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Comparative Analysis of Hydrogen Production and
Economic Feasibility: Direct versus Indirect Coupling
of Photovoltaic Systems with Electrolyzers

Alfonso Gonzdlez del Valle, Pablo Garcia-Linares,* and Antonio Marti

Hydrogen production using photovoltaics (PV) is essential for decarbonizing
many sectors of the economy. The integration of PV and hydrogen electrolyzers is
actively debated, with focus on direct versus indirect configurations and the
option of storage. Direct configuration connects PV directly to the electrolyzer,
offering simplicity and reduced installation costs but depends on the weather for
efficient power transfer. Indirect configuration adds a power stage, increasing
complexity and losses, but enabling maximum power tracking. Adding batteries
allows storage of excess PV energy, extending hydrogen production. This study
optimizes a PV generator to maximize annual hydrogen production in the direct
configuration, then uses the same PV array for indirect configurations with and
without batteries for a fair comparison. Results show that the indirect config-
uration with a battery yields 78% more hydrogen annually than without a battery
and 109% more than the direct configuration. The indirect configuration with a
battery uses 86.9% of PV energy for hydrogen production, yielding the highest
profit at 2.53 € - W' (euros per watt-peak of PV), compared to the direct and
indirect configurations without a battery, which use 41.9% and 44.6% of PV

challenging for electrification due to long
distances and the need for high energy den-
sity.>* Beyond heavy industries and trans-
port, H, can also play a transformative role
in agriculture, particularly in remote rural
areas with insufficient electrical infrastruc-
ture,”) and in mining operations in isolated
locations with high energy demands.®?
Although it is not a difficult-to-electrify
application, H, is also crucial to produce
fertilizers such as ammonia.["”
Solar-hydrogen (S-H) systems use
photovoltaic (PV) electricity to produce
H,. Their main components are the PV
generator, which converts sunlight into
electric energy, and the electrolyzer, which
uses this electric energy to split water into
H, and oxygen (O,). S-H systems, where
the electrolyzer input is directly connected
to the electrical output of the PV generator,

energy and generate 1.49 and 1.83 € - W', respectively.

1. Introduction

The energy transition aims to reduce dependence on fossil fuels,
decrease greenhouse gas emissions, promote renewable ener-
gies, and enhance energy efficiency. In this context, renewable
hydrogen (H,) has emerged as a key player in the transition!"
because of its potential ability to serve as an alternative in sectors
where electrification is not feasible such as steel,”) cement,”’)
and chemical production,* which require high temperatures
and continuous processes. Maritime and air transport are also
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are known as direct coupling configura-
tions (Figure 1).''"*! On the contrary,
systems with an indirect configuration
incorporate an intermediate power stage
(PS) to bias the PV generator at its maximum power point
(MPP) and transfer this power to the electrolyzer (Figure 1b).
In this context, the maximum power point tracker (MPPT)
ensures the maximization of PV power generation as meteoro-
logical conditions vary, while the DC-DC converter accommo-
dates the output voltage provided by the MPPT to the input
voltage of the electrolyzer, maximizing its operational power.
The MPP is defined as the product of Iypp and Vypp where they
respectively stand for the maximum power point current and out-
put voltage of the PV generator at a particular irradiance and tem-
perature conditions (Figure 1b). Equivalently, the electrolyzer
input power is given by the product of Iy; and Vg, where these
stand for the electrolyzer current and voltage, respectively.!']
Given the intermittent availability of renewable energy sources
(RES), H, production in S-H systems can fluctuate. The peak
power output (Wp) of a PV generator under standard test
conditions (STC), is only reached during specific times of the
day. Thus, to ensure that the PV generator can reliably power
the electrolyzer, it is necessary to oversize its power relative to
the electrolyzer requirements. Proceeding in this way, it is also
likely that the PV array will produce for some periods of time
more power than the electrolyzer can take, generating an
energy surplus not used instantaneously. Storing this surplus
energy from the PV generator in batteries helps stabilize H,
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Figure 1. a) Schematic of a solar-hydrogen (S-H) system with a direct configuration, consisting of a PV array, an electrolyzer, H, storage, and the grid
connection. b) Schematic of S-H systems with different indirect configurations, both include the elements of the indirect configuration and the power
stage (PS). One configuration features a regulator and a battery, while the other does not.

production.’>”) Indirect systems are particularly adaptable for
this purpose by only adding a battery and a regulator (as shown in
Figure 1), enhancing their versatility. The regulator, as well as the
MPPT and DC/DC converter are common elements used in
more conventional systems where the energy from the PV gen-
erator needs to be coupled to other loads different from electro-
lyzers. In this regard, lithium-ion batteries offer significant
advantages over other battery technologies. Firstly, they have a
high energy density, allowing them to store a large amount of
energy relative to their size and weight.**”! Secondly, lithium-
ion batteries typically have a longer lifespan and can endure
more charge—discharge cycles compared to alternative battery
technologies, making them cost-effective.['®'"]

The advantages and disadvantages of each configuration con-
tinue to be a topic of debate. In favor of direct coupling one could
argue that, with proper design of the PV array and electrolyzer,
this configuration can operate the electrolyzer near its MPP
effectively, with coupling factors up to 90%,'****! making it
economically advantageous, as it eliminates the costs associated
with electronic coupling systems (0.045 € - W~1).212425] This
work builds on a previously published study by the authors,®
which compared H, production between systems with direct
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and indirect coupling. The present work goes further by also
considering the use of batteries in the indirect system to store
excess energy and use it as needed. Given these considerations,
this article will compare, both energetically and economically, the
annual performance of three PV-to-electrolyzer coupling config-
urations: direct, indirect, and indirect with a battery for energy
storage. For that, the optimal strategy for maximizing H, produc-
tion will be determined with the same annual solar energy
input. The comparison will provide detailed insights into energy
production, energy usage, and H, output. Moreover, an
economic feasibility study of the three configurations will be con-
ducted to determine which generates the highest net benefits.
The main contribution of this article is that it expands and deep-
ens the comparative analysis of both direct and indirect config-
urations in terms of overall efficiency and cost-effectiveness. This
article also addresses the inclusion of batteries for hydrogen
production, which has been studied in direct coupling!”’~*%
and indirect coupling.”>?**** Specifically, it delves into the
effects of incorporating batteries on the performance of the indi-
rect configuration. The models used for the incident irradiance,
PV generator, PS, battery, and electrolyzer will be discussed first
in Section 2.1-2.4.
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2. System Models

The calculation of the annual H, production from the PV gener-
ator energy output involves 1) obtaining annual data of irradiance
(Gy) and temperature (T) at the site where the PV generator is
located, 2) modeling the PV generator output power from the
given G, and T, and 3) modeling the electrolyzer that transforms
electric energy and water into H, and O,. In the case of indirect
configuration, the PS and the battery (when coupled) are also
simulated.

2.1. Irradiance and Temperature Operating Conditions

The initial stage of the simulation involves obtaining G, and T
data for every hour from a typical meteorological year (January
1% to December 31%), totaling 8,760 h, at a specific location.
For this study, we have chosen Madrid, Spain, located at coordi-
nates (40.453N, —3.727E), corresponding to the Solar Energy
Institute at the Technical University of Madrid, where this
research is being conducted. The data were sourced from the
PVGIS-SARAH2**! database on a fixed plane with optimal tilt
and azimuth angles of 36° and 0°, respectively. In this location,
the total incident energy on the PV generator throughout the year
is 279 MWhm .

2.2. PV Generator Characteristics

The building block of the PV generator is the solar cell. Its
current—voltage characteristic will be modeled according to the
single diode model (SDM)?*¢=*!

qVC + qu,cIc _ 1) _ VC + RS,CIC

I. :]CAC = Iph,c — IO,C (exp nkBT

Rsh,c

1)

where I. is the current through the cell, J. is the current density,
A is the area of the cell, I, . is the photogenerated current of the
solar cell, Iy is the reverse saturation current of the solar cell, g is
the charge of the electron in absolute value, V. is the output
voltage of the solar cell, R is the series resistance of the solar
cell, Ry, is the shunt resistance of the solar cell, ky is the
Boltzmann’s constant and #» is the diode ideality factor of the
solar cell.

Table 1. PV cell and module parameters (at STC) used in the simulations.

www.advenergysustres.com

In a PV module, N solar cells are connected in series to
increase the output voltage. To increase further the module cur-
rent, identical N, strings of the previous Nj solar cells connected
in series can be connected in parallel. When this is done, the

current—voltage characteristic of the module (Ipy—Vpy) is given
by:9:401

qVpy/Ns + R Ipy/N, _ 1)

Ipy = Np Iph,c - IO,c (exp nkBT

_ VPV + NsRs,cIPV/Np
NsRsh,c

The modules can be connected in series with other PV mod-
ules to increase the output voltage of the generator, or in parallel
to enhance the output current. However, for the sake of simplic-
ity, we will focus on the scenario where the PV generator consists
of a single module with all its solar cells connected in series
(Np =1, Ng > 1). The reason is that this setup allows for opti-
mizing output current and voltage by adjusting the solar cell area
while maintaining simplicity and not affecting the results. The
parameters of the solar cell that constitute the building block
of this module were chosen, initially, so that the PV module
exhibits a nominal power of 200 W, at STC and an efficiency
approaching that of silicon commercial modules (20%), which
leads to a module area A=1m? We chose a nominal power
of 200 W, in order to make it easily scalable and to effectively
illustrate our points. A. and N, parameters were then optimized
to maximize annual H, production under direct configuration
throughout the whole typical meteorological year.*®! The same
parameters are used for the rest of configurations studied, since
the presence of the PS makes the PV generator to always operate
optimally. Table 1 collects the parameters of the PV cell and the
PV module, including the resulting values for the short-circuit
current (Isc), open-circuit voltage (Voc), fill factor (FF), Iypp,
and Vypp at STC of the PV module.

Figure 2 shows a family of the Ipy—Vpy characteristics of
the PV module as a function of different G,, from 100 to
1000 W m 2, where the direct relationship between G, and pho-
togenerated current can be observed. The maximum power
(Pypp) of the PV module for each of the different G, is calculated
and indicated within the Ipy—Vpy curve with round markers.

Cell parameter

Module parameter

Cell area, A, [cm?] 417
Reverse saturation current density, Jo. [Acm~2](%" 8.14 x 10712
Photogenerated current density, J;, [MA cm2)el 34.1
Cell series resistance, r,. [Qcm?|®? 19.9
Cell shunt resistance, rg, . [kQcm?|® 147
Cell diode ideality factor, nl63! 1.18
Temperature coefficient, ol 3.20 x 1073
Band gap, E, [eV]*®! 1.10

Module area, A [m?] 1

Short circuit current, Isc [A] 14.24
Open circuit voltage, Voc [V] 17.38
Current at the maximum power point, lypp [A] 13.52
Voltage at the maximum power point, Viypp [V] 14.83
Fill factor, FF 0.810

Efficiency, 7m [%)] 20.0

Number of cells in series, N 24
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Figure 2. Curren-voltage curves of the 200 W, optimized PV module
(24 cells) for G, 100-1000W m~2 with corresponding MPP and the
electrolyzer. The inset shows the electrolyzer curve at voltage values very
close to Vi gL

The logarithmic increase of the module voltage with G, (and
correspondingly, with photogenerated current) makes the Voc
and the MPP move to higher values as the irradiance increases.

2.3. Electrolyzer Model

The electrolyzer converts electrical energy into chemical energy
by splitting H,O into H, and O,. For our analysis, we will use
proton exchange membrane (PEM) electrolyzers due to their
operational flexibility, making them ideal for intermittent appli-
cation such as renewable energy utilization."*"*? In this technol-
ogy, the anode (oxidation electrode) and cathode (reduction
electrode) are separated by a solid polymeric PEM. The electrodes
and membrane assembly is known as the electrolytic cell, which
can be connected in series with other cells, forming the
stacking.?! The chemical reaction that splits H,O into H,
and O, requires a minimum electrical work to happen. This
energy appears in the electrolyzer as the minimum voltage
(Viey = 1.23 V)[*1 at standard conditions of pressure and tem-
perature (1atm, 298 K). In practice, additional electric work
has to be supplied due to the absence of an external heat source
that preserves the temperature constant as well as the existence
of irreversible processes. Hence, the threshold voltage of a cell
(Vin,c) needed for the mentioned reaction to occur is greater than
Viey- Based on our experience with electrolyzers, a reasonable
Vine is 1.38 V.2 As current flows through the cell, the actual
reaction voltage exceeds Vy, . due to additional internal losses.
These losses are accounted for by overpotentials, so the voltage
of the electrolytic cell (Vg ) is given by:

VEL,C(IEL) = Vth,c + Vact(IEL) + Vcon(IEL) + Vohm(IEL) (3)
where V, is the activation overpotential, V,, is the concentra-

tion overpotential, and V,, is the ohmic overpotential 2**? 45.46]
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To simulate the electrolyzer we used the same model as in our
previous study (see the Appendix).”® The electrolyzer parame-
ters in both studies are identical, except for the electrolyzer area,
which has been increased from 5 to 8.75 cm?. This change in the
electrolyzer area ensures that Vy, . remains consistent with the
previous study and that the Iy, which depends on the now
higher Ipy due to the resizing of the PV module, is associated
with the same current densities as in the previous study. We
selected the cell area of 8.75 cm” so that at 65 W, which corre-
sponds to the maximum value of Iy, the current density never
exceeds 4 A cm 2. This limit was set to prevent the occurrence of
phenomena associated with concentration overpotential (See
Table A1 in the Appendix). Similarly to the PV module, the elec-
trolyzer stack used for our study consists of multiple identical
electrolytic cells connected in series. These cells share the same
current (I ) and their individual voltages (Vg () contribute to the
total stack voltage (VgL = Vi - Seen), Where S denotes the
number of cells in series. Since V; depends on S and consid-
ering that each electrolytic cell has its own Vy,, the Vy, of the
electrolyzer is given by Vi, = Vi Scer-

Figure 2 depicts a typical current-voltage characteristic of the
electrolyzer, where I is 0 for Vi < Vy,, but starts increasing
once the threshold voltage Vy, is exceeded. In our model, the
electrolyzer contains six cells connected in series, what gives
Vi =8.33 V, as shown in Figure 2. The electrolyzer used in
our simulations has a nominal power of 65 W, which is a rea-
sonable ratio between nominal PV power to electrolyzer power
for this application. After calculating the current-voltage charac-
teristic of the electrolyzer, the subsequent step involves deter-
mining the amount of H, (mH,) produced via the Faradaic
law of electrolysis:

. I S
mH, — Ech;uMF @)

where Iy is the current through the electrolyzer, up is the
Faradaic efficiency (99% in PEM),*”) and F is the Faraday
constant (96 500 C mol~!). Note that Iy considers the losses
associated by overpotentials (activation, concentration, and
ohmic) on the electrolyzer, as it is related to Vg through the
Igp — Vg characteristic (3). The cumulative H, production
(MH;) can be calculated by integrating its production rate
throughout the year. Note that in this study, the electrolyzer pro-
duces H, at up to 65 W. If the power provided to the electrolyzer
exceeds this limit, it is considered excess power in our calcula-
tions. This maximum operating power limit of the electrolyzer
was not established in our previous study.*®

2.4. Battery Model

Indirect configuration may also incorporate batteries to store sur-
plus energy generated by the PV module. The battery is used to
store energy and power the electrolyzer during periods when PV
energy is insufficient, thereby extending H, production through-
out the year. Specifically, a lithium-ion battery is connected
between the PS and the PEM electrolyzer through a regulator that
prioritizes power transfer to the load, that is, H, production, over
battery charging. Consequently, the battery only charges if the PV
module generates sufficient energy to power the electrolyzer at
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its nominal operating point (65 W), and the state of charge (SOC)
of the battery is below its maximum capacity. The SOC of the
battery is defined as:

Cbat

SOC =
Crnax

®)

where Cy,, is the instantaneous value of the capacity of the battery
and Cp,,, is the maximum capacity. In this study, the SOC varies
between 0.2 and 1 to prevent overcharging and overdischarging
of the battery. Moreover, the battery will supply energy whenever
the 200 W, PV module cannot provide enough power to reach
the electrolyzer at 65 W}, under the following conditions: 1) dur-
ing nighttime and 2) during daytime when the module fails to
reach 65 W, In such cases, the battery supplements the energy
to meet the 65 W, requirement, but if insufficient, it provides
whatever energy it can supply. These scenarios assume that
the SOC remains above the minimum. If the SOC drops to
the minimum level, the battery ceases to supply energy to the
electrolyzer. Conversely, if the battery reaches its maximum
SOC and the PV module generates enough energy to power
the electrolyzer at 65 W, any surplus energy will be fed into
the grid. The Cp,,, in the indirect configuration has been opti-
mized to ensure maximum profitability of the indirect configu-
ration over the PEM electrolyzer lifespan. This optimization is
crucial as the battery represents a significant initial investment,
which could make the indirect configuration with the battery eco-
nomically unviable. The optimal battery C,,,, is the one that max-
imizes profitability in this setup, considering both the battery
cost and the utilization rate of PV energy, which is the ratio
of the energy provided by the battery to the electrolyzer and
the total PV energy of the indirect configuration. Specifically, bat-
teries with capacities of 1800, 1350, 900, and 450 Wh were
selected for simulation testing since these values are close to
industry standards and served as an initial assessment range.
The results are summarized in Table 2, where the CAPEX of
the configuration increases with the battery capacity. The PV rate
also increases with the battery capacity; however, it stabilizes sig-
nificantly beyond 900 Wh, with only a marginal difference
(1.41%) observed between 900 and 1800 Wh. Table 2 further
indicates that the 900 Wh battery provides the highest net prof-
itability for the indirect configuration after 9 years. This outcome
is attributed to the fact that, while higher battery capacities lead to
increased H, production, the increment is not substantial
enough to offset the higher initial cost of larger batteries. For
those reasons, the battery selected for the comparative analyses
between direct and indirect configurations has a capacity of
75 Ah and 12V, equating to 900 Wh.

Table 2. Maximum capacity of the battery, CAPEX of the configuration,
utilization rate of PV energy, and net benefit of the configuration.

Capacity [Wh] CAPEX [€] PV rate [%] Net benefit [€]
450 330,82 27,23 456,95
900 383,47 42,43 506,79
1350 414,52 43,32 493,93
1800 456,37 43,84 456,00
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3. Results

3.1. Comparative H, Production

In the direct configuration, the PV generator and electrolyzer
operate at the same current and voltage (Vpy = Vg,
Ipy = Iy ), determined by their intersecting current-voltage
characteristics. Due to variations in G, and T, the Vpy and Ipy
typically do not match Vypp and Iypp. As a result, the PV gen-
erator provides suboptimal power (Ppy < Pypp) to the electro-
lyzer (see Figure 2). This results in reduced H, production
compared to the indirect configuration (regardless of the use
of a battery), where H, production is directly proportional to
I, which equals Ipy but which is typically lower than Iypp
for most hours of the year in the direct configuration. To mitigate
the disadvantages of direct coupling, we have designed the
200 W, PV module (number and size of the PV cells) to optimize
the H, production throughout the year (See Table 1). All three
configurations under study in this work use the same 200 W,
module to ensure a fair comparison.

The indirect configurations include a PS with two steps: the
MPPT and the DC-DC converter. The MPPT locks Vypp and
Iypp in real time, extracting Pypp from the PV generator in spite
of the fluctuating G, and T conditions. The DC-DC converter
adjusts this VyppIypp product to match the electrolyzer input
power, defined by Vi Ig;, with an efficiency np¢ so that:

ioc Vmep Impp = VeLIEL (6)

Ensuring the Vg, Iy, pair fit the electrolyzer current-voltage
characteristics. In this study, the DC-DC converter is assumed
to have a constant efficiency of 95%.

Figure 3 shows the cumulative annual H, production (MH,)
for the three configurations studied. The direct configuration
yields the least H,, producing 4.61 kg per year. The indirect con-
figuration without batteries produces a total of 5.41 kg of H, per
year, which is 17.4% more than the direct configuration. As

10 T T T T T T T T
Direct
9F Indirect i
Indirect with battery
8+ -
7F -

Hydrogen .-‘l/lH2 (kg)
wn
1

= ! 1 ! ! 1 . 1 .
0 1000 2000 3000 4000 5000 6000 7000 8000

Time ¢ (h)

Figure 3. H, kilograms accumulated during the year (MH,) for the direct
and indirect (with and without battery) coupling configurations for aa a
module PV Power of 200 W,,.
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observed in Figure 3, both the direct and indirect configurations
without batteries exhibit the same trend, with increased produc-
tion rates in spring and summer, due to higher G, at the study
location. It is observed that the MH, is similar during the first
few months (approximately, the first 1400 h) of the year. After the
first 1400 h, the difference in MH, is wider as the year pro-
gresses, with a clear advantage of the indirect configuration over
the direct one. The indirect configuration with 900 Wh battery
produces the most H, annually as shown in Figure 3, yielding
9.64kg. This is 109% more than the direct configuration and
78.2% more than the indirect configuration without batteries.
Similar to the other configurations, H, production is higher
in the spring and summer months. However, in this case, the
increase is much more pronounced (Figure 3), and H, produc-
tion is significantly higher than in the configurations without
batteries throughout the entire year.

The noticeable increase in the H, production rate during the
spring and summer months is attributed to the numerous hours
when the PV module generates more than 65 W. Consequently,
the battery reaches its maximum charge nearly every day during
these months. Figure 4 illustrates the battery SOC throughout
the year, showing higher SOC levels in the spring and summer
compared to the beginning and end of the year. During the early
and late months, the battery does not fully charge as often due to
insufficient PV energy for H, production, leading to minor bat-
tery usage. However, in the central months, the battery charges
fully each day, resulting in more continuous H, production com-
pared to other periods.

3.2. Comparative Energy Production and Usage

The configurations can also be compared based on PV energy
production and energy usage. For the sake of clarity, let us con-
sider that the configurations produce usable energy if Ipy — Vpy
and Iy — Vg intersect at a point in which I x V > 0. We will
also consider that the priority for the produced energy is to power
the electrolyzer, and once it operates at its nominal power, the

09 ‘ ; y

State of charge SOC
o S = S
wn (=2} ~ o

=
o
T

=)
W
T

2 L L f L '
0 1000 2000 3000 4000 5000
Time ¢ (h)

6000 7000 8000

Figure 4. State of charge (SOC) of the 900 Wh battery used to store PV
energy to maximize H, production during the year.
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excess will be used to charge the battery (if there is any). In this
way, only when the electrolyzer is operating at its nominal power
and the battery is fully charged, will electricity be fed into the
grid, which will be calculated as the subtraction of the energy
used in electrolysis from the total energy produced. Figure 5
shows the energy produced by each configuration (total bar
height), the energy used for H, production (green fraction),
and the surplus energy given to the grid (red fraction). The direct
configuration produces 496 kWh - y~! , whereas the indirect con-
figurations produce 565 kWh -y~ . The difference in total
energy produced between the direct and indirect configurations
(with and without battery) is due to situations in which for the
same irradiance, G;, and operation temperature, T, the direct
configuration produces less electrical energy. The reason is that
the intersection between the PV module current-voltage
characteristic, Ipy — Vpy, and the electrolyzer current—voltage
characteristic, Iy — Vi, is far from the optimum, that is, both
curves do not intersect at the MPP. This leads to a lower total
energy output of the direct configuration throughout the year,
even including the energy losses associated with the efficiency
of the PS in the indirect configurations. Regarding energy usage,
Figure 5 shows that the direct configuration uses 208 kWh - y~!
for H, production, while 288 kWh - y~! are considered surplus
because they exceed the nominal 65W of the electrolyzer. In
other words, the direct configuration utilizes 41.9% of the energy
for H, production, with 58.1% being fed into the grid. The
indirect configuration without batteries uses 252 kWh-y~!
for H, production and has 313 kWh - y~! as surplus, represent-
ing 44.6% and 55.4% of the produced energy, respectively.
Compared to the direct configuration, the percentage of energy
used for H, production by the indirect configuration is slightly
higher but remains in the same range.

The indirect configuration with batteries uses 492 kWh - y~1
for H, production and has only 74 kWh - y~! as surplus, repre-
senting 86.9% and 13.1% of the produced energy, respectively.
Compared to the direct and indirect configurations without

600 T T T

[ 1, production
[ Surplus

500

Energy Usage (kWh y")
w N
=3 [=3
f=] (o

53
(=3
(=]

100

Direct

Indirect  Indirect + Battery

Figure 5. Energy production and usage in a year for the three configura-
tions. All three configurations include a 200 W, PV module and 65 W, PEM
electrolyzer while the indirect with battery also includes a 900 Wh C,,,,
battery.
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batteries, the percentage of energy used for H, production
is significantly higher. This explains why H, production is
substantially greater in the battery configuration, as shown in
Figure 3. The comparison of H, production and PV energy usage
clearly indicates that the indirect configuration with 900 Wh bat-
tery storage is, by far, the most efficient in terms of energy.
However, the economic perspective is crucial to determine
whether the indirect configuration with batteries is viable.

3.3. Comparative Economic Viability

To conduct a brief economic feasibility study of the three
configurations over the lifespan of the PEM electrolyzer (up to
80 000 h),**% we will first calculate the costs for each configu-
ration. The costs (C) include initial investment (CAPEX) and
annual operational expenses (OPEX):

C = CAPEX + OPEX (7)

The CAPEX includes the costs of the main components for
each configuration, as well as the energy balance of the system
(EBOS) and the structure balance of the system (SBOS). The
EBOS refers to all the electrical and electronic components that
are necessary for the operation of the green H, production sys-
tem but are not part of the main production unit itself (e.g., elec-
trical infrastructure, control systems, cabling, etc.). The SBOS
refers to the physical and structural components required to sup-
port and house the system (e.g., physical structures, support sys-
tems, piping and plumbing, safety systems, site preparation,
etc.). Together, EBOS and SBOS ensure that the green hydrogen
production system operates efficiently, safely, and reliably, inte-
grating all necessary auxiliary components and infrastructure.
Table 3 shows the cost of every individual main component
(PV module, electrolyzer, PS, and battery), as well as the
EBOS, SBOS, and OPEX of the entire system. The cost of
SBOS and EBOS per unit of power is based on PV power.
Table 3 also includes the cost per power unit (€ - W™!) of the
PV module, electrolyzer, and PS, as well as the energy storage
unit (€ - Wh™!) in the case of the battery. It should be noted that
all these costs provide an underestimated figure, as they do not
include expenses for the engineering project, land, labor, per-
mits, taxes, and other related items for simplicity. Finally, the
lifespan and total cost of the different components are also

Table 3. Cost per power unit, energy unit, lifespan, and total cost of the
components used in the different configurations.

Component Cost Lifespan [h] Unit Cost [€]
200 W, PV module 0.345 €. w1 2.19 x 10° 1 69.0
65 W, Electrolyzer 1.071 €. w71 8.70 x 10* 1 69.6
PS 0.045 €. w068 1.31 x 10° 1 16.1
Battery 0.120 € - Wh'[8 1.31 x 10° 1 105.5
Regulator 0.140 €. W'l 1.31 x 10° 1 27.9
EBOS 0.160 € - W€l - 1 32.6
SBOS 0.120 €. w1l - 1 23.8
OPEX 0.025 €Wyt - 1 5.0
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defined in the table. All configurations include OPEX, SBOS,
and EBOS in their cost, but the components are not the same
in every configuration. The direct configuration only includes
the PV module and the electrolyzer. The indirect configuration
without batteries also includes the PS, and finally, the indirect
configuration with batteries includes all elements presented in
Table 3

The gross benefits (B,) are also accounted in this study, which
depend on the annual amount of H, produced (MH,) and the
surplus PV energy fed into the grid (E,).

By = n-[(MH, - PH,) + (E, - PE,)] (8)

To simplify the economic feasibility study, we assume that
the prices of H, (PH,) and surplus energy (PE,) remain stable
over the years, which are 10 € - kg~! and 0.05 € - kWh~!, respec-
tively.*'% To determine the economic viability of each configu-
ration over the 9-year lifespan of the PEM electrolyzer, we
calculate the net benefits (B,), which are derived by subtracting
Cto B,. The configuration with the highest B,, at the end of year 9
will be the most economically profitable. In the small-scale exam-
ples of the three configurations we have used in our study, the
initial cost of the direct configuration is €200, the indirect con-
figuration without batteries is €216, and the indirect configura-
tion with a 900 Wh battery is €349. According to these initial
costs, Figure 6 shows the evolution of the net benefits of the three
configurations over the 9-year lifespan of the PEM electrolyzer. A
configuration becomes profitable when net benefits transition
from negative to positive, crossing the zero-line indicated in
Figure 6.

Figure 6 also shows that all configurations become profitable
by the end of the study. All three configurations become profit-
able after year 3. Despite the higher initial cost of the indirect
configuration without a battery compared to the direct one,
the former produces more annual H, (Figure 3 and 5) and feeds
more surplus electricity to the grid (Figure 5). This results in a
faster rate of profit generation for the indirect configuration. In
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Figure 6. Net profit evolution of the three configurations throughout the
9-year lifespan of the electrolyzer.
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fact, by year 9, the indirect configuration without battery is more
profitable than the direct configuration, generating €366.9 and
€299.6, respectively. The indirect configuration with 900 Wh bat-
tery is the most expensive from the start (Figure 6), primarily due
to the cost of the battery, the most expensive component.
However, it is also the most profitable configuration by the
end of year 9, generating €506.8 in net benefits. In terms
of € per PV W, the net profit of direct configuration is
1.49 €-W~! , the indirect configuration without battery is
1.83 € - W~! while net benefit of the indirect configuration with
900 Wh is 2.53 €- W1 after 9 years.

If the electrolyzer lifetime is less than 80 000 h, the gap in net
profitability between the different configurations narrows
(Figure 6). In fact, the findings of this article are valid if the
PEM electrolyzers have a lifespan of more than 4 years, as this
is the time frame within which all configurations become profit-
able, according to the results from Figure 6.

Thus, after comparing H, production, PV energy generation,
energy usage, and economic profitability across the three config-
urations, considering the costs of the various components
chosen in this study for the S-H system and the prices of the
byproducts obtained from it, the indirect configuration with bat-
teries is the smartest option for optimizing the entire H, produc-
tion process using solar PV energy.

4. Conclusions

A comparative analysis has been conducted between the direct
and indirect (with and without battery) configurations for annual
H, production, energy usage, and economic viability. The results
show clear advantage of the indirect configuration with a 900 Wh
battery because: 1) produces 9.64 kg of H, annually, compared to
the 4.61 and 5.41 kg of the direct and indirect configuration with-
out battery; 2) uses 86.9% of the PV energy to produce H, com-
pared to 41.9% and 44.6% of the direct and indirect
configurations; and 3) is the most profitable one in the lifespan
of the PEM electrolyzer, generating 2.53 €-W~! compared
to 1.49 €-W~! and 1.83 €- W' of the direct and indirect
configurations.

Appendix

Thermodynamically, under the assumption of reversible pro-
cesses, AGp represents the minimum electrical work required
to drive the electrolysis reaction at constant pressure and temper-
ature. This implies that each electron flowing through the circuit
possesses an energy qV,.,, defined by:

quev = q (Al)

AGgy

-F = 1.23eV
with Z representing the moles of electrons produced per mole of
water in the reaction (Z = 2), and F being the Faraday constant
(96 500 C mol~!) the energy per electron corresponds to the min-
imum voltage necessary (V,., = 1.23V) for an electric current to
flow through the electrolyzer, thus enabling electrolysis. In prac-
tical scenarios, additional electrical work is required due to the
lack of an external heat source to maintain a constant
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Table AT.

Electrolyzer parameter References
Maximum current density, j, [Acm~2] 4.00 [57]
Anode exchange current density, ji ,er [Acm=?] 1.00 x 1077 [57]

Cathode exchange current density, jo o [Acm™?] 1.00 x 1073 [57]

Charge transfer coefficients, a,, a. 0.500 [58]
Activation energy, Eey. [| mol™'] 5.40 x 10* [24]
PEM conductivity at Tye, Grer [Scm™] 2.00 x 1072 [59]
PEM Activation energy for H" transport, Ej, [Jmol™'] 1.89 X 10* [24]
PEM thickness, t,, [cm] 1.83 x 1072 [59]
Electrolyzer cell effective area, Ag [cm?] 8.75 -
Reference temperature, T [K] 353 [57]
Number of electrolytic cells, S 6.00 -
Threshold voltage nonideality factor, k 2.12 -

temperature and the presence of irreversible processes.
Consequently, the threshold voltage (Vy,.) needed for the reac-
tion to occur exceeds V.. Various empirical expressions to
determine Vy, . are available in the literature, for instance:**!

A GR,O

Vth,c = _(1 - k) 7F

(A2)
where k counts for the presence of these nonidealities. In our
experience working with electrolyzers, k = 2.12 seems a reason-
able choice which leads to Vi, = 1.38V

The activation overpotential is associated with the activation
energy needed by the electrodes to facilitate their respective
reactions. It has two contributions, V,, and V. for the anode
and cathode respectively so that:

Vact = Vact,a + ‘Vact,c

(A3)

The Butler-Volmer equation is often used for calculating
these overpotentials:[43 4

RT | I
Vaita = —= h A4
acka aEZF aresm (ZAEL]'O,E> ( )
RT . IEL
V.. = _— h A5
T TazE (ZAELJO,C) )

In these equations, R is the gas constant (8.314 JK~'mol 1), a,
and a, are the charge transfer coefficients for the anode and cath-
ode, respectively, j,, and j, . are the exchange current densities
for anode and cathode and Ay; is the effective area of the electro-
lyzer for current transport. For simplicity this study assumes
a, = a. = 0.5 Other authors have proposed simplified
equations,®>*® which are valid when Iy is larger than
Ag1jio ref> making it suitable for our case:

=——1
aaZF " (AELjO,a)
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_RT (I
acZF \Agijo,

Regarding j, , and j, ., the values reported in the literature vary
significantly. Consequently, some authors choose values that
best fit their specific models.***?! Given the temperature depen-
dence of these parameters, an expression that relates them to
temperature is particularly useful. Such a relationship is often
described in the literature using an Arrhenius-type equation,
expressed as follows:

Vact,c = (A7)

, . Eoe (1 1
Jo :.]O,ref exp | — R ? - _f

where j; ¢ is a reference value obtained from literature or exper-
imentally,®”! T, is the temperature at which j, ¢ is measured,
and E., is the activation energy of the reaction.

Similar to V,, the concentration overpotential V,, has both
anodic and cathodic contributions. However, the anodic contri-
bution is significantly higher and will thus be the sole focus of
this study. It can be modeled using the following expression:*>®

RT 1
— 1n(j JL >
a, ZF L — IeL/Ap

where j; is the limiting current density, which is the maximum
current density that can be provided to the electrolyzer. This over-
potential is paramount for high current densities (=4 Acm~2)
and substantially lowers the efficiency when present.”*”)

Regarding the overpotential due to ohmic losses, this can be
modeled as:

(A8)

VCOl’!

(A9)

o IELrohm

\% = A10
ohm AEL ( )

where 1o, is the electric resistance by unit of area of the PEM
membrane to H" ions transport. This resistance by unit of area
depends on the membrane thickness (t,,) and electric conductiv-
ity (o) as follows:

SEN

(A11)

Tohm =

The conductivity can be modeled with an Arrhenius type
expression:

_ e Epo (1 1
O = Oref Xp R T Tref

where E,,, is the activation energy for proton transport in the
membrane and o,¢ is the conductivity of the membrane at T .
Parameters of the electrolyzer are presented in the table below.

(A12)
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