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Abstract: In this study, a newly developed zero-dimensional electrochemical model was used for
modeling and controlling proton-exchange membrane fuel cell (PEMFC) performance. Calibration of
the model was performed with measurements from the fuel cell stack. Subsequently, a compressor
and a humidifier on the cathode side were sized and added to the existing model. The aim of this work
was to model the PEMFC stack and balance of plant (BoP) components in detail to show the influence
of operating parameters such as cathode pressure, stack temperature and cathode stoichiometric ratio
on the performance and efficiency of the overall system compared to the original model using a newly
developed real-time model. The model managed to predict the profile of essential parameters, such
as temperature, pressure, power, voltage, etc. The most important conclusions from this particular
case are: the cell power output is only slightly changed with the variations in stoichiometric ratio
of the cathode side and adding an external compressor is valid only for high current applications,
but in those cases, there is 10–22% power gain. Stack temperature is a very influential parameter.
Optimal temperatures were determined through design of experiments (DoE) and for this case are
in the 40–60 ◦C range, where for low current applications lower temperatures are better due lower
activation loss (8% difference between 80 ◦C and 40 ◦C at 20 A current). For high current applications,
due to lower ohmic losses, higher temperatures are desirable.

Keywords: proton-exchange membrane fuel cells; system modeling; balance of plant component sizing

1. Introduction

One of the most important topics being studied today is climate change and its
effects [1,2]. World energy consumption increased by 2.9% in 2019. That is almost a 100%
increase in comparison to the constant average of 1.5% per year over the last decade. Car-
bon emissions from energy production also increased by 2% compared to the year before,
which is alarming growth, with total emissions approaching 0.6 GT [3]. Unfortunately,
fossil fuels continue to be the largest contributor to global energy demand. This creates
problems as most fossil reserves are rapidly depleting and their prices are constantly
fluctuating and volatile [4]. The research community has explored various ways to
address this problem, such as improving the efficiency of fuel usage [5] and/or using
various renewable energy sources. Additionally, many governments around the world
have recognized the seriousness of finding a permanent solution for climate change [6].
This has led to the signing of numerous climate agreements between these countries to
address this problem [7]. In particular, the Paris Agreement [8] and the Kyoto Protocol [9]
are most influential. As a result, renewable sources of energy are considered as the only
and inevitable substitute for fossil fuels. However, the irregularity of renewable energy
sources is another demanding issue that prevents its full commercialization. One of the
sources which does not produce any emissions and is highly energy dense is hydrogen.
Recently, rapid progress in the production of green hydrogen (from various renewable
energy sources) has been made. Hydrogen as a fuel can be combusted (in engines) or
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electrochemically reacted (in fuel cells). As combustible fuel it can be directly injected
into the internal combustion engine and leads to advantages, such as high volumetric
efficiency, but also to potential backfire [10] and increased formation of NOx due to
pre-ignition of the hydrogen–air mixture at high loads [11]. Those are several challenges
that still need to be fully addressed.

As electrochemical fuel, hydrogen can be used in fuel cells. Fuel cells are electrochemi-
cal devices used for direct conversion of chemical energy (from various fuels) to electricity
with high efficiency [12]. This is a significant advantage over any engine, since the losses
during combustion and conversion in mechanical power systems are not present [13]. In
addition to the higher efficiency, fuel cells are capable of providing completely emission-free
power generation [14,15]. Hydrogen-powered fuel cell systems are becoming the energy
system for future automotive [16,17] and heavy-duty transport [18], trains [19], buses [20],
ships [21] and even planes [22]. However, the unsatisfactory lifespan of fuel cells is a great
restriction for their full commercialization, so different health management strategies are
still being developed [23].The typical fuel cell system shown in Figure 1 [24] consists of
the stack and the associated balance of plant (BoP) components that include a H2 tank,
heat exchanger, cooling system, air compressor, humidifier, power converters, etc. In a
hybrid fuel cell system, other energy sources such as batteries and supercapacitors can
also be integrated to further increase system efficiency and stability [25]. Crespi et al. [26]
proved that, with addition of air expander, the additional energy recovery from the cathode
exhaust can be made on MW-scale power plant. In addition, vehicles powered with are also
compatible with the new emerging sector of coupled energy systems, where excess peaks
in electricity generation from renewable sources, e.g. from wind turbines and photovoltaic
cells, can be used to generate hydrogen through electrolysis [27].

Figure 1. Schematic of a typical hybrid fuel cell system and balance of plants.

From the previous description, it can be concluded that the efficiency of the overall
system depends not only on the fuel cell stack but also on auxiliary components. In this ar-
ticle, the fuel cell stack model is described in detail and calibrated with measurements. The
novelty of this particular model is that, unlike the most commonly used fast electrochemical
models with reduced dimensionality, it does not approximate the Butler–Volmer equation
(BV) equation with the Tafel equation but uses the sinus hyperbolicus to reduce the BV
equation. As a result, this model remains computationally fast and can be used in real time
with good extrapolation capabilities for control strategies. Subsequently, a compressor and
a humidifier on the cathode side were sized and added to the existing model. The aim of
this work was to model the fuel cell stack and BoP components in detail with a real-time
model and then a design of experiments was made to show the influence of operating
parameters such as cathode pressure, stack temperature and cathode stoichiometric ratio
on the performance and efficiency of the overall system compared to the original model.
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2. Methodology

This chapter is divided into two subchapters: experimental setup and system modeling.
In the first subchapter, one of the fuel cell stacks in our laboratory at the Faculty of Electrical
Engineering, Mechanical Engineering and Naval Architecture in Split is presented. In
addition to the stack, the boundary conditions and measurements are also listed. In the
second subchapter, a detailed model of the fuel cell stack, the compressor and the humidifier
components are explained.

2.1. Experimental Setup

Calibration of original model was performed with measurements from Nexa 1200
fuel cell stack. It is an air-cooled PEM stack with 36 fuel cells which, with an output
voltage between 16 and 40 V and a maximum output current of 60 A at 5–25 ◦C, delivers
a power output of 1200 W. The unit can be supplied with hydrogen (max inlet pressure
15 bar) by means of the lab supply with a downstream pressure reducer, an electrolyzer
or metal hydride canisters. A fan provides the necessary reaction and cooling air through
the housing to the stack. The housing not only holds the components but also functions to
guide the air.

Before presenting the actual measurement results, it must be emphasized that this de-
vice has experienced performance degradation through use such that both the polarization
curve and the nominal power deviate significantly from those stated in the specifications.
Table 1 shows the measurement results from various operating points and Figure 2 shows
the polarization curve of the stack. In addition to current and voltage, ambient air tempera-
ture, relative humidity, stack temperature and hydrogen consumption were also measured.
Stoichiometric cathode ratio was set to 2 and cathode pressure was ambiental.

Table 1. Measurements taken from Nexa 1200 fuel cell stack at various load points.

Power [W] 100 200 300 400 500 600 687

Current [A] 4.07 8.8 13.63 18.8 24.97 32.8 41.3

Voltage [V] 24.55 22.98 22.09 21.24 20.04 18.3 16.7

Ambient air temperature [◦C] 25 25 25 25 25 25 25

Relative humidity [-] 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Stack temperature [◦C] 38.3 40.2 41.8 42.2 43.5 44.4 45.6

Hydrogen consumption [L/min] 1.82 2.94 4.23 5.65 7.2 9.3 11.6

Figure 2. Polarization curve measured on Nexa 1200.
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2.2. System Modeling

This subsection focuses on a detailed description of the model developed with AVL
Cruise M software and used to calculate and calibrate the operating parameters of the entire
system. The major system components discussed below are: fuel cell model, compressor
model and humidifier model.

2.2.1. Fuel Cell Model

This model is based on research done by A. Kravos et al. [28]. It consists of a
0-dimensional, thermodynamically consistent electrochemical model for controlling
PEMFC performance and is then extended so it accounts the transport of gaseous species
across the channels and through the gas diffusion layer (GDL), which results in a quasi
1D electrochemical model.

In electrochemistry, the Butler–Volmer equation describes how the electrical current
through an electrode depends on the voltage difference and for fuel cell, and it can be
defined through following equation:

jc = e−
(A0+αc∆g0

c+αc∆sc(T−T0))
kBT · e−αc ·ln (

k∗RDC
kOXC

) ·
(

C̃O2

)(1−αc)

·
(

C̃H2O

)2αc
k∗RDC

(
e−

αce0ZcηC
kBT − e

(1−αc)e0ZcηC
kBT

) (1)

where jc is cathodic net reaction rate, C̃O2 and C̃H2O are the normalized concentrations of
oxygen and water, k∗RDC and kOXC are reaction rate constants, kB is the Boltzmann constant,
T is the temperature, e0 is the elementary charge, ∆gc is the cathode side difference in
specific Gibbs free energy between reactants and products, Zc is the number of electrons
transferred in the electrochemical reaction on the anode and cathode side, αc is the charge
transfer coefficients on the cathode side, A0 represents energy needed to get to transition
state, represents reaction kinetics overvoltage on the cathode. However, the development
of a reduced dimensionality performance model revolving around the Butler–Volmer
equation proves troublesome because of the difficulty in finding its inverse function. This
is of utmost importance to facilitate the parameterization. Therefore, in previous works,
researchers have mainly used two forms of a simplified version of the Butler–Volmer
equation. The first forms are electrochemical models based on the Tafel equation, which
is a reasonable approximation for operating points with high current densities but has a
significant drawback in the low current density region, where the approximation error
increases exponentially as the current density approaches zero. The second forms are
electrochemical models based on the Tafel equation extended by various corrections for the
low current density region. Proposed substitution successfully reduces the total error in
the low current density region, but leads to incorrectly positioned individual terms in the
equation for activation losses which can directly influence the calibration procedure and
model performance.

Kravos et al. made the assumption that charge transfer coefficient αc (Equation (1)) is
equal to 0.5, so simplification can be made through use of sinus hyperbolicus. This results
in equation which is equivalent to Butler–Volmer equation and is accurate over all current
densities. Therefore, the derivation stays thermodynamically consistent, but it losses a
bit of generality. If the new equation is multiplied with factor ZF, where Z is number of
electrons transferred in the electrochemical reaction and F is Faraday constant, we get net
current on the cathode side:

Ic = Ic
0 · e

− Ec
0

kT
B

(
C̃O2

)0.5(
C̃H2O

)
2sinh

(
− e0Zcηc

kBT

)
(2)

Ic
0 = ZFe−

αc∆sC(T−T0)
kBT e

−αc ·ln (
k∗RDC
kOXC

)
k∗RDC (3)
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From Equation (2), expression for reaction kinetics overpotential ηc can be made.
All equations above are defined for cathode side but also can be derived for anode side.
With that, the model is suitable to operate in fuel cell and in electrolyzer mode. The
model considers both the anode and the cathode reaction, the latter of which is usually
predominant in PEM fuel cells. The activation loss usually governs the voltage drop in the
low current zone, i.e., the left side of the polarization curve.

The cell voltage Ucell is defined as:

Ucell = Uth − ηc − ηa −UR (4)

where Uth is the thermodynamic potential and UR is voltage ohmic loss.
Uth defines the voltage at open circuit conditions and is calculated from the ideal cell

voltage ∆E0(T) and the Nernst voltage.

Uth = ∆E0(T)− R · T
2 · F · ln

(
CH2O

CH2 · C0.5
O2

)
(5)

Ohmic losses are determined by proton transport across the membrane so they mainly
affect ionic conductivity σ, which is determined from the property database. Assuming
constant properties, the ohmic loss increases linearly with current density. It thus defines
the slope of the polarization curve at medium current.

The transport loss describes the effects of diffusion of the species across the channel
through the GDL into the catalyst layer. The process is described in a quasi-1D manner by
Fick’s law of diffusion. The process defines the limiting current densities, i.e., the current
density at which the reactant concentration at the catalyst layer would decrease. In PEM
fuel cells, the transport loss is usually more pronounced on the cathode side. The transport
loss determines the polarization curve at high current densities and the limiting current.
The concept behind the transport model is that concentration of reactants on the catalyst
layer (CrCL ) can be calculated multiplying with the concentration of reactants in channel
Crchan and ratio between limiting current (IL) and current density (I) as following:

CrCL = Crchan

(
1− I

IL

)
(6)

IL = ZFSDrr
Crchan

δGDL
(7)

where Drr is diffusion coefficient and δGDL is GDL width. This electrochemical model offers
5 calibration coefficients, each correlating to one loss mechanism. The loss mechanisms
(activation and transport loss) are usually more pronounced on the cathode side, so the
parameters related to the anode can usually be omitted. Membrane material properties,
such as density, specific heat capacity, thermal and ionic conductivity, water diffusion and
electro-osmotic drag coefficients, are taken from [29].

2.2.2. Compressor

The air supply system is critical to the stable and efficient operation of a fuel cell
system. First, it affects the humidity level (and humidity removal) of the stack. On the
other hand, the oxygen content of the air affects the stack voltage and thus the efficiency of
the stack. The air compressor can supply air to the stack at different air mass flow rates and
air pressure levels. These operating parameters and the corresponding power consumption
of the compressor influence the efficiency of the stack and the system. At higher pressures
(above 150 kPa), the electric motor can consume a considerable amount of the total fuel
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cell power output, as is clear in the Results Section. Assuming adiabatic compression,
compressor power can be calculated as follows:

Pc =
.

m · 1
ηs,C
· cp · T1 ·

[(
p02

p01

) κ−1
κ

− 1

]
(8)

where
.

m is mass flow through compressor, ηs,C compressor efficiency, cp specific heat at
constant pressure, T1 inlet temperature, p02 and p01 are inlet and outlet pressures and κ

is ratio of the heat capacities. Pressure ratio and efficiency are function of corrected mass
flow

.
mcor and corrected rotational speed ncor and are directly interpolated from compressor

map which can be seen on Figure 3. Compressor map sizing is described in Section 3.2.
Corrected mass flow and rotational speed can be calculated from the following equations
and are used to take into account the influence of ambient conditions.

.
mcor =

.
m ·
√

T01

p01
(9)

ncor =
n√
T01

(10)

Figure 3. Compressor map [30].

2.2.3. Humidifier

The PEMFC is highly dependent on proper water management to achieve high
efficiency [31]. Inadequate control of water accumulating at the cathode can cause excess
water to accumulate at the cathode by flooding and block the gas pores used for oxygen
transport, creating another barrier to transport across the reactive site. Flooding also
results in excess water in the membrane–electrode assembly, reducing the catalytic area
required for electrochemical reactions. Even simple fuel cell systems require auxiliary
systems to wet the anode and dispose of the water from the cathode. In PEM fuel cell
stacks, the goal of a humidifier is to control the relative humidity of the reactants so
that the fuel cell membrane humidity remains close to 100% without flooding it. Other
researchers have proposed various humidification mechanisms for PEM fuel cells. The
most common are nozzle spray, gas bubbles, the “enthalpy wheel” [32] and membrane
humidification. The membrane humidification model is explained below.

To derive the governing thermodynamic equations, the controls are defined, and for
the membrane humidifier design, two control volumes (dry and humid) are defined as
shown in Figure 4 [33]. The gas inlet mass flow rate, pressure, temperature, and relative
humidity are inputs for both control volumes. The dry gas and the exhaust humid gas can
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flow in parallel or counter flow pattern. Figure 4 shows that the dry gas and the exhaust
gas flow in the counter flow arrangement. For both control volumes conservation of mass
and energy equations are derived. Conservation of mass equation shows that change of
mass of control volume is equal to difference between inlet and outlet flows with addition
(for dry control volume) or subtraction (for humid control volume) of water vapor mass
through membrane. The transferred vapor mass is determined by the membrane diffusion
coefficient and the relative humidity gradient across the membrane and can be written as:

dmv

dt
= Dw

C2 − C1

tm
Mv A (11)

where Mv is the vapor molar mass, C1 and C2 represent water concentrations in control vol-
umes, Dw diffusion coefficient, tm membrane thickness and A is humidifier membrane area.

Figure 4. Control volumes of one humidifier unit.

Conservation of energy equation shows that change of control volume internal energy
is equal to sum of enthalpy vapor mass, inlet and outlet flow and heat transfer rate between
volumes. The heat transfer rate between the two control volumes is:

dQ1

dt
= UA∆T2/1 (12)

where ∆T2/1 is the log mean temperature difference between the two control volumes, and
U is the overall heat transfer coefficient, defined as:

U =
kNuD
2 Dh

(13)

where k is the membrane thermal conductivity, NuD is the Nusselt number, and Dh is the
channel hydraulic diameter.

3. Simulation Results

This chapter presents the calibration of the base model, the sizing of the newly added
compressor and humidifier and the DoE process to determine the individual effects of
various factors that influence the output results. After that, comparison of the efficiency
and performance of the original and the improved model at different stoichiometric ratios
is presented. Finally, the model with the best power output was selected and the effect of
temperature on the operating parameters was further investigated. As mentioned before,
the original stack is air-cooled. Since water and heat management are not in the scope of
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this article, cooling is not directly defined, but the assumption is made that the temperature
of the stack is constant without defining how this temperature is maintained.

3.1. Base Model Calibration

As stated in Section 2, the electrochemical fuel cell model offers five calibration pa-
rameters, each correlating to one loss mechanism. The voltage losses are usually more
pronounced on the cathode side, so calibration parameters related to the anode side were
not taken into account. After testing the model in a real-time environment, the cathode
transport loss calibration parameter was left untouched, but ohmic and activation losses
had to be raised. Ohmic losses mainly come from resistance of the ion flow in the elec-
trolyte and electron flow resistance through the electrode. Membrane performance of the
measured stack is not at its nominal state due to degradation, so its ionic conductivity is
greatly reduced resulting in higher ohmic resistance. The ohmic loss calibration parameter
had to be 50% larger than the default one. The cathode activation loss calibration parameter
is set to be 10 times higher than the default one. Again, degradation is the main reason why
these losses are so big. In Figure 5, the comparison between the simulated and measured
polarization curve is presented. It can be clearly seen that the model sufficiently reflects
experimental voltage vs. current profiles and establishes its very good extrapolation capa-
bilities even outside the calibrated space of the parameters, demonstrating its robustness in
a real-time environment.

Figure 5. Measured and simulated polarization curve.

3.2. Compressor Sizing

To select the compressor map, the first step was to determine the required mass flow
rate and the desired pressure ratio for various operating points. The operating points
were determined with demanded current. To maintain stack stability, the mass flow of
reactants at the fuel cell inlet must be equal or greater than the rate at which these reactants
are depleted. The rates of hydrogen and oxygen consumption and water production
are determined by Faraday’s law; therefore, the mass flow rate can be calculated by the
following equation:

.
m = SO2 ∗ I ∗ ncells ∗

M
4 ∗ cO2 ∗ F

(14)

where SO2 is the cathode stoichiometric ratio, I is the current, ncells is the number of cells in
stack, M is the air molar mass and cO2 is the concentration of oxygen in air. It can be seen
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that consumption of reactants in a fuel cell is proportional to the current and number of
cells. The stoichiometric ratio is defined as a ratio between the real flow of reactant at the
inlet and its theoretical consumption.

After that, the pressure ratio is calculated from the estimated heat exchanger and the
humidifier pressure drops, and the demanded pressure and pipe pressure drop.

pratio = pdemand + dpHEX + dphumidifier +
(I ∗ dpmax /Imax)

pambient
(15)

where pdemand is the pressure ratio demanded by the controller, dpHEX is heat exchanger
pressure ratio estimation, dphumidifier is humidifier pressure ratio estimation, dpmax is
maximal pipe pressure ratio estimation. Parameter pdemand is defined as a function of
current and can be seen in Figure 6 and was selected based on recommendations from the
literature. From the last two equations it can be seen that pressure ratio and mass flow are
dependent on the fuel cell current.

Figure 6. Pressure ratio demand.

Operational points were selected at zero (3 A) and max (60 A) load and two points
at 20 and 40 A. All mass flows were calculated with the stoichiometric ratio equal to 2. In
addition to the desired pressure ratio and mass flow rate, Table 2 also lists the temperature
after compression, the heat flux required to bring the stack temperature to 60 ◦C, and the
amount of steam required to saturate the fuel cell membrane. A compressor map is then
selected from the catalog to match the calculated operating points. The selected map can
be seen in Figure 3.

Table 2. Compressor and humidifier sizing parameters at various loads.

Zero Load
(3 A)

Operating Point 1
(20 A)

Operating Point 1
(40 A)

Max Load
(60 A)

Heat exchanger heat
rejection [W] −1.7528 10.32 68.506 172.03

Temperature after
compressor [◦C] 37.451 79.915 126.1 170.66

Inlet mass flow [g/s] 0.0771919 0.514613 1.02923 1.54384

Pressure ratio [-] 1.1421103 1.5474018 2.0948037 2.7422055

Humidifier water
vapor mass flow [g/s] 0.00326505 0.021767 0.043534 0.065301
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3.3. Simulation Results for Various Stoichometric Ratios

In [34] it was shown that lowering the cathode stoichiometry ratio so that condensa-
tion of water is happening in the cell can improve the ionic conductivity of the membrane.
For this reason, too much cathode ventilation is undesirable, as is too little. A high gas
flow through the cathode leads to a drying out of the membrane and thus to a cell
efficiency reduction. Another criterion for optimizing cathode stoichiometry is economic.
The demand for higher flow through the fuel cell cathode is directly associated with an
increase in the total energy consumption and a reduction in oxygen utilization in the
case of pure oxygen systems, thus contributing to a reduction in the system’s overall
efficiency. Figures 7 and 8 show how variation in stoichiometric ratio (S) affects cell
voltage, power, system efficiency and compressor power when a new compressor and
humidifier are added, in comparison with the base model.

Figure 7. (a) Cell power curve at different stoichiometric ratios. (b) Cell voltage curve at different
stoichiometric ratios.

Figure 8. (a) System efficiency (stack and compressor). (b) Power loss due to compressor use.

In Figure 7, it can be seen how the stoichiometric ratio affects cell power and voltage.
Adding compressor increased the cathode pressure, which had a positive effect on perfor-
mance. This is because higher cell pressures increase the oxygen partial pressure in the
channels, which in turn increases the open circuit voltage and reduces the overpotential of
cathode activation. Furthermore, higher cell pressures increase water activity and content
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in the membrane, which reduces the ohmic overpotential. As a result, both the cell voltage
and the fuel cell power are increased by up to 22% at maximum load, and it can be seen that
use of compressor does not yield any great benefits on lower current densities, but it takes
toll on total system efficiency. Therefore, depending on the operating conditions of the fuel
cell stack, the original model might be a better solution due to less fuel consumption and
simpler design. The stoichiometric ratio has negligible effects in every case except when
S = 1.4, at which not enough oxygen is provided to cell.

In Figure 8, it can be seen how the addition of the compressor affects the efficiency
of the entire system. The biggest efficiency has the original stack where no compressor
was used at all. The efficiency difference between the original and compressed model at
the stoichiometric ratio of 2 is around 3%. Increasing the stoichiometric ratio increases the
share of power losses for compressor operation, which can be seen in Figure 8b.

3.4. Simulation Results for Various Stack Temperatures

The effects of operating temperature on fuel cell performance are not easily predicted.
An increase in temperature leads to a theoretical potential loss, but on the other hand,
higher temperatures also bring many positive effects such as higher exchange current
densities, better ionic conductivity and improved mass transfer properties. In addition,
the gases can contain larger amounts of water vapor at higher temperatures, reducing the
risk of flooding. Fuel cell performance generally improves with higher temperatures, but
only up to a certain temperature, which can vary from cell to cell depending on design
and operating conditions. Figure 9a,b show how variation of stack temperature affects cell
voltage, power, system efficiency and fuel cell membrane water mass.

Figure 9. (a) Cell power at various stack temperatures. (b) Cell voltage at various stack temperatures.

Figure 9 shows cell power and voltage at various temperatures. Looking at voltage
losses from Equation (4), they are strongly affected by temperature changes. Activation
losses are lower at lower temperatures, resulting in higher open circuit voltages compared
to high temperatures. On the other hand, the ohmic losses increase sharply with decreasing
temperature, which is best seen when the fuel cell is operated at 10 ◦C. The transport
losses as well as the activation losses increase with increasing temperature, but temperature
has the least effect on them. Therefore, from the results in Figure 9, it can be concluded
that the optimum temperature of the stack is in the range of 40–60 ◦C. It can be seen that
at a temperature of 40 ◦C, the stack has greatest power output at lower currents, but at
higher currents, the stack performs better at 60 ◦C due to lower ohmic resistance. In the
literature, it is generally assumed that the optimal operating temperature range for fuel
cells is 60–85 ◦C. In this case, it is found that while there is a gain in performance at lower
current densities and lower temperatures, the instability of the fuel cell increases at higher
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current densities. The highest stability over the entire operating range is in the 60–80 ◦C
range, which is consistent with the literature.

Figure 10 shows system efficiency and fuel cell membrane water mass. The plot of
efficiency in Figure 10a only confirms the previous conclusions, but it is quite important
to emphasize again the difference in efficiency in the low current range, where lower
temperatures give much better results (8% difference between 80 ◦C and 40 ◦C at 20 A
current). The water mass of the membrane is an important parameter, since the protonic
conductivity of a polymer membrane strongly depends on the membrane structure and its
water content. In Figure 10b, we see the influence of temperature on the total water mass in
the membrane, showing that the water mass correlates with the other operating parameters.

Figure 10. (a) System efficiency at various temperatures. (b) Fuel cell membrane water mass.

4. Conclusions

Over the past few years, many numerical studies have been completed to simulate the
PEM fuel cell; however, modeling the entire system with the novel reduced dimensionality
electrochemical fuel cell model explained in Section 2.2.1. has not yet been adequately
explored. In this research, the model of the PEM FC system was developed, calibrated, and
the auxiliary compressor and humidifier were sized. Design of experiments was performed
to find the optimal stack temperature range. The results showed that the simulation was
performed in good agreement with the existing data used in the literature. The model is
able to successfully extrapolate the profile of key parameters, such as temperature, pressure,
power, voltage, etc. Based on this study, the following conclusions can be drawn:

• The cell performance is only slightly changed with the variations in the stoichiometric
ratio of the cathode side. The only difference can be seen on high currents (above 45 A).

• Increasing the cell temperature results in increased fuel cell performance at medium to
high currents. The optimal working range is determined by the design of experiments
and is in the range of 40–60 ◦C. In future work, a more complex heat and water
management system will be applied to the model to see how this auxiliary system
affects the efficiency of the overall system.

• In the low current region, due to lower activation losses, low temperature stacks are
significantly more efficient (8% difference between 80 ◦C and 40 ◦C at 20 A current).

• Compressor addition is justified only in the high current regions where compressor par-
asitic losses are outweighed by performance gains (22% power gain at maximal load).

This work shows the level complexity of the PEM FC system model that can still be
simulated in real time, and in future research this model is planned to be used as part
of software-in-the-loop testing environment. Since most of the work at our department
of mechanical engineering is currently focused on marine technologies, the next step in
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this research is adding a methanol reformer component to the base model. For marine
application, methanol is considered the fuel of the future for large cargo ships due to the
safety of storage compared to other alternative fuels. This field has not yet been researched
properly, especially in system analysis. In addition to the reformer, the entire system must
also be scaled to the level of the ship, which involves complex heat and water management
models. This goal is certainly challenging, but the industry’s transition to alternative fuels
is imminent, and finding a proper solution for zero emission technology is a must.
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draft preparation, T.V., I.T. and G.R.; writing—review and editing, T.V. and I.T.; funding acquisition,
I.T. and G.R. All authors have read and agreed to the published version of the manuscript.
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