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A B S T R A C T

The study presents a complete one-dimensional model to evaluate the parameters that describe the operation of a
Proton Exchange Membrane (PEM) electrolyzer and PEM fuel cell. The mathematical modeling is implemented in
Matlab/Simulink® software to evaluate the influence of parameters such as temperature, pressure, and over-
potentials on the overall performance. The models are further merged into an integrated electrolyzer-fuel cell
system for electrical power generation. The operational description of the integrated system focuses on estimating
the overall efficiency as a novel indicator. Additionally, the study presents an economic assessment to evaluate the
cost-effectiveness based on different economic metrics such as capital cost, electricity cost, and payback period.
The parametric analysis showed that as the temperature rises from 30 to 70 �C in both devices, the efficiency is
improved between 5-20%. In contrast, pressure differences feature less relevance on the overall performance.
Ohmic and activation overpotentials are highlighted for the highest impact on the generated and required voltage.
Overall, the current density exhibited an inverse relation with the efficiency of both devices. The economic
evaluation revealed that the integrated system can operate at variable load conditions while maintaining an
electricity cost between 0.3-0.45 $/kWh. Also, the capital cost can be reduced up to 25% while operating at a low
current density and maximum temperature. The payback period varies between 6-10 years for an operational
temperature of 70 �C, which reinforces the viability of the system. Overall, hydrogen-powered systems stand as a
promising technology to overcome energy transition as they provide robust operation from both energetic and
economic viewpoints.
1. Introduction

The unprecedented growth of the population rate is leading to a
dramatic increase in global energy demand. This socio-economic matter
generates a significant impact on energy consumption, which is signifi-
cantly fossil fuel-dependent. Moreover, aspects such as energy market
price fluctuations and elevated greenhouse emissions foster uncertainty
for sustainable development. Hence, clean energy sources stand as a
promising solution for the harmful effects of conventional energy pro-
duction and industry practices [1, 2]. The combined efforts of in-
vestigators and different stakeholders have created a new path for
cost-effective and environmentally friendly energy sources such as
water electrolysis and fuel cells [3]. However, water electrolyzers only
nc�on-Montenegro).
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account for 4% of the worldwide hydrogen production [4], which
highlights the importance of research in this area. As a short-term
alternative, this green hydrogen source can be implemented for partial
fuel substitution in internal combustion engines or turbines to improve
the overall performance while reducing the pollutant emissions [5, 6, 7].
Cells construction is categorized by their electrolyte in alkaline, molten
carbonate, solid oxide, and Proton Exchange Membrane (PEM); however,
PEM type stands as a suitable technology in energy applications due to
significant advantages such as compactness, operation flexibility, large
production rates, hydrogen purity, and high effectiveness [8]. Moreover,
PEM technology is very versatile and can be used in sectors such as
agriculture, automotive, oil industry, and even aerospace applications [9,
10]. For this type of device, the main focus is to identify the operational
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parameters that influence the overall performance, such as pressure,
temperature, current intensity, voltage, reagents, and product flows.

Mathematical modeling facilitates a comprehensive analysis of the
overall behavior of PEM electrolyzers and PEM fuel cells while unrav-
eling the influence of operational parameters on the overall performance.
Specifically, in PEM Fuel Cells (PEMFC), sophisticated models have been
developed to characterize the electrochemical and flow transport phe-
nomena. Accordingly, Abdollahzadeh et al. [11] proposed a novel tran-
sient multi-dimensional, non-isothermal, and multi-phase model. The
latter accurately captured the steady polarization curves of PEMFCs that
contained different amounts of CO and CO2: The results showed that the
CO concentration in the anode leads to considerable degradation of the
PEMFC as the overall performance is negatively affected. A PEMFC
multi-dimensional model was also introduced by Sahraoui et al. [12] to
characterize liquid water transport effects on the overall performance.
This study determined the water content in the electrodes at different
temperatures to enable a wider spectrum for calculations while exposing
the influence of liquid water on the operation. Although
multi-dimensional models feature robustness and high predictability
[13], less complex methodologies offered by one-dimensional models are
reliable and effective for practical applications on fuel-cells performance
evaluation [14]. A one-dimensional model implemented in Matlab/Si-
mulink® environment was proposed by Abdin et al. [15], where despite
some simplifications, the model accurately describes the influence of
pressure, temperature, humidification, and reactant partial pressure on
PEMFC performance. A similar study was presented by Chavan and
Talange [16], which proposed a simplified model of a PEMFC computed
in Matlab/Simulink® software to evaluate the cell performance under
different operating conditions. The simulation results were validated
experimentally, highlighting the accuracy of the model.

For PEM Electrolyzers, Yigit et al. [17] developed a model to describe
the main features of PEM electrolysis behavior. Again, Matlab/Simu-
link® was implemented as the computational software to compute the
simulations. The results stated that the current drawn by the stack de-
creases as the voltage increments as a result of the pressure rise. This
model was further compared with experimental data, obtaining a
consistent comparison of the polarization curves. A similar model was
proposed by Abdin et al. [18]; this model predicts the influence of tem-
perature, pressure, and water content on PEM electrolyzer efficiency. On
the other hand, Han et al. [19] studied the electrochemical influence of
different overpotentials in the electrolyzer voltage. The implementation
of the model helps to estimate the total ohmic losses. For instance, a
representative current density of 1.5 A/cm2 represents 31.8% of the total
ohmic loss due to the interfacial resistance between the membrane and
the electrode.

The economic evaluation of an energy system is the most suitable tool
to evaluate feasibility from a techno-economic perspective [20].
Renewable energy systems are designed to be competitive with elec-
tricity market prices while maintaining robust operation at minimal
emissions [21, 22]. PEMFC and PEM electrolyzer have been evaluated via
economic analysis focusing on the relation of performance efficiency and
overall cost. Frangopoulos and Nakos [23] proposed a complete model to
obtain fuel cells' economic indicators for marine applications. In the
study, an optimization methodology based on parameters such as current
density, operational temperature, lifetime, and mass production
demonstrated a significant reduction of the electricity cost by around
0.15–0.208 $/kWh. On the other hand, the electrolyzer economics cen-
ters on the hydrogen cost, which is driven to be competitive with other
hydrogen production routes. AlZahrani and Dincer [24] proposed an
experimental test bench to evaluate the hydrogen cost of a standalone
solid oxide electrolyzer in a 1MWe plant. The results showed that the
hydrogen cost varies between 3-9 $/kg, demonstrating competitiveness
with the hydrogen market. The study incorporates exergo-economic
analysis to optimize hydrogen production. Similarly, Taner et al. [25],
evaluated the economic performance of a PEM electrolyzer, demon-
strating that the proposed system of Cr-C coated SS304 bipolar plates is
2

3–4 times more efficient than hydrogen gas production while operating
with no emissions. Overall, significant contributions have been estab-
lished to independently perform a cost estimation procedure of both fuel
cell and electrolyzer. However, a combined economic model of the
aforementioned components is rarely found in the literature. Most of the
studies agreed that the cost estimation depends on variables such as the
number of stacks, mass production, material type, dimensions, among
others [23, 24, 25, 26].

Nowadays, renewable energy systems such as solar panels and wind
turbines integrate hydrogen-powered devices to promote energy recov-
ery [22]. The parametric study and modeling of integrated energy sys-
tems are becoming the central motivation for both researchers and
industry that lead the energy transition commitment. Therefore, some
pilot projects of green hydrogen generation have been developed. For
instance, HYSOLAR [27] is a long-term German-Saudi Arabian cooper-
ative program for research, development, and testing of solar-hydrogen
production as well as the utilization of hydrogen as an energy carrier.
The integration of hydrogen-powered components offers a practical so-
lution for over-demand, and energy fluctuations in the grid as the fuel cell
canmaintain a stable and reliable energy supply to overcome the system's
needs [28].

The current status of hydrogen production is considerably inclined to
fossil-fuel gasification via hydrocarbon reforming, methane steam
reforming, coal gasification, or pyrolysis technologies [29]. The immi-
nent dominance and attractiveness of gas reforming technologies can be
attributed to the reduced production cost and large-scale production rate.
However, the utilization of fossil fuels as feedstock for hydrogen pro-
duction led to a significant carbon footprint, which triggers a pressing
need to consolidate non-pollutant technologies that facilitate greenhouse
emissions reduction [30]. Moreover, there is an increased concern about
global warming from governmental and international entities that leads
to strict energy policies and regulations to decelerate global emissions
from conventional energy practices, which further extends an open path
for the penetration, development, and competitiveness of
green-hydrogen technologies [31]. Specifically, hydrogen production
from non-fossil feedstock mainly comprises biomass and water-splitting
technologies. The latter is becoming of increasing interest due to the
continuous advances and developments of water electrolysis. So far,
PEMFCs and PEM electrolyzers stand as mature technologies that have
been extensively implemented in different applications demonstrating
reliability and appropriate performance [19]. Nowadays, there are sys-
tematic methodologies to evaluate PEM components' overall perfor-
mance independently based on operational parameters [15, 17].
However, the incorporation of performance metrics to evaluate the
integration of PEMFCs and PEM electrolyzers in a compound system for
electric power generation has not drawn much attention from re-
searchers. The latter takes relevance considering that hydrogen tech-
nologies could be envisioned as a supplementary system for large-scale
renewable energy systems to combine energy-to-fuel (electrolyzer) and
zero-emissions electricity (fuel cell) conceptualizations. A recent survey
[29] outlines the significance of incorporating economic evaluation of
hydrogen technologies as a robust tool to foster commercialization and
massive penetration of hydrogen-powered devices in residential, com-
mercial, and industrial contexts.

The main contribution of this investigation is to evaluate the elec-
trochemical performance of both PEMFC and PEM electrolyzer inde-
pendently and when integrated, based on operational parameters such as
current density, temperature, pressure, and overpotentials. The signifi-
cance of this work relies on the performance characterization of the in-
tegrated system (PEMFC and PEM electrolyzer) while proposing a novel
indicator for the overall efficiency in a multivariate context. Moreover,
the study incorporates an economical approach to relate electric power
generation perspectives as a differential factor from former research,
which elucidates its feasibility and attractiveness compared to other
hydrogen production technologies. Therefore, this investigation con-
tributes to close the knowledge gap regarding PEMFC and PEM
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electrolyzer integration while describing the main operational parame-
ters that describe the overall performance and economic indicators. The
paper is organized as follows: Section 2 describes the mathematical
formulation to evaluate the electrochemical performance of the PEMFC
and PEM electrolyzer at a component level; also, the validation and
economic modeling are illustrated in this section. Afterward, Section 3
outlines the main results of the performance evaluation, economic fea-
tures, and general discussions. Finally, Section 4 provides the concluding
statements, limitations, and future developments.

2. Materials and methods

This section describes the procedure followed to implement the
models of the PEMFC and the PEM electrolyzer. A complete character-
ization of the assumptions, parameters, and limitations of each subsystem
computed in Matlab/Simulink® is reviewed.

2.1. Parameters, considerations, and general limitations of the models for
the PEM electrolyzer and PEMFC

The approach to describe the electrolyzer and the fuel cell perfor-
mance relies on the description of the main subsystems: anode, mem-
brane, and cathode. Both systems are shown in Figure 1. These models
are based on the electrochemical and flow balance equations.

When implementing the characteristic equations that describe the
behavior of the devices, some considerations and limitations are required
to reduce complexity while maintaining the robustness of the numerical
modeling [32]. The general assumptions for both models are described as
follows:

▪ The model is one-dimensional. Therefore, the current and the
reagents are uniformly distributed inside the devices.

▪ The only interacting gases considered are hydrogen, oxygen,
and water vapor.
Figure 1. Illustrative diagram of the main subs
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▪ Water activity is uniform across the membrane and is in equi-
libriumwith the water activity at the cathode and anode catalyst
layer.

▪ In the case of the fuel cell, water is present as vapor at the
membrane-electrode interface. Therefore, the effect of cathode
flooding when the partial water pressure exceeds the saturation
vapor pressure is not quantitatively predicted. This assumption
is reasonable for fuel cells operating at moderately elevated
temperatures. This is most likely to be the case in real in-
stallations, as the cell temperature is higher than the coolant
temperature, which is also higher than the ambient temperature
[15, 33].

▪ The electrodes and membrane are at the same temperature. This
assumption is valid considering that devices such as controllers
and cooling systems are responsible for heat dissipation from the
stack.

▪ There are no pressure gradients between the electrodes, and
only diffusion and electro-osmotic drag for reagents and product
transport are considered. Additionally, partial pressures of the
reagents and products were calculated through the law of ideal
gases. These considerations are consistent with other studies in
the literature [15, 17, 18, 34].
2.2. Mole balance models for electrolyzer and fuel cell

This section aims to explain the characteristics that describe the na-
ture of the process developed for each module. In addition, a separate
computational model is presented to estimate the molar flow rate
through the anode, membrane, and cathode.

2.2.1. Mole balance sub-models for anode
For the fuel cell, humidified hydrogen enters the anode, which im-

plies two reagents inside the electrode. In the majority of systems
composed of one or more coupled cells (stack), the management of water
flow in liquid and gaseous phase (steam) inside the anode is neglected,
especially if it is considered that processes such as water production and
ystems. a) PEM electrolyzer and b) PEMFC.



Figure 2. Flow balance diagram for the PEMFC anode.
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purge of the system occur at the cathode [34, 35]. In other words, these
considerations rule out the presence of water interaction inside the
anode; thus, the molar flow balance in this module only considers the
hydrogen entering and the one consumed, as presented in Eq. (1):

_NH2 ;cell ¼ _NH2 ;in � _NH2 ;cons (1)

The flow of consumed hydrogen ( _NH2 ;cons) is defined by Faraday's law
[34]:

_NH2 ;cons ¼
n ⋅ I
2 ⋅ F

(2)

where n is the number of cells in the stack, I is the current intensity
through the cell, and F is Faraday's constant.

The hydrogen inlet flow ( _NH2 ;in) can be expressed as the product of the
consumed hydrogen flow and a factor that express the stoichiometric
ratio (SH2 ) [15]:

_NH2 ;in ¼ SH2 ⋅
n ⋅ I
2 ⋅ F

(3)

On the other hand, the partial pressure of hydrogen (PH2 ;cellÞ in the
cell can be obtained through the ideal gas law [34]:

PH2 ;cell ¼
_NH2 ;cell ⋅ Ru ⋅ Tcell

va;cell
(4)

where Ru is the universal gas constant, and Tcell and υan are the tem-
perature and volume of the fuel cell's anode, respectively.

In the electrolyzer, the liquid water entrance and its dissociation into
its two constituent elements (hydrogen and oxygen) take place inside the
anode. However, the only reactants present in the anode are oxygen and
water in two phases (liquid and gaseous). The analysis for the oxygen
Figure 3. Flow balance diagram fo
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flow balance focuses on the ratio of generated oxygen and the flow of
oxygen exiting to the underlying systems (storage):

_NO2 ;el ¼ _NO2 ;gen � _NO2ao;el (5)

where the ratio of generated oxygen ( _NO2 ;genÞ is given by Faraday's law:

_NO2 ;gen ¼
n ⋅ I
4 ⋅ F

(6)

The flow balance analysis for the water inside the anode takes into
account the liquid water inlet flow ( _NH2O;inÞ and the water outlet flow
through the membrane ( _NH2O;mem) and the underlying system ( _NH2Oao ):

_NH2Oa ;el ¼ _NH2O;in � _NH2Oao ;el � _NH2O mem;el � _NH2O;cons (7)

The water consumption ratio ( _NH2O;consÞ is defined as follows [36]:

_NH2O;cons ¼ 1:25 ⋅
n ⋅ I
2 ⋅ F

(8)

The partial pressures inside the electrolyzer's anode can be expressed
as:

PO2 ;el ¼
_NO2 ;el ⋅ Ru ⋅ Tel

va;el
(9)

PH2Oa;el ¼
_NH2Oa ;el ⋅ Ru ⋅ Tel

υa;el
(10)

where Tel and υan;el are the temperature and volume in the anode of the
electrolyzer, respectively. The sum of the partial pressures of oxygen and
water yields the total pressure inside the anode:
r the PEM electrolyzer anode.
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Pa;el ¼PO2 ;el þ PH2Oa;el (11)
The molar fraction for oxygen can be calculated as:

yO2 ¼
PO2 ;el

Pa;el
(12)

The output flows are then obtained using the following expressions:

_Nao;el ¼ _NO2ao þ _NH2Oao;el (13)

_Nao;el ¼ kao;el ⋅ ðPa;el �Pao;elÞ (14)

_NO2ao;el ¼ yO2 ⋅ _Nao;el (15)

_NH2Oao;el ¼
�
1� yO2

�
⋅ _Nan;out (16)

The anode's output flow in the electrolyzer ( _Nao;elÞ depends on several
factors such as the valve opening, geometry of the device, the output
diameters, among others [24, 26]. The effect of the previously mentioned
parameters can be incorporated by an output flow coefficient (kao;el ),
which is considered as a fitting parameter [38]. Note that, Pa;el and Pao;el

are the inlet and outlet pressure of the anode, respectively. Figures 2 and
3 show the flow balance diagrams for the subsystems of the PEMFC and
the PEM electrolyzer anodes, respectively.

2.2.2. Flow balance sub-models for cathode
In the case of the PEMFC, humidified oxygen enters the cathode,

which implies the presence of two reagents (oxygen and water) inside the
electrode. The cathode analysis requires a broad perspective as it is
necessary to account for the effects of incoming water with oxygen, the
water flow from the membrane ð _NH2O;memÞ, and the water production as a
result of the reaction between oxygen and hydrogen coming from the
anode. The flow balance analysis for the water inside the cathode is
expressed as follows:

_NH2Oc ;cell ¼ _Nvapor;in þ _NH2O;gen þ _NH2O mem;cell � _NH2Oco ;cell (17)

where the water entering in gas phase (vapor) can be defined as [15]:

_Nvapor;in ¼ SO2 ⋅
n ⋅ I
4 ⋅ F

⋅
φc ⋅ Psat

Pco;cell � φc ⋅ Psat
(18)

SO2 is the excess factor or stoichiometric ratio for oxygen, φc is the
relative humidity of the cathode, and Pco;cell is the output pressure of the
Figure 4. Flow balance diagra
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cathode. The saturation pressure (Psat) can be expressed as a function of
temperature [17] as:

Psat ½Pa� ¼ � 2846:4þ 411:24 �T � 10:554 � T2 þ 0:16636 �T3½T in �C�
(19)

The ratio of generated water ( _NH2O;gen) is defined as:

_NH2O;gen ¼
n ⋅ I
2 ⋅ F

(20)

On the other hand, the oxygen flow balance analysis focuses on the
incoming oxygen ratio ( _NO2 ;in), the flow of consumed oxygen ( _NO2 ;cons),
and the flow ratio that escapes by purging the system ( _NO2 co ;cell), as
expressed by Eq. (21):

_NO2 ;cell ¼ _NO2 ;in � _NO2 co ;cell � _NO2 ;cons (21)

The oxygen flow entering the cathode can be calculated as:

_NO2 ;in ¼ SO2 ⋅
n ⋅ I
4 ⋅ F

(22)

The oxygen consumed is expressed as:

_NO2 ;cons ¼
n ⋅ I
4 ⋅ F

(23)

The partial pressures inside the fuel cell cathode are defined as:

PO2 ;cell ¼
_NO2 ;cell ⋅ Ru ⋅ Tcell

υc;cell
(24)

PH2O c; cell ¼

�
_NH2Oc ;cell ⋅ Ru ⋅ Tcell

�

υc;cell
(25)

The total cathode pressure is calculated as:

Pc;cell ¼PO2 ;cell þ PH2O c; cell (26)

The molar fraction of oxygen is:

yO2 ¼
PO2 ;cell

Pc;cell
(27)

Analogously, the output flows for the fuel cell cathode can be sum-
marized as:
m for the PEMFC cathode.



Figure 5. Flow balance diagram for the PEM electrolyzer cathode.
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_Nco;cell ¼ _NO2 co ;cell þ _NH2Oco ;cell (28)
_Nco;cell ¼ kco;cell ⋅ ðPc;cell �Pco;cellÞ (29)

_NH2Oco ;cell ¼
�
1� yO2

�
⋅ _Nco;cell (30)

_NO2 co ;cell ¼ yO2 ⋅ _Nco;cell (31)

where _Nco;cell is the total output flow of the cell cathode, kco;cell relates the
output flow coefficient, and Pc;cell and Pco;cell are the total and outlet
pressure of the cathode in the fuel cell, respectively.

In the case of the electrolyzer, water and hydrogen interact inside the
cathode. The analysis for the water flow balance focuses on the water
inlet from the membrane ( _NH2O;mem) and the water outlet to the adjacent
systems ( _NH2Oco ;el):

_NH2Oc ;el ¼ _NH2O mem;el � _NH2Oco;el (32)

On the other hand, the analysis for hydrogen flow balance is
expressed as:

_NH2 ;el ¼ _NH2;gen � _NH2co ;el (33)

where _NH2co ;el is the outcoming hydrogen, and _NH2 ;gen accounts for
hydrogen generated which is defined as:

_NH2 ;gen ¼
n ⋅ I
2 ⋅ F

(34)

The partial pressures of the reagents (hydrogen and water) inside the
cathode of the electrolyzer can be expressed as:
Figure 6. Flow balance diagram
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PH2 ;el ¼
_NH2 ;el ⋅ Ru ⋅ Tel

υ
(35)
c;el

PH2Oc;el ¼
_NH2Oc;el ⋅ Ru ⋅ Tel

υc;el
(36)

where υc;el is the volume of the cathode in the electrolyzer. The sum of the
partial pressures of the reagents yields the total pressure inside the
cathode:

Pc;el ¼PH2 ;el þ PH2Oc;el (37)

The molar fraction for hydrogen can be calculated as:

yH2 ¼
PH2 ;el

Pc;el
(38)

The output flows are then summarized as follows:

_Nco;el ¼ _NH2 ;el þ _NH2Oco ;el (39)

_Nco;el ¼ kco;el ⋅ ðPc;el �Pco;elÞ (40)

_NH2Oco ;el ¼
�
1� yH2

�
⋅ _Nco;el (41)

_NH2 ;el ¼ yH2 ⋅ _Nco;el (42)

where _Nco;el is the flow outlet of the cathode in the electrolyzer. On the
other hand, Pc;el and Pco;el are the total and output pressure of the cathode,
respectively. Figures 4 and 5 display the flow balance diagrams for the
subsystems of the fuel cell and electrolyzer cathodes, respectively.
for the PEMFC membrane.



Figure 7. Flow balance diagram for the PEM electrolyzer membrane.
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2.2.3. Flow balance sub-models for membrane
The PEM is not electrically conductive, and it is impervious to neutral

reactive gases. Therefore, there are no internal currents or losses due to
fuel crossing. The membrane is the place where hydrogen ions and water
can be transported. Accordingly, water transportation through the
membrane occurs through four different processes: electro-osmotic
entrainment, diffusion, pressure gradients, and thermo-osmosis. When
analyzing a membrane under constant temperature and pressure condi-
tions, the flows induced by pressure and temperature gradients are
ignored because their contribution to the balance is negligible compared
to the flows caused by the electro-osmosis drag ( _NH2O;eod) and diffusion
( _NH2O;diff ), which are the dominant mechanisms [18]. For both the
electrolyzer and the fuel cell, the water flow balance is expressed as
follows:
Figure 8. Subsystems of t
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_NH2O;mem ¼ _NH2O;eod � _NH2O;diff (43)
where the electro-osmotic drag flow is given by [37]:

_NH2O;eod ¼
ðnd ⋅ i ⋅ AÞ

F
(44)

i and A are the current density and the active area, respectively. On the
other hand, nd is the electro-osmotic drag coefficient, which can be
calculated as [37]:

nd ¼ 0:0029 ⋅ λ2mem þ 0:05 ⋅ λmem � 3:4 x 10�19 (45)

where the water content through the membrane (λmem) is given by:
he PEM electrolyzer.



Figure 10. Diagram for Integrated Electrolyzer-fuel cell model.

Figure 9. Subsystems of the PEMFC.
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λmem ¼ λc þ λa
2

(46)
In a fully humidified state (100% relative humidity, water content
balanced in steam), a maximum value of λmem � 14 can be accomplished.
In practice, however, λmem decreases with temperature rise. The
Table 1. Physical and geometric parameters of the integrated model.

Parameter Value

ρmem [kg= cm3� 0:002

Mmem [kg/mol] 1:1

tmem [cm] 0:0215

A [cm2� 100

n 1

8

absorption of Nafion® with liquid water is much higher, i.e.,λmem � 22
[18]. This difference between the equilibrium conditions of liquid water
and vapor results from the Schroeder paradox [39, 40]. In the case of
PEMwater electrolyzers, it can be considered that the entire membrane is
fully hydrated since the water reaches the anode section in large quan-
tities. Typically, in these cases, λmem is considered to be in the range of
14–21 [41]. In this study, for the electrolyzer, the water contents of the
two electrodes (λc;el and λa;el) are directly defined as input variables ac-
cording to parameters obtained from the literature. In contrast, for the
fuel cell, the water content of the electrodes is defined by:

λc;cell ¼ 0:043þ 17:81 ⋅ ac � 39:85 ⋅ ðacÞ2 þ 36 ⋅ ðacÞ3; 0 < ac � 1 (47)

λc;cell ¼ 14þ 1:4 ⋅ ðac � 1Þ; 1< ac � 3 (48)
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λa;cell ¼ 0:043þ 17:81 ⋅ aa � 39:85 ⋅ ðaaÞ2 þ 36 ⋅ ðaaÞ3; 0 < aa � 1 (49)
λa;cell ¼ 14þ 1:4 ⋅ ðaa � 1Þ; 1< aa � 3 (50)

where ac and aa are the ratios of the partial pressure and the saturation
pressure of the water inside the electrodes, respectively. For this model,
these two parameters are chosen as input variables that subsequently
define the cell membrane content by linearity.

On the other hand, the diffusion flow of water through the membrane
is given by Fick's first diffusion law [42]:

_NH2O;diff ¼DH2O �
�
CH2O;a � CH2O;c

tmem

�
�A (51)

where tmem is the membrane thickness. CH2O;c and CH2O;a are the con-
centrations of water on the surface of the membrane at the interface of
the cathode and the anode, respectively. These concentrations can be
expressed as:

CH2O;a ¼
ρmem
Mmem

⋅ λa (52)

CH2O;c ¼
ρmem
Mmem

⋅ λc (53)

where ρmem andMmem are the density and the equivalent dry weight of the
membrane, respectively. Both are physical properties of the material
used in the manufacture of the PEM membrane, which is considered a
key component in PEMFC. Nafion®, among perfluorinated polymers, is
the most widely used electrolyte in PEMFC due to its chemical and
electrochemical stability, as well as the high proton conductivity [43].

Finally, the water diffusion coefficient (DH2O ) is defined as:

DH2O ¼Dλ � exp
�
2416 �

�
1
303

� 1
T

��
(54)

where,

Dλ ¼ 10�10; λmem < 2 (55)

Dλ ¼ 10�10 ⋅ ð1þ 2 ⋅ ðλmem � 2ÞÞ; 2� λmem � 3 (56)

Dλ ¼ 10�10 ⋅ ð3� 1:67 ⋅ ðλmem � 3ÞÞ; 3< λmem < 4:5 (57)

Dλ ¼ 1:25 x 10�10; λmem � 4:5 (58)

Figures 6 and 7 show the flow balance diagrams for the PEMFC and
the PEM electrolyzer membranes, respectively.

2.3. Electrochemical model for the electrolyzer and the fuel cell

The electrochemical models were developed to define the overall
performance of the components based on the operational conditions. This
is achieved considering the interactions between various subsystems that
describe the flow at the anodes, cathodes, and membranes with the
required or generated voltage module for the PEM electrolyzer and the
PEMFC.

The performance of the fuel cell and the electrolyzer as functions of
the voltage are given by Eqs. (59) and (60), respectively:
Table 2. PEMFC and PEM electrolyzer operational parameters. Abdin et al. [15] and

T ½K� I ½A�
PEM electrolyzer 313:15 0� 100

PEM fuel cell 343:15 0� 150
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Vcell ¼Ecell � Vact;cell � Vohm;cell � Vconc;cell (59)
Vel ¼Eel þ Vact;el þ Vohm;el þ Vconc;el (60)

The reversible voltage calculation (E) is given by Nernst's equation,
which considers the stoichiometry of the reaction, as follows:

E¼ 1:229� 8:456	 10�4 ⋅ ðT � 298:15ÞþR ⋅ T
2 ⋅ F

⋅
�
lnðPH2 Þþ

1
2
⋅ lnðPO2 Þ

�

(61)

The activation overpotential (Vact) is expressed as:

Vact ¼ R ⋅ T
2 ⋅ ∝a ⋅ F

⋅ ln
�

i
i0a

�
þ R ⋅ T
2 ⋅ ∝c ⋅ F

⋅ ln
�

i
i0c

�
(62)

The current exchange densities, i0a and i0c, have a substantial
impact on the activation overpotential, and depend mainly on factors
such as the material and porosity of the electrodes, concentration,
distribution, size of the catalyst particles, and the operating tempera-
ture. Due to the complexity of predicting their values, they are often
considered fitting parameters in the model [44, 45]. For Pt-based
electrodes, the current exchange densities for oxygen reduction and
hydrogen oxidation reactions range between 10�9 � 10�12 A=cm2 [46]
and 10�4 � 10�3 A=cm2 [47], respectively. On the other hand, the
values of the charge transfer coefficient for anodes and cathodes (∝a

and ∝c) vary between 0-1 and 0–2, respectively [48]. In this study, the
variables i0a , i0c , ∝a, and ∝c are considered fitting parameters that vary
within the reported ranges.

The definition of the ohmic overpotential (Vohm) in the models does
not contemplate the resistance imposed by the cell and electrolyzer's
components, such as collector plates or connection cables, which have a
small magnitude and can be neglected. Therefore, the ohmic over-
potential can be calculated as:

Vohm ¼ i ⋅ Rohm;mem (63)

The membrane resistance (Rohm;mem) is defined as:

Rohm;mem ¼ tmem
σmem

(64)

where σmem is the membrane conductivity, which is calculated as [49]:

σmem ¼ð0:00514 ⋅ λmem � 0:00326Þ ⋅ exp
�
1268 ⋅

�
1
303

� 1
T

��
(65)

The overpotential concentration (Vconc) is given by:

Vconc ¼R ⋅ T
2 ⋅ F

⋅ ln
�
1� i

ilim

�
(66)

where ilim is the maximum current density allowed for each device.
Figures 8 and 9 show simplified diagrams of the calculation process for
the integrated subsystems of the electrolyzer and fuel cell, respectively.

For most electrolyzers available in the market, their operation is set to
“current mode,”which means that the current entering the electrolyzer is
controlled to provide a steady-state hydrogen production, while the
power supply must meet the required operating voltage [18]. In this
study, this approach is used to develop the PEM electrolyzer model,
defining the voltage required to generate a required rate of reagent
(hydrogen or oxygen) as a function of the physical variables and pa-
rameters of the device. On the other hand, the hydrogen generation
Yigit et al. [17].

A ½cm2 � tmem ½cm� P ½Pa� n

100 0:0215 101325 1

51:84 0:0254



Table 3. Fitting parameters for PEM electrolyzer and PEMFC models.

∝a ∝c i0a
½A=cm2�

i0c
½A=cm2�

ilim
½A=cm2�

ðλ=aÞa ðλ=aÞc

PEM electrolyzer 0:8 0:5 2 x 10�7 2 x 10�3 1:5 22 18

PEM Fuel cell 0.7 2 2 x 10�3 2 x 10�7 1:5 0:95 1

Figure 11. Comparison between polarization curves for the proposed PEM
Electrolyzer model and Yigit et al. model [17].

Figure 12. Comparison between polarization curves for the proposed PEMFC
model and Abdin et al. model [15].
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system is intrinsic to the electrolyzer cathode module. In the fuel cell, the
approach proposed for the model describes the generated voltage as a
function of an imposed external load, which is related to the current
needed to overcome the resistance of the load.
10
2.4. Integrated electrolyzer- fuel cell model

The integrated Electrolyzer-Fuel Cell model describes the interaction
between both devices. This analysis stands as a unique factor as these two
devices are not generally connected in energy generation systems
directly. Hence, the study aims to relate each component's efficiency to
evaluate the performance of the integration while examining the varia-
tion of the main operational conditions (current density, pressure, tem-
perature). Note that physical and geometric parameters such as density,
equivalent weight of the membrane, active area, thickness of the mem-
brane, and number of stack cells have been set identical for both devices.
Table 1 lists the parameters fixed for the integrated model.

The fuel cell efficiency is defined as the ratio between the electricity
produced and hydrogen consumed [50].

ζcell ¼
Welec

WH2

(67)

Electricity generation is simply defined as the product between
voltage and current, as follows:

Welec ¼ Icell ⋅ Vcell (68)

where Icell is the current in amperes, and Vcell is the cell potential in Volts.
The energy related to hydrogen consumption is defined as:

WH2 ¼ΔH ⋅ _NH2 ;cons (69)

where ΔH is the enthalpy change, which relates the amount of energy
necessary to build/break up a bond for a chemical reaction, and _NH2 ;cons

is defined according to Faraday's Law [34]. The term ΔH can be
expressed in terms of the Higher Heating Value (HHV) or the Lower
Heating Value (LHV). The difference relies on the heat of the water
content that might present in the product as either liquid or vapor [50].
However, for a low-temperature fuel cell or electrolyzer, the HHV
(286 kJ=mol) should be used for efficiency calculations [51]. Combining
Eqs. (2) and (69), the following expression can be obtained:

WH2 ¼ΔH ⋅
Icell
2F

(70)

The term ΔH=2F is set to 1:482 V, which corresponds to the so-called
thermoneutral potential [17]. Therefore, the fuel cell efficiency (ζcell) can
be obtained by rearranging Eq. (67) [52]:

ζcell ¼
Vcell

1:482
(71)

On the other hand, the electrolyzer's efficiency (ζel) is the reverse of
the fuel cell's, and thus it can be calculated as follows [53]:

ζel ¼
1:482
Vel

(72)

Lastly, the product between these two efficiencies (fuel cell and
electrolyzer) can be defined as the overall efficiency of the system:

ζoverall;int ¼
Vcell

Vel
(73)

In this study, the overall efficiency (ζoverall;int) of the integrated system
emerges as a novel and significant indicator to evaluate the performance
of both components combination, while the model proposed helps to



Table 4. Comparison schemes of different hydrogen production routes [29].

Technology TRL Production scale LCOH ($/kg)

Steam methane reforming 9 Large 0.77

Coal gasification 9 Large 0.92–2.83

Steam reforming 8 Small 1.83–2.35

Gasification 7 Mid-size 1.21–3.5

Pyrolysis 7 Mid-size 1.21–2.57

Water electrolysis 9 Small 2.35–4.80

Biomass 2–4 Under research 2.57–4

Table 5. Economic Parameters.

Parameter Value Reference

Number of years, yr 15 years [55]

Nominal Power, Wnom 10 kW [55]

Number of Stacks 30 [55]

Maintenance factor, φ 5% [56]

Number of operating hours per year, H 7886 h [56]

Active area, A 232 cm2 [23]

Hydrogen Cost, _Cfuel $20/GJ [55]

Annual interest rate [r] 7% [56]
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predict the electrochemical interactions in the context of a multivariate
parametric analysis. It is worth mentioning that the conceptualization of
this model is to operate as a support system to withstand energy fluctu-
ations and over-demand circumstances in a primary energy system (e.g.,
wind turbines and photovoltaic panels) that is model as a black box.
Therefore, the study of the integrated system centers on the electrical
power generation in the PEMFC, which is powered by the electrolyzer
that is respectively driven by the primary energy source. Notice that the
study does not address the incorporation of hydrogen storage, as it as-
sumes that all the hydrogen produced is used by the PEMFC to generate
electricity. In this sense, the analysis focuses on the performance evalu-
ation that uses the power-to-fuel concept (electrolyzer) to produce zero-
emission electricity (PEMFC). Nonetheless, in future studies, a complete
characterization of hydrogen storage is required to provide a wider
perspective of this proposal, which can be accompanied by an hourly-
Figure 13. Contribution of overpotentials to the polarizat
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based operation assessment that measures the fluctuations of the pri-
mary energy source and dynamic operation of the integrated model. It
can be mentioned that hydrogen storage can be done through different
techniques such as high-pressure gas cylinders, adsorbed materials,
cryogenic tanks, among others [54]. Therefore, a clear selection criterion
must be considered to determine the most suitable technology based on
the techno-economic perspectives of a specific application. The economic
model of the integrated system presented in this investigation serves as
an initial step for the implementation of such a comprehensive frame-
work. Figure 10 illustrates the integrated model's characteristics.

2.5. Mathematical model validation

The proposed models aim to obtain the polarization curves as the
main verification tool for the accurate prediction of the physical-
ion curve. a) PEM electrolyzer, and b) PEM fuel cell.



Figure 14. Effect of temperature on voltage and efficiency. a) and c) PEM electrolyzer, b) and d) PEM fuel cell.
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chemical processes inside the electrolyzer and the PEMFC. The selected
polarization curves were introduced from the results by Yigit et al. [17]
and Abdin et al. [15], which were obtained from experimental data for
the electrolyzer and fuel cell, respectively. Table 2 shows the operational
parameters found in the aforementioned investigations.

Table 3 displays the fitting parameters used in the validation pro-
cedure, which corresponds to the operational conditions settled in the
studies.

Figure 11 shows the comparison between the polarization curve ob-
tained by the proposed PEM electrolyzer model and the one obtained by
Yigit et al. [17], under the operating conditions listed in Table 2. Ac-
cording to the results, it can be verified that the relative error between
both models is not greater than 0.6% within the entire range of current
density. Therefore, it can be assured that the proposed model will
guarantee an appropriate behavior description for the required voltage of
the PEM electrolyzer, which relates to the interactions of the reagents
and subsequent elements.

Figure 12 displays the comparison between the polarization curve
obtained by the PEMFC model developed in this work and that obtained
by Abdin et al. [15]. Notice that the validation results exhibit similar
behavior throughout the current density range with the reference author,
presenting the most significant differences for current densities between
12
0-0.2 A/cm2. Such deviation corresponds to an apparent late response of
the model in the initial operation period, which might be related to the
influence of the activation overpotential in the startup of the cell. How-
ever, the model's response improves as the current density increases,
featuring clear similarity for the voltage output results within a range of
current density between 0.9-1.25 A/cm2.

Overall, the simulation results for both models demonstrated
acceptable matching with the reference authors. Thus, it can be
concluded that the models provide a simplified mathematical approach
while maintaining robustness to describe the performance of the PEMFC
and the PEM electrolyzer.

2.6. Economic analysis

Economic considerations become vital to evaluate an energy system's
feasibility while providing a clear, cost-effective criterion. Thus, the
economic assessment incorporates different tools to estimate the main
economic features of the integrated system of the PEM electrolyzer and
PEMFC. Notice that both devices feature similar construction and
manufacturing as they correspond to PEM type. Therefore, the cost
estimation for both components is similar, and the system considerations
will be determined by each functionality (electric generation and



Figure 15. Effect of pressure on performance in polarization curves. a) PEM electrolyzer, and b) PEMFC.
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hydrogen production). For this specific model, the economic approach
centers on estimating of the electricity cost and the overall cost of the
integrated system. Note that the cost associated with hydrogen is not
determined directly, and the pricing assumptions were made based on
available literature [24, 55]. The economic methodology proposed is
based on the Annualized Cost of the System (ACS) perspective [56].
Overall, the total cost of the system ( _Ctot) can be divided into capital cost
( _Ccc), fuel cost ( _Cfuel), and operation & maintenance cost ( _CO&M) as
presented in Eq. (74):

_Ctot ¼ _Ccc þ _Cfuel þ _CO&M (74)

The contribution of the O&M cost will be assumed constant
throughout the system's lifetime, and it is related by the maintenance
factor (φ) as a percentage of the total cost [56]. The total cost of elec-
tricity can be defined as follows [55]:
Figure 16. Effect of temperature on the overall efficiency of the integrated
electrolyzer-fuel cell model.
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_ZE ¼
_Zcc þ _Zfuel þ _ZO&M

E
(75)
pro;year

where, _ZE is the cost of electricity in $/kWh, _Zcc is the annual capital cost
in $/year, _Zfuel relates the annual fuel cost in $/year, _ZO&M is the main-
tenance cost in $/year, and Eprod;year accounts for the annual electricity
production in kWh/yr.

Note that all the cost terms in Eq. (75) should be annualized to ac-
count for depreciation and time value of money. First, the Capital Re-
covery Factor (CRF) presented in Eq. (77) helps to annualize the capital
cost ( _Ccc) for each component as follows:

_Zcc ¼
_Ccc;total ⋅ CRF

3600
(76)

where CRF is defined as:

CRF¼ r � ð1þ rÞyr
½ð1þ rÞyr � 1� (77)

where r is the interest rate, and yr is the system's lifetime. The total
capital cost ( _Ccc;tot) mainly considers the cell stack cost for each compo-
nent (PEMFC and PEM electrolyzer):

_Ccc;tot ¼ _Cfx þ _Ccomp ⋅ Ncell (78)

where, _Cfx is the stack fixed cost in $/stack, _Ccomp accounts for the cost of
each component in $/cell, and Ncell represents the number of cells in the
stack. Note that the fixed cost comprises the cost of testing, assembly, and
those stack components that are independent of the number of cells,
namely, end plates, bus plates, fluid connectors, among others [55, 57].
Moreover, the number of cells in the stack is calculated as a function of
nominal power output/input (Wnom), operational voltage (V) and current
density (i), and cell-active area (A) as follows:

Ncell ¼ Wnom

V ⋅ i ⋅ A
(79)

The electricity produced by the fuel cell yearly (Epro;year) is calculated
as a function of the load profile:



Figure 17. Effect of temperature and pressure on the overall efficiency of the integrated electrolyzer-fuel cell model.
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Epro;year ¼Welec ⋅ H ⋅ CF
1000

(80)
where H is the number of operating hours per year, and Welec is the
electricity generation in the fuel cell. The Capacity Factor (CF) relates the
ratio between the actual energy produced and the energy that can be
produced while maintaining a full-rated power throughout the operation
Figure 18. Economic results for the (a)
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time. This parameter takes relevance in the integrated system to evaluate
different operation scenarios. Moreover, the annualized fuel cost ( _Zfuel) of
the systems is calculated as follows:
electricity cost and (b) capital cost.
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_Zfuel ¼
_CH2 ⋅ Ep;year

η
(81)
int;aver

where _CH2 is the hydrogen cost in $/kWh, and ηint;aver is the average
annual efficiency of the integrated system. Hydrogen cost plays an
important role in the economic evaluation of the model and for proper
positioning of the proposed technology. A critical comparison of different
production routes requires contemplating aspects such as production
scale, Levelized Cost of Hydrogen (LCOH), and Technology Readiness
Level (TRL), as presented in Table 4.

Based on Table 4, the low cost associated with steam reforming
and gasification technologies is a direct consequence of the develop-
ment level (TRL 9), low cost of feedstock, and large production scale
that significantly reduces the production cost. However, this tech-
nology faces significant challenges regarding the environmental
impact due to inherent CO2 emissions during the process, which
forces the implementation of Carbon Capture and Storage (CCS)
technologies that increase the investment cost [58]. On the other
hand, water electrolysis features high LCOH despite being in the
advanced development stage (TRL 9). The latter can be explained
considering that electrical consumption represents a significant share
of the operational cost in the electrolyzer, predominantly when
renewable energy is implemented [29, 58]. Several studies predict
that the hydrogen production cost of electrolyzers will significantly
drop in the future, fostering the massive penetration and large-scale
commercialization of this technology [30, 31, 58]. Moreover, the
imminent intermittence or over-supply of renewable energy sources
(e.g., wind turbines, solar panels) extend the possibility to integrate
hydrogen-power devices.

Lastly, the average annual efficiency is calculated as follows:

ηint;aver ¼
1

1:482
⋅
Xn

i

V ⋅ ζoverall;int ⋅ τ (82)

where V is the cell potential at a given power level, and τ accounts for the
portion of time that the component operates at a power level of _W= _Welec .
The Payback Period (PBP) is incorporated within the analysis to deter-
mine the investment return time based on the economic indicators. The
PBP can be calculated as follows [59]:
Figure 19. Payback period (PBP) of the integrated system.
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�ln

0
@1� r ⋅

_Ccc;tot

1
A

PBP¼
Sannual

lnð1þ rÞ (83)

where Sannual accounts for the annual profitability cash flow in the sys-
tem's lifetime. Table 5 summarizes the main assumptions for the eco-
nomic model of the integrated system.

3. Results and discussions

Based on the results from the models' validation for both devices
independently, it is possible to perform a sensitivity analysis considering
different scenarios for the PEM electrolyzer, PEMFC, and the integrated
system. This section aims to describe the behavior of all the proposed
models while expanding the operational conditions of the analysis. The
temperature and pressure for both components vary between 30-70 �C
and 1–10 atm, respectively, which in accordance with the common
operational range in PEM type equipment [15, 17]. It must be clarified
that intermediate conditioning devices such as humidifiers, heat ex-
changers, dryers, gas separators, among others, guarantee the correct
operation of the system as described within the electrochemical model.
The latter takes relevance since it guarantees that the reactants enter the
given conditions to ratify the results reported.

3.1. PEMFC and PEM electrolyzer performance

First, Figure 13a shows the contribution of each overpotential to the
voltage required for the electrolysis process. It can be noticed that the
activation overpotential features the greatest voltage restriction due to
the resistance imposed by water dissociation. The second greatest
contributor is the ohmic overpotential. Finally, the one that contributes
the least is the concentration overpotential, which increases with respect
to the current intensity.

Similarly, Figure 13b displays the contribution of overpotentials to
the polarization curve of the fuel cell. According to the results, the most
significant contributions are attributed to the ohmic and activation
overpotentials; these findings are associated with the slow kinetics of
chemical reductions in the electrode and the ions transfer restrictions.
Finally, the concentration overpotential has the smallest impact on cell
polarization.

Figure 14 shows the effect of temperature on the PEMFC and PEM
electrolyzer operation for a temperature range between 30 and 70 �C at
atmospheric pressure conditions. The polarization curves for the elec-
trolyzer in Figure 14a exhibit an inverse relationship between the oper-
ating temperature and the voltage required for the appropriate operation.
In other words, increasing the temperature reduces the energy necessary
to dissociate the water, producing a better transfer reaction between the
electrode-membrane interface. This phenomenon is characterized by the
activation resistance imposed by the electrolyzer.

Analogously, Figure 14b shows that a temperature rise produces an
acceleration of the electrochemical reaction related to the molecular
binding of the incoming reagents in the PEMFC. The positive effects on
the voltage generated in the cell can be explained by the lower incidence
of losses as the operating temperature increases. In general, Figures 14a,
b show that for different temperatures at low ranges of current density,
the required and generated voltage values appear to be ideal due to the
limited overpotential resistance imposed by the system. Finally,
Figures 14b, c prove that higher operating temperatures improve the
efficiency of both devices, a pattern that supports the results of the po-
larization curves.

Subsequently, Figure 15 shows the effect of pressure on both devices'
performance for a range between 1 to 10 atm at a temperature of 40 �C.
The polarization curves presented in Figure 15a experience a propor-
tional relationship between the electrolyzer's pressure and the voltage
required to maintain operation at a given current density range.
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Figure 15b shows that the polarization curve of the PEMFC expe-
riences a decreasing trend as the current density increases while the
operating pressure shows a direct relation to the voltage generation.
The last pattern can be justified since outlet pressure on both sides of
the electrodes imposed a notable resistance to the reagents' output,
allowing a greater part of the reagent to be used, and therefore a
higher voltage is obtained. Overall, the results indicate that the
required and generated voltage increment due to higher pressures on
the cathodic and anode side, which produce, in turn, back pressure to
the capillary pressure of the membrane, narrowing the ion channels
and preventing a suitable ion transfer reaction. This reduces the water
content in the channels and hence the conduction of protons through
the diffusion mechanism.
3.2. Integrated system

Figure 16 shows the overall efficiency of the integrated system pro-
posed in the study as a function of current density. Notice that the system
operates at atmospheric pressure conditions, and the same geometric
parameters (active area, membrane thickness, and estimated electrode
volumes) have been set for both devices.

Based on the results, the integrated system's efficiency experiences a
decreasing trend in relation to the current density, whereas temperature
increments boost the overall efficiency. The last behavior can be
explained since temperature rise benefits both dissociative and power
generation performances in the electrolyzer and the fuel cell, respec-
tively. Hence, the indirect interaction between these two devices is
greatly improved by the ratio between the consumed and generated
voltage.

Figure 17 shows the combined effect of temperature and pressure on
the integrated system's efficiency for a current density condition of 0.5 A/
cm2.

According to the outcomes, it can be verified that temperature fea-
tures the greatest incidence on the integrated system's performance. At
high temperatures, better performance can be achieved for both devices
since the kinetics of the transfer reaction improves at the membrane-
electrode interface, a phenomenon related to the activation over-
potential. On the other hand, the conductivity of the PEM is favored,
resulting in a decrement of the ohmic overpotential.

This sensitivity assessment takes relevance as the influence of tem-
perature and pressure on the overall efficiency is not quite intuitive. For
instance, the minimum efficiency is recorded for the lowest pressure and
temperature (1 atm and 25 �C). However, the maximum efficiency does
not correspond to the highest pressure and temperature (10 atm and 70
�C). Indeed, the highest efficiency range is presented for the combination
of temperatures between 55 �C and 60 �C and pressures between 3 atm
and 7 atm.

It is worth mentioning that the efficiency differential across the
temperature range is not higher than 1.3%. However, the economic
analysis presented in the next section will reveal the economic impact of
such an enhancement through the analysis of different financial in-
dicators. Considering that efficiency improvements in hydrogen-power
devices have been relatively slow in the last decade, the outcomes re-
ported in this section are promising. For instance, in other applications,
extensive proposals have been implemented to improve the overall effi-
ciency in combustion engines by 1–4% [60, 61]. In practice, the overall
efficiency can be optimized by analyzing different membrane parameters
such as construction materials, thickness, porosity, permeability, among
others, which can be integrated into a multi-objective optimization
methodology [62].
3.3. Economic perspectives

This section aims to reveal the results of the economic assessment of
the integrated system. First, Figure 18a shows the electricity cost ( _ZE) for
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different capacity factors (CF) scenarios. This relation becomes vital to
examine the cost-effective performance of the integrated system as the CF
accounts for the operation mode. Thus, this value can be fixed to 0.9 for
steady load conditions, whereas it can reach 0.5 or even 0.15 for variable
or intermittent load operation. On the other hand, Figure 18b displays
the capital cost of the integrated system as a function of current density
and operational temperature.

According to the results, Figure 18a shows that the overall trend of
the electricity cost features an inverse relation concerning the system's
efficiency. The results are in agreement with the common behavior of this
variable in hydrogen-power systems [23, 55, 56]. Moreover, the
steady-state condition operation (CF ¼ 0.9) presents the lowest energy
generation cost-share obtaining a minimum value of 0.296 $/kWh,
which represents an idealistic scenario in the economic analysis consid-
ering the functionality of the integrated system. Therefore, a more pre-
cise comparison can be made while accounting for the operation's
intermittence (CF ¼ 0.5), which displays values between 0.37-0.45
$/kWh. The results obtained prove that the electricity selling price of
the proposed system is not competitive with the average industrial selling
price in the US (0.05–0.2 $/kWh) [63], but it is close to non-conventional
energy systems in remote areas (0.25–0.3 $/kWh) [56, 59]. Note that the
results reported in the economic perspectives disregard the incorporation
of hydrogen storage in the overall cost, which will be determined by the
specific application and indisputably boost the capital cost. Particularly,
in some applications, the PEM electrolyzer's output pressure is enough to
eliminate compression in storage, elucidating a significant advantage
from this technology. In a general sense, analyzing a concrete scenario of
a small-scale carbon-free hydrogen production plant for electric power
generation that characterized the primary energy source, control devices,
heat exchangers, and PEMFC-PEM electrolyzer will contribute to
providing a wider perspective of the proposed system from a
techno-economic perspective.

On the other hand, Figure 18b shows that higher temperatures foster
lower capital cost in the system; similarly, low current density values
contribute to reducing the overall investment cost. The overall behavior
demonstrates that between 0.1 to 0.65 A/cm2, the differences between
capital costs are not significant. However, the temperature plays an
important role in the overall cost as the current density increases. Higher
temperatures, namely 70 �C, are strongly recommended as they facilitate
reasonable capital costs between $ 6–10 	 104, which is reasonably high
compared to other technologies. The cost estimation agreed with the
overall cost expectations settled by similar studies on a similar scale [23,
55, 57]. Notice that PEM technology possesses a pressing need to reduce
the overall cost since it reaches values of $ 4–8x106 for high-scale plants
[29]. Lastly, Figure 19 presents the influence of temperature operation
and current density on the PBP of the system.

Based on the results, reasonable investment return periods can be
obtained through the operation range. It is evident that low current
densities and high temperatures enable higher efficiencies and minimal
cost; thus, the PBP is significantly reduced. For most of the operative
range, the PBP varies between 6-10 years, which reinforces the proposed
model's feasibility and contributes to engaging commercialization of
these technologies.

4. Conclusions

A complete model was developed to assess the overall behavior of a
PEM electrolyzer and a PEM fuel cell individually and when integrated.
Also, an economic methodology is proposed to evaluate the integrated
system from a cost-effective perspective. The characterization of the in-
tegrated system and performance conceptualization from both electro-
chemical and economic aspects was found to be the unique contribution
of the present investigation. The mathematical description was imple-
mented in Matlab/Simulink® to reveal the impact of parameters such as
temperature, pressure, overpotentials, humidity ratio, voltage, and
design parameters on the overall performance.
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The models were developed based on the equations that characterize
the subsystems of each device, namely, anode, cathode, and membrane.
The study incorporated physical and geometric patterns that reduce the
complexity of the phenomena.

Simulation scenarios were assessed for temperature ranges from 30 to
70 �C and pressure between 1 to 10 atm. Also, current density varies from
0.1 to 1.33 A/cm2. Based on the individual model results, the activation
and ohmic overpotentials had the greatest effect on PEM electrolyzer and
PEMFC performance. Furthermore, temperature rise improves the per-
formance of both devices up to 10%. Specifically, higher temperatures
improve the dissociation of water molecules in the electrolyzer, thus,
producing better ion exchange in the electrode interface-membrane. In
contrast, the enhanced performance on the fuel cell is associated with the
acceleration of the electrochemical reactions related to the molecular
union of incoming reagents. The effect of pressure was found to be only
substantial on the PEMFC performance but in a minor proportion (2–5%)
compared to the temperature.

The evaluation of the overall efficiency in the integrated system
stands as a novel performance criterion. The overall efficiency ranged
between 25 to 75%, whereas temperature rises facilitate efficient oper-
ation. Moreover, the combined effect of pressure and temperature on the
overall efficiency revealed that for the combination of temperatures be-
tween 55 �C and 60 �C and pressures between 2atm and 7atm, the overall
efficiency features peak values.

The economic assessment of the integrated system demonstrated that
operation at constant load conditions represented by a high-capacity
factor can provide the lowest electricity cost between 0.28 to 0.45
$/kWh. These findings support the importance of PEMFC and PEM
electrolyzer integration as it prevents intermittent operation (low-ca-
pacity factor). The capital cost can be minimized up to 25% while
maintaining steady operating at a low current density and a maximum
temperature of 70 �C. The influence of temperature on the overall cost is
not significant at low current density values (0.1–0.6 A/cm2). However,
when the current gets higher, the effect of temperature increases
dramatically, featuring differences between $2- 4 	 104. The payback
period varies between 6-17 years, while the most efficient scenario
(highest temperature) reduces to 6–10 years.

Overall, the proposed integrated model demonstrated reliability to
stand operation as a complementary system for power generation and
further contributes to reducing greenhouse emissions; the parameters
that contribute the most to the overall efficiency were identified. Also,
the economic assessment stands as a robust tool to foster the commer-
cialization of hydrogen-powered systems.

The study features some limitations related to the neglection of
hydrogen storage for the integrated system performance and economic
perspectives. Moreover, in-depth analysis is required to relate realistic
operational conditions within the modeling. In future studies, there is an
open path for further investigation regarding the identification of
optimal operation ranges via advanced optimization methodologies and
the complete characterization of a primary energy source. Also, there is a
pressing need to minimize the capital cost and extend the lifetime of
components to reduce the electricity and hydrogen cost while promoting
a competitive scenario compared to conventional energy sources.
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