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There is growing concern about the release of pollutants from the use of fossil fuels. These concerns have
led to the increased use of renewable energy sources and green energy carriers such as hydrogen. This
paper evaluates a new hydrogen production system using a solar energy source. For this purpose, the
concentrated photovoltaic (CPV) system is used for the first time as the driver of the proposed hydrogen
production system. The first and second laws of thermodynamics and the conservation of mass and energy
are used to simulate the system. The results show that the PV production power is 1529.4 kW, the turbine
output power is 1015.3 kW, the pump consumption power is 126.5 kW, the hydrogen production is 6
grams per second, the energy efficiency is 8.84% and the exergy efficiency is 36.77%. On the other hand,
the parametric analysis shows that increasing the nominal efficiency of the PV panel increases the PV
power generation, in addition, increasing the ambient temperature decreases the PV power generation.

Also, increasing the fluid quality at the evaporator outlet increases the energy efficiency and exergy.
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1. INTRODUCTION

Hydrogen plays a key role in the transition to sustainable so-
cieties. Hydrogen will have wide applications in various in-
dustries, including land and air transportation, feed chemical
industries, and energy carriers in storage and production sys-
tems [1]. However, about 95% of the consumed hydrogen is
produced by hydrocarbon steam reforming, which is respon-
sible for emitting 830 million tons of carbon dioxide per year
worldwide [1]. Obviously, this situation is not very suitable.
Hydrogen production should be produced with more modern
technologies and using renewable energy sources.

The use of renewable energy sources for hydrogen production
purposes reduces carbon emissions and promotes sustainabil-
ity. However, further research and development are needed to
optimize this technology and make it commercially viable on
a large scale. Overall, the coupling of solar power system and
electrolyzer represents a promising avenue for advancing the
production of hydrogen as an energy carrier. Solar energy has

the highest capacity among other energy sources [2]. The perfor-
mance of a PEM electrolyzer system was analyzed by Awasthi
et al. [3] through the development of a computational model
that examined the impact of different operating conditions and
electrolyzer components. Ganjehsarabi et al. [4] assessed the
performance of a solar-driven high-pressure PEM electrolyzer.
They used the variable solar irradiance data sets to analyze the
performance of the proposed system. Their results showed that
the inverter size should be larger than 0.75% of maximum excess
power to have a higher efficiency. Burton et al. [5] reviewed the
methods of hydrogen production efficiency increment. They re-
vealed that further advances in the efficient production of renew-
able hydrogen will require the consideration of the molecular
dynamics of the water molecule. Nafchi et al. [6] investigated
the performance of a solar-based hydrogen and electric power
generation plant incorporated with a high-temperature PEM
electrolyzer and energy storage. Their results showed that inte-
gration of the PEM electrolyzer enhances the exergy efficiency of
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Fig. 1. Schematic of the studied system

the Rankine cycle, considerably. However, it causes almost 5%
exergy destruction in the integrated system due to conversion
of electrical energy to hydrogen energy. Also, they concluded
that increase of working pressure and membrane thickness leads
to higher cell voltage and lower electrolyzer efficiency. Their
results indicated that the integrated system is a promising tech-
nology to enhance the performance of concentrating solar power
plants. M. Alirahmi et al. [7] developed a multi-criteria opti-
mization model for optimizing the solar thermal power plant
integrated with a PEM electrolyzer and thermoelectric generator.
They used the Genetic Algorithm (GA) for searching optimal
results of their proposed system. Their results showed that the
specific cost of the system product and the exergy efficiency is
30.2$/G]J and 21.9%, respectively, and the produced hydrogen
rate is 2.906 kg/h. O. Rejeb et al. [8] proposed a solar-driven
poly-generation system for Oxygen, Hydrogen, Electricity, and
Heat production. They considered energy efficiency, cost rate,
and net output power as the objective function of the optimiza-
tion model. The results show that the proposed system operates
with an exergy efficiency of 16.24%, a cost rate of 4.48 $/hr, and
a net electrical power of 33.32 kW under optimal conditions.

In addition, some researchers have evaluated the technical
and economic aspects of the proposed concentrated photovoltaic
integrated with an organic Rankine cycle for electricity produc-
tion purposes [9-12]. They used the zero-dimensional energy
model to evaluate the thermal behavior of system layers in or-
der to determine the heat losses, and consequently, the energy
output.

Despite the extensive studies in this field, no study has been
carried out to evaluate the concentrated photovoltaic system for
the proposed hydrogen production system. In this article, we
have designed a system in which not only the power generated
by the PV is used directly to produce hydrogen, but also its recy-
cled heat is converted into electricity using the Organic Rankine
Cycle and used again to produce hydrogen by the electrolyzer

2. METHODOLOGY

In this project, an organic Rankin cycle with a geothermal input
energy source is used to supply the electric power required for
hydrogen production. The schematic of the system studied in
this paper is shown in Figure 1. In the proposed system, the
solar energy is used as the input energy of thermal system. The
working fluid at the outlet of the condenser is in a saturated
liquid state (point 5). The pump raises the fluid pressure and
directs it to the pre-heater (point 6). In the evaporator, the liquid
is vaporized through heat transfer from the geothermal water to
the working fluid of the organic Rankine cycle and then enters

the phase separator (point 8). The separator directs the saturated
vapor phase to the turbine inlet (point 9) and directs the liquid
phase to the pressure breaker (point 10). The entering steam
to turbine causes the turbine to rotate and exits with low pres-
sure (point 11), which finally mixes with the fluid exiting the
pressure breaker in the absorber (point 13). Finally, the liquid
is condensed in the condenser and the organic Rankine cycle
is completed. The work output of the turbine is converted into
electrical energy in the generator and finally the electrical en-
ergy enters the Electrolyzer to produce hydrogen. Each of the
subsystems is described below.

A. Photovoltaic system

The concentrated photovoltaic system used in the simulation
consists of a linear parabolic concentrator and a photovoltaic
panel at its center. It should be noted that the dimensions used
in this article for the design of the system are small-scale, and
its results can be generalized to large-scale designs. The area
of the panel used in the system is 1 square meter, where the
panel length is 10 times its width. The area of the concentrator
is obtained according to the dimensions of the panel and the
concentrator’s collection coefficient.

Acon = C X Apv @

where Acon is the concentrator area (1), C is the concentration
ratio, and A,v is the PV panel area (m?).

At the beginning of system design, the concentrator collection
coefficient is considered a fixed initial value. This value will be
changed after the full introduction of the system and during
the sensitivity analysis that will be done for this coefficient. In
the analysis of the photovoltaic system, solar radiation equal to
1000 W/m?2, ambient temperature 25°C and wind speed 2 m/s
are considered. Photovoltaic panel efficiency according to its
working temperature is obtained by the following relation [13]:

Mpy = npv—ref[l - ,Bref(Tpv - Tref)} )

where 1,0 is the PV panel efficiency (%), n(pv — ref) is the PV
nominal efficiency (%), Bye  is the temperature coefficient (1/K),
Tpv is the PV panel temperature (K), and T;ef is the reference
temperature (298.16K).

In order to calculate the output power of the panel, it is
necessary to calculate the radiant power falling on the panel by
the concentrator. Radiant power landing on the panel (Qpv) is
calculated according to the following equation:

Qpo = GChypricar Apo @)

The output power of the panel (Ppv) is obtained according to
the following equation according to the radiant power falling on
it:

Ppo = Qpotipohing @

Radiant power falling into the system is partially converted into
electrical power according to equation 5 and the rest is converted
into thermal power, whose amount can be calculated according
to the following equation:

Qrin = Qpo(1 —npo) (5)

From this thermal power produced in the system, a part is lost
by radiation caused by the higher temperature of the system
than the environment and convective heat transfer, and a part is



Research Article

Journal of Energy Management and Technology (JEMT)

Vol. 8, Issue 1 54

Concentrated radiation

-

® Tope

_..» Absorber

ORC fluid channel

s Absorber

"» Thermal insulator
PV/T layers

Fig. 2. Layers used in the photovoltaic-thermal system

delivered to the organic Rankin cycle, which is written according
to equation 6:

Oth = Qorc + Qrag + Qconv (6)

The convective and radiant thermal power resulting from the
higher temperature of the photovoltaic system compared to its
environment are written as follows, respectively:

Qconv = hvapv(Tpv - Tu) + hinsApv(Tins - Tﬂ) @)

de = SPvAPvU(Tgv - Tg) + SinSAPUU(I—;%qs - Tg) ®
To obtain the temperature of different layers used in the system
(Figure 2), it is necessary to use an energy balance model along
the system. Due to the thickness of the layers, the temperature
is almost constant throughout each of the layers, therefore, the
zero-dimensional energy balance model can be used for simula-
tion (Figure 2). The energy balance around each layer used in
CPVT system is as follows [14]:

The energy balance around photovoltaic panels:

dT;v
MpoCp,po g5~ = hpoApo(Ta — Tpo)
+8pz;Apv‘7(T;1 - Tgv) ©)
Ta s_T v
+Apv( Rbpv—nbi ) + QT

The energy balance around the absorber plate:

dT,; s T 7Tubs
mabscp,ahs i = Apv(h) (10)

+Apv( Tins—Taps ) _ QOYC

Rabs—ins
The energy balance around the insulation board:
ATy _ Tus—T;
minscp,ins a = APU( f{b:bsfhllzs)

+hinsApv(Tu - Tins) 1

+sinSApva(T§ky —Tt)

The temperature of the sky calculated according to the following
equation [15]:

Ty = 0.0552T,' (12)
The energy balance around the coolant:
Ty
mflcp,flﬁ = My245fq (hin — hout) + Qorc (13)

At the point of design and by ignoring the transient state, the
temperature of each component used in the system can be con-
sidered constant during one hour. Therefore, the left-hand side

of the energy balance equations around the layers will be zero.
The coefficient of heat transfer (h) is considered the same for
both sides of the module [13] and is expressed by the following
relationship (heat transfer from the edges is ignored):

h = 2.8+ 3Vyin4 (14)

The temperature of the photovoltaic panel will be about 10 °C
higher than the temperature of the cooling fluid output [16].
Repetitive and simultaneous solving of the above equations
leads to the calculation of the values of variable parameters such
as the temperature of different layers in the photovoltaic panel
and finally the energy input to the organic Rankin cycle.

B. PEM Electrolyzer

Polymer Electrolyte Membrane (PEM) electrolyzers are one of
the most common energy converters to produce hydrogen. An
electrolyzer consists of several electrolyzer cells that are con-
nected in series. In an electrolyzer, water is produced by passing
an electric current through two electrodes separated by an elec-
trolyte. It breaks down into hydrogen and oxygen. According to
Faraday’s law, the rate of hydrogen production in an electrolyzer
cell is directly proportional to the transfer rate of electrons in
the electrodes, which is actually equal to the electric current
in the circuit. The main components of electrolyzers are cath-
ode, anode, electrolyte, and separator. Based on the type of
these components, electrolyzers are divided into five main cat-
egories: traditional and advanced alkaline electrolyzers, PEM
electrolyzers, inorganic membrane electrolyzers and solid oxide
electrolyzers. Currently, the alkaline electrolyzer, whose elec-
trolyte is liquid, and the PEM electrolyzer, whose electrolyte is
solid, are the most common electrolyzers. Between these two,
the alkaline electrolyzer is older and is suitable for medium to
high-end devices. The PEM electrolyzer is mostly used for small
scale. Among the types of electrolyzers, PEM electrolyzers have
many relative advantages, including higher voltage efficiency,
performance, and efficiency, higher current density (up to 13
ampere per square meter), production of pure hydrogen and
oxygen, greater safety (no circulation of corrosive electrolyte),
compact And being small in size, significantly increasing the effi-
ciency in case of increasing the working temperature up to 450°C
and faster response to variable electrical inputs are more useful.
Among the disadvantages of PEM electrolyzers, we can mention
the high cost of the components and the corrosive acidic envi-
ronment. Hence, in this research, the PEM electrolyzer has been
studied. Figure 3 shows the schematic of the PEM electrolyzer.
The reactions in the anode and cathode of a PEM electrolyzer
are written as follows [17]:

1
Anode : H,O — 2H' + EOZ +2e” (15)

Cathode : 2H" +2¢~ — Hp (16)

GeneralReaction : HyO ) — Hy(g) + %02(8) Based on the Gibbs
free energy of reaction, there is a reversible voltage for PEM elec-
trolyzer. This voltage corresponds to the ideal electrolyzer cell in
reversible and isothermal conditions. In fuel cells, all the electri-
cal energy obtained during the process of electron movement is
available in an external circuit. The concept for the electrolyzer
is that all the kinetic energy produced is available for hydrogen
production without any loss, the rest of the voltage drops are
added to the reversible voltage and corrected to account for the
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effects of Galette using the Nernst equation. The Gibbs free
energy is defined as [18]:

AG = AH —TAS 17)

Open circuit voltage for PEM electrolyzer is obtained using
Nernst equation:

Vo =1.229 — 8.5 x 10’3(TPEM —298) (18)
The single cell voltage of the electrolyzer is defined as follows:
V= VO + Vuct.a + Vuct.c + Vohm (19)

Where V¢, indicates the activation voltage drop in the anode,
Vact.qaindicates the activation voltage drop in the cathode and
indicates theV,y,,, voltage drop in volts.

Activation voltage drop: The activation voltage drop indicates
the electron’s readiness for electrochemical reaction. Some of the
applied voltage to the electrolyzer is lost due to the transfer of
electrons from the surface of the electrodes during the chemical
process. The activation energy on both sides of the cathode and
anode due to the drop in the activation voltage is modeled by
the Volmer-Butler equation as follows:

RT .. 1, ]
V.eti = —sinh (20)
act.i J3 ( 2]0,1' )

Where Jj; anode/cathode is current exchange density in amps
per square centimeter and is obtained according to the following
equation:

Vv .
Joi = Ji exp(— =) @

Ohmic voltage drop: Ohmic voltage drop is the resistance cre-
ated against the flow of electrons and electrical resistance of the
PEM electrolyzer. This voltage drop depends on the type of
PEM electrolyzer and the material of the electrodes. The ohmic
voltage drop is linearly related to the current density. The ohmic
voltage drop caused by the membrane resistance of the elec-
trolyzer is the resistance of the electrolyzer against the transfer

of protons and is a function of the membrane thickness (L) in me-
ters, the ion conductivity of the ion exchange membrane (yen)
in ([ Q.cm)) and the current density (J) are defined in terms of
amperes per square centimeter as follows [19, 20]:

Vorm = JRPEM (22)
74
X
Rpem = 0/ -y (23)
AMx) = Aa 5 Acy Ac (24)

Where D is the membrane thickness and AjandA. are the water
content in anode and cathode, respectively.

Tmem|[A(x)] = [0.5139A(x)

(25)
—0.326] exp[1268( 505 — +)]

The mass flow of hydrogen produced in the electrolyzer is ob-
tained from the following equation [21]:

NHz.out = ﬁ = ZNHZO.reacted (26)

C. Organic Rankin cycle

The following assumptions are considered for the simulation of
the combined power and heating subsystem:

* Thermodynamic balance is established in the system input
and output.

* For the subsystem, the assumption of permanent state and
permanent flow is established

¢ The pressure drops in the pipes and the heat drop around
in the subsystems are not considered

¢ The exit state of the condenser is saturated liquid

¢ Condenser outlet temperature is 15°C higher than ambient
temperature

* The evaporator outlet temperature is 15°C lower than the
geothermal fluid temperature

¢ Temperature and pressure are equal at the inlet and outlet
of the phase separator

* The temperature at the inlet and outlet of the pressure relief
valve is the same

¢ The pressure at the entrance and exit of the absorber is equal

* The process takes place in the condenser as a constant pres-
sure

¢ The process takes place in a constant pressure evaporator
¢ The fluid at the evaporator inlet is in a saturated liquid state

* The processes in the preheaters are done at constant pres-
sure

¢ The water temperature entering the electrolyzer is the same
as the working temperature of electrolyze
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Table 1. Mass and energy balance relations in subsystems

Component Equations Eq.No
Evaporator my = mg, my = myp, my(hy — hy) = mg(hg — hy) 26
Separator mg = my + My 27
Turbine mg = my1, § = (h11 — ho)/ (h11.s — ho) 28
Pressure breaker  mqg = mqp 29
Absorber My + My = myz, Miphyy + mighip = mizhys 30
Condenser miz = ms, Qeong = M13(h13 — hs) 31
Pump ms =mg , §p = (hs — hgs)/ (hs — hg) 32
Pre-Heater I me = my , my = msz, my(hy — h3) = my(hy — hg) 33

Pre-Heater I1

Mass balance and energy balance for system subsystems are
written according to Table 1 [22]. Finally, the output power of
the turbine and the power consumption of the pump are written
respectively as follows:

Wr = mg(hg — hyg)
W)y = mg(he — hs)

27)

The turbine output power is converted into electric power with
a certain efficiency (generator efficiency), which can be written
as follows [19]:

We = Wr X116 (28)

Finally, the total electrical power generated by the system is
calculated with the following equation:

Wr = W, — W, 9)

The constants input to the electrolyzer and simulation are shown
in Table 2.

3. RESULTS AND DISCUSSION:

A. Validation:

Figure 4 shows the graph of current density for different voltages.
Figure 5 also shows the results obtained in reference [16], com-
paring the graphs of Figure 4 and Figure 5 shows the accuracy
of the results of this work. The results of the simulation indicate
a significant rise in cell potential as the current density remains
below 300A /m?. However, once the current density surpasses
this threshold, the increase in cell potential becomes marginal.
In order to gain a deeper understanding of the electrochemical
performance of the PEM electrolyzer, the study examines and
presents the ohmic and activation overpotentials separately in
Figure 4. The figure illustrates that the ohmic overpotential is
negligible and experiences a slight increase with the current
density. This observation can be attributed to the high ionic
conductivity of the membrane at typical A values and operating
temperatures. Consequently, this results in a lower overall ohmic
resistance (RPEM), thereby reducing the ohmic overpotential.

B. System Output:

Table 3 shows the results of the simulation output for the men-
tioned fixed inputs (Irradiance = 1000W /m?, ambient temper-
ature = 25 °C, and wind speed = 2m/s) and for the working

mz = my, m4=m5, my(hg —hy) = m5(hy5s —hyy) 34
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Table 3. System Performance
Parameters Amount  Units
Table 2. Input data photovoltaic panel 1529 4 LW
Parameters Amount Ref.No Power Generation
Temperature of the fluid at Turbine Power Generation 1015.3 kW
point 1 140°C (23] Pump Power Consumption 126.5 kW
Ambient temperature 30 °C [23] Total Power Generation 2118.2 kW
Condenser Difference Temp. 15 °C [23] Hydrogen Generation Rate ~ 0.0060  kg/sec
Evaporator Difference Temp. 15°C [23] Energy Efficiency 8.84 %
Pump Efficiency 75% [23] Exergy Efficiency 36.77 %
Turbine Efficiency 85% [23]
Electrolyzer Efficiency 77% [23] fluid butane. According to the table, the amount of power gen-
] ] erated by the photovoltaic panel is 1529.4 kW. This amount of
Electrolyzer Working Point 70 °C [23] production has been obtained according to the panel reference
Temp. efficiency of 10%, inverter efficiency of 90%, and optical focusing
) efficiency of 85%. The effect of the nominal efficiency of the
Evaporator Pinch Temperature 5°C (23] panel on the optimal temperature at which the panel can work
Generator Efficiency 90% Selective so that the output power of the whole system is the maximum
) ) value, is described in detail in reference [24]. After converting
Fluid quality at Evaporator 0.65 Selective some of the energy received from the sun into electrical energy
Outlet ' by the photovoltaic panel, the rest of the energy entered into the
cycle, the production power of the turbine is 1015.3 kW. Accord-
Oxygen Pressure 1.0 atm. (17] ing to the consumption of 126.5 kilowatts of the pump, finally
Hydrogen Pressure 1.0 atm. [17] the total electric power produced is 2418.2 kilowatts, and by
o consuming this amount of energy in the electrolyzer, the amount
Anode Activation Energy 0.76 kJ /mol. [17] of hydrogen is produced at 6 grams per second. Total energy
Cathode Activation Energy 18 kJ /mol. [17] efficiency is 8.84% and exergy efficiency is 36.77%.
Anode Water Amount 14 [17] C. Parametric analysis:
Cathode Water Amount 10 (17] Figure 6 shows the effect of changing the rated efficiency of
Membrane Thickness 100 2em [17] the photovoltaic panel on the panel’s output power. As it is
. ) clear from the graph, the changes in nominal efficiency from
Anode current density 10000 Amp/m (17] 8% to 15% increase the output power of the panel from 1223.5
Cathode current density 10 Amp /m? [17] kW to 2294.1 kW. Due to the linear relationship between the
panel’s output power and its nominal efficiency, which is also
PV power temperature 0.004 [24] affected by the ambient temperature, the output power changes
coefficient (W/K) are linear.
. Figure 7 shows the effect of ambient temperature change on
PV emissivity (-) 0.3 [24] the photovoltaic panel’s output power. As it is clear from the
insulator emissivity (-) 0.3 [24] graph, changes in ambient temperature from 0 to 35 15 °C de-
<cal offici fth crease the panel’s output power from 1609.9 kW to 1469 kW. It
optical efficiency of the 0.85 [24] is obvious that the ambient temperature has a negative effect
concentrator (-) on the functional efficiency of the system, so that with the in-
PV-absorber th 1 crease of the ambient temperature, the working efficiency of the
V-absorber therma 0.000028 [24] panel decreases. With the decrease in working efficiency, the
resistance (W/m?) production power of the panel is affected by this increase in
bsorber-insul h 1 temperature, and as a result, the power output of the panel is
absorber-insulator therma 1 [24] reduced. The performance of solar cells is adversely affected
resistance (W/ mz) by higher temperatures due to an increase in internal carrier
el Do recombination rates resulting from elevated carrier concentra-
pinch pomt temperature 10 [24] tions. The operating temperature plays a crucial role in the

overall photovoltaic conversion process. In certain geographical
areas, particularly those characterized by extreme temperature
fluctuations, such as desert or tropical regions, the decline in
the efficiency of photovoltaic (PV) panels can be particularly
notable. To mitigate this issue, it is advisable to opt for PV pan-
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els that possess a low-temperature coefficient. Figure 8 shows
the changes in energy efficiency and exergy of the system with
changes in the quality of the fluid at the outlet of the evaporator.
As it is clear from the graph, the increase in quality at point 8
increases both efficiencies and the reason for this is the increase
in the amount of steam input to the turbine, and as a result, the
increase in the production power of the turbine for the fixed
input energy of the cycle.

4. CONCLUSIONS

Increasing energy demand, national energy security, and
strengthening environmental regulations have increased the
need for sustainable and economic energy conversion technolo-
gies. As a type of renewable energy, solar energy is the most
promising renewable energy source, and photovoltaic cells are
the most promising energy conversion technology due to the
reduction of investment costs, increased efficiency and low main-
tenance costs. Therefore, in this paper, a solar system equipped
with a concentrator combined with an improved organic Rank-
ine cycle for hydrogen production was evaluated. Concentrated
solar energy was considered as the input energy of the system.
The total electricity generated by the photovoltaic panel and
the organic Rankine cycle is used to produce hydrogen by the
electrolyzer. The simulation results showed that the amount
of power produced by the photovoltaic panel is 1529.4 kW,
the amount of power produced by the turbine is 1015.3 kW,
the amount of power consumed by the pump is 126.5 kW, the
amount of hydrogen produced is equal to 6 g/s, the energy ef-

60

50 wes Encrgy cfficiency
== Excrgy cfficiency

40

30

Efficiency (%)

20

0
0.4 0.5 0.6 0.7 0.8 0.9 1

Evaporator output quality (point 8)

Fig. 8. Changes in energy efficiency and exergy with fluid
quality changes at the evaporator outlet

ficiency is 8.84% and the exergy efficiency is 36.77%. On the
other hand, the parametric analysis showed that the increase in
nominal efficiency of the panel increases the production power
of the photovoltaic panel and the increase in the ambient tem-
perature causes the reduction of the production power of the
panel. Also, increasing the quality of the fluid at the outlet of
the evaporator increases the energy efficiency and exergy. For
future studies, we suggest considering the economic aspects of
using the proposed system for hydrogen production purposes,
especially on large scales. This will lead to a real insight into
producing green hydrogen on an industrial scale.
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