information to guide the
development of sustainable energy solutions, integrating the production
of electricity, hydrogen, oxygen and heat from a hybrid photovoltaic and
thermal solar system. In perspective, this study could be improved by
including load and demand management in the analysis process and
storage as well as economic analysis are strongly recommended. Addi-
tionally, limited long-term reliability and durability, grid integration
challenges, and the need for continued design and modeling optimiza-
tion efforts represent the main obstacles to large-scale deployment of
this technology. However, its potential remains significant and requires
continued investment in research and development to overcome these
challenges.
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G Inclined solar radiation (W/m?)
Cp Water specific heat (J/kg.K)
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P Partial pressure
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k The constant Boltzmann
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Tc The absolute temperature of the sun cell
1 current density
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PEM Polymer electrolyte membrane
PV Photovoltaics
PV/T Photovoltaic/Thermal
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