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Abstract

The conversion of hydrogen into electricity is a subject of intense interest. Various technolo-
gies are available at laboratory level, but in industrial applications, the most established of
them is the proton exchange membrane-based fuel cell. This increased interest, combined
with the maturity of the technology, has led to attempts to integrate fuel cells into hybrid
systems with renewable energy sources. Such hybrid systems are subject to numerous
studies, most of which are aimed at optimizing installed capacity in order to reduce the cost
of energy production, of investment, etc. This article aims to provide an experiment-based
approach for a simple yet accurate model linking electrical power with hydrogen consump-
tion that can be used in the design and optimization procedures for hybrid systems. For this
purpose, an experimental setup with a 1 kW fuel cell was built at the Technical University
of Sofia, where experimental studies were conducted to enable the development of the
model. Although the proposed model does not reflect the influence of certain technological
factors on the operation of the fuel cell, it provides sufficient accuracy to determine the
hydrogen consumption for a given electrical power when used in operation simulations of
the hybrid system.

Keywords: power-hydrogen consumption relationship; system optimization; fuel cell
simplified modelling; renewable energy hybrid systems; hydrogen economy

1. Introduction

Over the past decade, hydrogen technologies have emerged as one of the key pillars
of the global transition toward a low-carbon economy [1-3]. The accelerated deployment
of renewable energy sources, combined with the need to reduce greenhouse gas emissions
and enhance energy independence, has driven significant scientific and industrial efforts
toward the development of the hydrogen economy [4,5]. In this context, fuel cells (FC) are
regarded as a key technology for the highly efficient conversion of the chemical energy of
hydrogen into electrical energy with zero or minimal pollutant emissions [6,7]. Polymer
electrolyte membrane fuel cells (PEMFCs) are characterized by high energy efficiency, rapid
dynamic response, and the ability to operate over a wide power range. Owing to these
advantages, they have found extensive applications in transportation, stationary power
generation systems, uninterruptible power supply (UPS) systems, and various industrial
applications [8].
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The key functional component of a PEM fuel cell is the membrane electrode assembly
(MEA). It consists of two gas diffusion electrodes, namely the anode and cathode, mechani-
cally separated by a proton-conducting polymer membrane. Within this component, the
fundamental electrochemical reactions take place, namely the hydrogen oxidation reaction
(HOR) at the anode and the oxygen reduction reaction (ORR) at the cathode, through
which the chemical energy of the fuel is directly converted into electrical energy [9,10]. A
schematic diagram of MEA applicable for a PEMFC is shown in Figure 1.
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Figure 1. Schematic diagram of the MEA applicable for PEMFC system.

In recent years, significant advancements have been achieved in the development
of electrocatalysts, polymer electrolyte membranes, and the architectural design of mem-
brane electrode assemblies. The loading of noble metals—primarily platinum—has been
substantially reduced through the utilization of carbon-based catalytic supports, while
novel membranes featuring minimized thickness, enhanced mechanical strength, and
superior chemical stability have successfully lowered internal resistance. Furthermore,
the optimization of gas diffusion electrodes and flow channel geometries has facilitated
more efficient reactant distribution and effective water management [11-13]. Collectively,
all these technological improvements mitigate both activation overpotential and ohmic
resistance within the fuel cell. Consequently, a marked increase in energy and Faradaic
efficiencies is observed, yielding minimized thermal losses alongside enhanced operational
reliability and durability of proton exchange membrane fuel cells [14,15].

Another important characteristic of this type of energy conversion device is its ability
to be assembled into stack configurations, where multiple individual cells are electrically
connected in series [16]. This arrangement increases the overall operating voltage (V) of
the system while maintaining a compact and modular design. Consequently, fuel cell stacks
can deliver higher power outputs suitable for practical energy applications. According to
the Nernst equation, the voltage of a PEM fuel cell is given by

RT, [ Pu,PY’
E=Ey+ —1 2 1
0+ F Tl( o )’ (1)

where E is the actual cell voltage, Ej is the standard reversible potential (1.23 V), R is the
universal gas constant (8.314 J/(molK)), T is the absolute temperature (K), 1 is the number
of electrons transferred in the electrochemical reaction (n = 2), F is Faraday’s constant
(96,485 C/mol), and Py,, Po, and Pp,o represent the corresponding partial pressures of
hydrogen, oxygen, and water, respectively (expressed in [atm] or normalized by standard
pressure Py =1 atm) [17].
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The Nernst equation demonstrates that the cell voltage is directly influenced by the
operating temperature and the partial pressures of the reactants and products [17]. There-
fore, optimization of these parameters is essential for achieving high fuel cell performance
and efficiency.

The apparent activation energy of the fuel cell can be determined from the temperature
dependence of the electrochemical reaction rate according to the Arrhenius equation:

i= Aexp(}?) 2)

where i is the current density, A is the pre-exponential factor, and E, is the apparent

activation energy.
Taking the natural logarithm yields the linearized Arrhenius expression:

Eq

In(i) =In(A) — RT

©)

The apparent activation energy can therefore be calculated from the slope of the
Arrhenius plot of In(i) versus (R/T):

P _R<dln(z’)> @

ar

The overall activation energy of the fuel cell can be considered as the sum of the
contributions from the anodic reaction, cathodic reaction, and ohmic transport processes:

E, = Ea,unode - Ea,cuthode - Eu,ohmic (5)

where E; 4,040 is the activation energy associated with the hydrogen oxidation reaction,
Eg cathode 15 the activation energy associated with the oxygen reduction reaction, and E, ojic
is the apparent activation energy associated with proton transport through the polymer
electrolyte membrane.

Consequently, the temperature dependence of the fuel cell performance is governed
by the combined effects of electrode kinetics and ionic transport, which together determine
the overall apparent activation energy of the electrochemical conversion process [18,19].

The electrochemical characteristics described above determine the performance of
fuel cells at the single-cell and stack levels. However, the practical value of fuel cell
technology becomes evident when it is integrated into complete energy systems that
combine renewable energy generation, hydrogen production, storage, and utilization.
Such integrated systems enable the conversion of intermittent renewable energy into a
storable energy carrier, thereby improving energy security, flexibility, and overall system
reliability [20].

In recent years, the rapid development of hydrogen technologies has led to the de-
ployment of numerous demonstration and pilot installations worldwide [21]. These sys-
tems typically integrate renewable energy sources, electrolyzers, hydrogen storage units,
and fuel cells, creating sustainable pathways for energy storage and power generation.
The following examples illustrate some of the most representative operational hybrid
renewable-hydrogen systems currently in service. Such an example is the MYRTE Plat-
form in the University of Corsica Pascal Paoli in Ajaccio, France, composed of a 560 kWp
photovoltaic (PV) system, 50 kW electrolyzer, three 28 m> tanks for 35 bar (two for hy-
drogen and one for oxygen), and a 110 kW fuel cell [22]. In this case, the hydrogen
production/storage/consumption system is used to smooth the power fluctuations of the
stochastic solar source. As an additional benefit, Rodler et al. [23] report the possibility of
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using the produced heat by both the fuel cell and the electrolyzer. A smaller real system
is investigated by Sophian et al. [24], located in Kuala Terengganu, Malaysia. It consists
of 1 kW PV installation, 1 kW wind generator, 1000 Ah battery bank, and 1 kW PEM
electrolyzer. The purpose of the system is to produce hydrogen; the reported amount is
130-140 mL/min for solar radiation in the range 200-800 W/m? and wind speed in the
range 2-5 m/s. Considering the high interest in hydrogen in the last decades, different
installations started their operation. A non-exhaustive list is presented in Table 1.

Table 1. Non-exhaustive list of operating hybrid systems with renewable energy and hydrogen
production for different purposes (fuel cells or mobile application); AFC, alkaline fuel cell; CHP,
combined heat and power.

Project Location RES FC Use Reference
MYRTE Ajaccio, France PV PEM FC [22,25]

Kuala Terengganu, Hy injection

Unnamed project Malaysia PV + wind and mobility [24]
Lolland Lolland, Wind PEM FC and micro-CHP [26]
Hydrogen Community Denmark systems
Prenzlau Hybrid Power Prenzlau, . . CHP using Hj
Plant (ENERTRAG) Germany Wind + biogas and biogas 271
. . Maingz, Wind + grid H, injection
Energiepark Mainz Germany renewable electricity and mobility [28]
Taleghan Solar
Hydrogen Talleri}r‘lan' PV PEM FC [29]
Energy System
Grimstad Renewable Grimstad, .
Energy Park Norway PV +wind AFC (301
HYDEPARK (Hydrogen Gebze, Kocaeli, .
Demonstration Park) Turkey PV +wind PEMFC 311

Despite the presence of those experimental platforms, most authors concentrate their
efforts on the simulation of different hybrid systems and the optimization of the system
or its control. Different approaches to represent the fuel cell are used in those papers.
The first one is to consider the fuel cell only as a fixed efficiency. This is the case in [32],
where four different locations are investigated (in Brazil, Bolivia, and Malaysia). The
studied hybrid system consists of PV plant, wind generator, battery bank, and hydrogen
system (electrolyzer, tank, and fuel cell). The authors use Non-dominated Sorting Genetic
Algorithm II. Their aim is the system optimization according to the number of supply
interruptions and the system price. The sensitivity of the system to the influence of
different parameters is also investigated. Showers and Chowdhury [33] used HOMER
Pro software (version 3.18.0, build 3.18.8823.1207) to optimize a combination of PV plant,
battery bank, supercapacitor, and full conversion hydrogen system (electrolyzer, tank, and
fuel cell). The fuel cell in this study is considered as 60% efficiency. The optimization results
show that to avoid 10 kWh of non-satisfied energy, the installed system should be more
than two times more expensive. The same software is used in [34] for the optimization of
PV-wind-powered hybrid system in Lijiang, China, with batteries and a hydrogen system
with a dual use—to supply mobile hydrogen consumers and to produce electricity via
a fuel cell. The results demonstrate the feasibility of the system for the considered load
profile. HOMER is also used by Esteves and Gabbar [35] for the simulation of the operation
of a fast-charging station in Toronto, Canada, powered by small modular nuclear reactors,
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PV and wind generators, an electrolyzer, H; storage, and fuel cell. The hydrogen tank
provides hydrogen for mobile hydrogen consumers and for the fuel cell. The authors claim
that the proposed system provides reliable and sustainable energy to fast-charging stations,
thus lowering both CO, emissions and power grid dependency.

The second approach is the use of the detailed electrochemical model of the fuel cell,
presented above. Moller and Krauter [36,37] studied a hybrid system with a PV installation,
a battery, an electrolyzer, a hydrogen tank, and a fuel cell. The system is modelled in
Matlab/Simulink R2021b. The meteorological data are from Wiirzburg, Germany, while
the system’s load profile is generated with Swiss software (Energy tools 2021). Their
first paper concentrates on the system’s modelling, while in the second, the influence of
different parameters on the system performance is examined. In both cases, the fuel cell is
used only during the winter. Prattico et al. [38] use the voltage fuel cell model, which is
implemented in the Matlab’s Simscape library, to propose a fuzzy logic control of a hybrid
system with PV and wind generators, batteries, and fuel cell. The studied system is located
in Reggio Calabria, Italy, and its operation is investigated for one day in June. The results
demonstrate the good operation of the system, but it should be noted that the fuel cell
is activated only under critical conditions, which extends its lifetime. The control of a
hybrid system with a fuel cell on the basis of the detailed model has been also studied by
Wang et al. [39]. The authors propose two levels of control: of the energy flows and of the
power converters in the system. The system considered consists of a PV plant, a battery, an
electrolyzer, an H; tank, and a fuel cell, and Matlab is used to perform the simulations of
different scenarios, which demonstrate the good operation of the proposed control. The
same hybrid system and software have been used by Hidouri [40] to demonstrate the good
performance of the energy control, reaching an overall efficiency of 62% and significant
reduction of CO, emissions. More specific control is proposed in [41]. The studied hybrid
system consists of PV and wind generators, battery storage, an electrolyzer, a tank, and a
fuel cell. The control is performed on the DC bus and reduces the voltage fluctuations by
24.07% and the stabilization time by 56.92%, while the fuel cell efficiency is increased by
31.88% due to the lower fuel cell temperature.

The detailed fuel cell model is also used for studies related to the mobile use of
hydrogen. Banawi et al. [42] investigated a hybrid system installed on a boat with PV and
wind generators, a battery, and a fuel cell. The study is performed in Matlab via simulation
of 1 h of operation, which is the mission time of the ferry. The load is mainly supplied by the
fuel cell and the battery, both using onshore produced resources, hydrogen and electricity,
respectively. The results illustrate the feasibility of such ferries in concordance with the
Saudi Arabian strategy for reduction of CO; emissions via the installation of renewable
energy sources used to produce energy and hydrogen. Another mobile aspect is studied by
Bartolucci et al. [43]. The examined system consists of a PV installation, an electrolyzer, a
battery, and metal-hydride canisters, with an emphasis on the last component. The hybrid
system supplies the consumption of a household, and the energy excess is transformed into
hydrogen and stored in the canisters. Two canisters alternate between use in the house and
a hydrogen-driven small car. Different operation modes for the canisters are considered to
increase the quantity of the absorbed hydrogen. The 1-month simulations of the system
operation during four different seasons demonstrate good system operation.

Lee and Lee [44] investigated an energy management strategy for a fuel cell hybrid
electric bus based on nonlinear model predictive control and an adaptive equivalent con-
sumption minimization strategy. The studied vehicle employed a 180 kW fuel cell system,
whose behavior was represented using a third-order approximation of hydrogen consump-
tion map. Simulation results demonstrated that the proposed control approach achieved
lower hydrogen consumption and improved overall energy management performance
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compared with several benchmark strategies, highlighting its potential for enhancing the
efficiency of fuel cell-powered public transportation systems. Another mobile application,
a fuel cell hybrid tramway, was investigated by Tao et al. [45]. The authors proposed an
energy management strategy combining dynamic programming and a state-machine-based
control approach. The 280 kW fuel cell system was represented using a parabolic approx-
imation of its performance characteristics. The results demonstrated that the proposed
energy management strategy reduced hydrogen consumption while simultaneously en-
hancing fuel cell durability and maintaining the battery state of charge within a desirable
operating range.

Unfortunately, some authors do not specify the used model of the fuel cell. This is the
case with Al-Rbaihat [46], who uses TRNSYS to consider a hybrid system with PV and wind
generators, an electrolyzer, a tank, and a fuel cell, located in Perth, Australia. The study is
oriented toward the calculation of different parameters that estimate the performance of
the system and their comparison with different literature sources.

The above review, together with the analysis presented in [47], demonstrates that
the simulation of the operation of hybrid systems with renewable energy sources, mobile
systems, and others, containing fuel cells, using electrochemical-based models requires
detailed representations of all system elements. This is due to the nature of the electrochem-
ical models, which are formulated in terms of voltage and current, whereas system-level
studies are typically based on power and energy flows. The detailed models of the power
electronics in the systems often necessitate smaller simulation step (us or ms), which in-
creases the simulation time and limits the applicability of electrochemical fuel cell models
in system-level optimization studies that require numerous simulations over extended
time horizons and involve multiple interacting system components. A frequently used
alternative to these complex models in the literature is a fixed-efficiency representation of
the fuel cell. While computationally efficient, this approach compromises model fidelity
by neglecting load-dependent efficiency variations. Some authors use parabolic or cubic
approximation models to represent hydrogen consumption as a function of fuel cell power.
The main drawback of these polynomial models is the lack of information regarding the
methodology used to derive the model data, as well as the absence of reported polynomial
coefficients and quantitative accuracy metrics. This significantly limits their reproducibility,
validation, and practical applicability.

This paper proposes a black-box (input-output) modelling approach for fuel cells
based on an experimental investigation of a commercial fuel cell system. The proposed
model provides a practical alternative to detailed electrochemical fuel cell models and
can be readily applied by researchers and engineers involved in the integration of fuel
cells into various energy systems. Its main advantage is that it does not require extensive
expertise in fuel cell electrochemistry or detailed knowledge of technological parameters
and design features, many of which are proprietary information and are typically not
disclosed by manufacturers. Although the simplifications introduced in this model may
reduce its accuracy compared with more precise electrochemical models, it still represents
the behavior of the fuel cell more accurately than a fixed-efficiency representation. Fur-
thermore, these simplifications allow the use of simpler models for other hybrid system
components (power electronic converters, etc.), reducing simulation time while retaining
sufficient accuracy. The model relates the electrical power required from the fuel cell by
the load to the hydrogen consumption. This allows for the sizing of the required hydrogen
supply (hydrogen pipeline capacity, tank capacity, electrolyzer rated power, etc.) for the
system load. Consequently, the model is suitable for feasibility studies, sizing procedures,
and system optimization tasks, which consider the system from an engineering perspective.
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To realize the abovementioned simplified model, the following actions are performed
and respectively described in the paper: an experimental platform with 1 kW PEMFC
is realized in the Renewable energy sources laboratory (electrical aspects) in Technical
University of Sofia; the PEMFC is investigated for different operational conditions; the
simplified model of the PEMFC is synthetized on the basis of the experimental results.

2. Materials and Methods
2.1. Experimental Platform

The experimental platform of the renewable energy sources laboratory (electrical
aspects) at the Technical University of Sofia consists of two hydrogen canisters, two pres-
sure reducers, a fuel cell, and an electronic load. Its schematic diagram is presented in
Figure 2, where the pressure reducers contain valves and analog pressure sensors, the
green line represents the hydrogen line, the orange dotted lines represent the control of the
valves and of the fuel cell temperature via an air blower, and blue and red lines represent
electrical connections.

1000W open-cathode,

Pressure reducer Pressure reducer -
200 to 15bar 15 to 0.5bar H, supply self- humidified fuel cell H, purging
7Y RN valve = # valve

B - W -
/ﬂ U Flow meter !: }:x

Electrical @8 ===.
Metal hydride canister controlunit "____x
800nl/h, 15bar n I
13V power
H, 200bar supgly
—_— canister Sm® Electronic load 1.2kwW

Figure 2. Schematic diagram of the experimental platform with fuel cell.

The high-pressure storage canister concept is imposed by budget constraints and
replaces an electrolyzer and a compressor as a source of hydrogen. The metal-hydride
canister ensures a buffer between the high-pressure source and the fuel cell and supplies
the fuel cell for low powers. The used metal hydride storage canister is Heliocentris MHS
800 (Heliocentris Academia International GmbH, Berlin, Germany). This metal hydride
storage canister allows safe and compact storage of relatively large amounts of hydrogen
gas at low pressures. The parameters of the used storage canister are presented in Table 2.

Table 2. Parameters of the Heliocentris MHS 800 storage canister.

Parameter Value

PS (max. filling pressure level according to

Pressure Equipment Directive) 25 bar
Max. coupling pressure of quick coupling 17.2 bar
Nominal temperature 20°C
Operation temperature From —5°Cto 55 °C
Thermalization temperature From 5 °C to 55 °C
Hy-Purity 99.999%
H, Capacity (@ 20 °C and 25 bar) 800 N1
Nominal discharge rate 4 N1/min
Bottle volume 201
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The flow of hydrogen gas in the system is measured by an M-20 SLPM-D mass flow
meter by Alicat Scientific (Duiven, The Netherlands). The flow meter uses laminar differen-
tial pressure technology and is able to measure mass flow, volumetric flow, temperature,

and pressure. Some of its parameters are presented in Table 3.

Table 3. Parameters of the Alicat M-20SLPM-D mass flow meter.

Parameter

Value

PS (max. filling pressure level according to
Pressure Equipment Directive)

25 bar

Mass flow accuracy

£0.6% of reading or 0.1% of full scale,
whichever is greater

Pressure accuracy

Above 1 atm: +0.5% of reading
Below 1 atm: 4+4.83 mbar

Flow measurement range

0.01-100% of full scale

Operating pressure

0.8-11 bar (absolute pressure)

Pressure sensitivity

Mass flow zero shift: £0.01% of full scale
per atm from tare pressure

Temperature sensitivity

Mass flow zero shift: £0.01% of full scale
per °C from tare temperature

Temperature accuracy

+0.75 °C

Operating temperature range

From —10 °C to 60 °C (ambient and gas)

Sensor response time

<1 ms

The fuel cell used in this study is an open-cathode PEM fuel cell by Horizon Educa-

tional (Horizon Fuel Cell Europe, s.r.0., Prague, Czech Republic). The fuel cell is of type
H-1000 with a rated power of 1000 W and is equipped with an FCS-1000 short circuit unit
(SCU). The main parameters of the fuel cell are presented in Table 4.

Table 4. Parameters of the Horizon Educational H-1000 fuel cell.

Parameter Value
Type of fuel cell PEM
Number of cells 48
Rated power 1000 W
Rated performance 288V@35A
Reactants Hydrogen and air
Ambient temperature 5-30 °C
Max stack temperature 65 °C
Hydrogen pressure 0.45-0.55 bar
Maximal allowable operating pressure 0.8 bar
Humidification Self-humidified
H,; flow rate at max output 13 L/min
Hydrogen purity >99.995% dry Hp
Efficiency of system 40% @28.8V

During the experiments, the fuel cell was loaded by a programmable electronic DC

load “EA-EL 9080-85 B HP” by EA-Elektro-Automatik GmbH (Viersen, Germany). The
load supports four common regulation modes: constant voltage, constant current, constant
power, and constant resistance. Some of the more important technical specifications of the
programmable load are presented in Table 5.
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Table 5. Parameters of the EA-EL 9080-85 B HP programmable DC load.

Parameter Value
Power From 0 to 1200 W
Power @ 40 °C From 0 to 1000 W
Voltage From 0 to 80 V
Current From 0to 85 A
Resistance From 0.09 to 30 Q2
Unmnin for Imax ~22V
Constant Current accuracy <0.2%
Constant Voltage accuracy <0.1%
Constant Power accuracy <0.5%
Constant Resistance accuracy <1% + 0.3% of nominal current

To ensure the safety of operation, a Dréger Polytron SE Ex sensor for flammable
gases is used with a Drager PointGard 3200 gas detection system. They are produced by
Dragerwerk AG & Co. KGaA (Liibeck, Germany) and ensure the proper detection and
signalization of hydrogen gas leaks, as well as the activation of an air purifying system in
the laboratory.

2.2. Experiments

All measurements were performed using a laboratory fuel cell unit and test station
under controlled operating conditions, including voltage, current, power, hydrogen flow
rate, pressure monitoring, and temperature measurement. The investigated PEMFC is
an open-cathode, self-humidified fuel cell; therefore, no external humidification control
was applied. The operating conditions were maintained within the limits specified by the
manufacturer, ensuring stable and reproducible experimental conditions for the evaluation
of the investigated parameters.

The electrochemical characterization of the PEM fuel cell stack was performed using a
galvanostatic polarization method with a 1 kW electronic load. Before the measurements,
the operating temperature of the stack was monitored by means of a Model H2 infrared
thermal camera to ensure stable thermal conditions throughout the experiments. The stack
was subjected to a series of constant-current operating points, and the voltage response
was recorded after reaching steady-state conditions at each current level. In parallel,
the hydrogen consumption was continuously measured, allowing the evaluation of fuel
utilization and system efficiency as a function of the produced electrical power.

In addition to the steady-state polarization measurements, dynamic transient response
tests (DTSTs) were carried out using the same experimental setup and measurement
procedure. During these tests, the stack was exposed to predefined dynamic current
profiles designed to simulate transient operating conditions. The corresponding voltage
response, stack temperature, and hydrogen consumption were continuously monitored
and recorded to assess the dynamic performance and operational stability of the system.

2.3. Fuel Cell Model Synthesis and Limitations

The proposed model is intended as a system-level empirical model that represents
the overall behavior of the complete fuel cell system rather than a detailed electrochemical
model in which all internal operating variables are independently controlled. As stated
above, the model aims to determine the hydrogen consumption for a given fuel cell electrical
power. The model is developed under the following assumptions:

e The model is based on experimental data, and the use of a commercially available
fuel cell together with its original control system was a deliberate methodological
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choice, as it reflects the conditions under which such systems operate in practical
engineering applications.

o  The fuel cell temperature is controlled by the fuel cell integrated cooling system
according to the manufacturer’s control algorithm, and its influence is not considered
in the simplified model.

o  The fuel cell uses self-humidification, but neither this parameter nor other operational
parameters are considered in the simplified model.

e  Theinlet hydrogen pressure is sufficient to maintain stable operation of the fuel cell
up to its rated power.

The developed simplified model of the investigated PEM fuel cell is based on the
experimental data obtained for different loads and hydrogen pressures. The hydrogen
consumption is measured with a mass flow meter, while the load is imposed by an electronic
load, both described above. For each pressure, the relationship between the hydrogen
consumption and electrical power is determined and then fitted using Matlab’s Curve
Fitting Toolbox. The obtained curve approximations are analyzed; thereafter, a unified
modelling equation is proposed with some additional assumptions.

The simplifications in the model, obviously, highlight some limitations:

e The aging of the fuel cell is not taken into account. One of the reasons is that the
laboratory experiments do not allow the simulation of aging. The other reason that
the presented simplified model cannot take the aging of the fuel cell into account, by
using different strategies like the one presented in [48], is because the aim of the model
is to avoid the determination and, respectively, the use of voltage and current.

e The dependence of the fuel cell performance on the temperature is not considered.
Despite the well-known influence of the temperature, the aim of the model is to
avoid the consideration of operational parameters. Thus, the improvement of the
cell performance with special thermal control [49] or the possibility for better health
monitoring [50] are not taken into account.

These limitations can be overcome in further improvements of the model.

3. Results
3.1. Experimental Study of the Fuel Cell

The fuel cell stack was experimentally connected and investigated according to the
methodology described in Section 2.2. Although PEM fuel cells are typically capable of
operating at temperatures above 60-80 °C, elevated temperatures may adversely affect the
water management of the polymer electrolyte membrane. Insufficient membrane hydra-
tion can increase the membrane resistance, reduce proton conductivity, and consequently
deteriorate the overall fuel cell performance. Therefore, the experiments in this study were
intentionally conducted at relatively low operating temperatures to ensure stable mem-
brane hydration and reproducible experimental conditions. The environmental conditions
during the experiments were 1004 hPa atmospheric pressure and 47% relative air humidity.
The maximal allowed operating pressure was maintained at 0.8 bar (gauge pressure) in
accordance with the manufacturer’s specifications. The pressure values below correspond
to gauge pressure. Before the experiment, the ohmic resistances were measured using a
Hioki (Nagano, Japan) resistance measurement instrument, and the average value was
15.5 mQ) per cell. The measurement was performed on an individual cell, and the reported
value corresponds to the arithmetic mean obtained from five independent measurements.
Polarization curves were recorded under quasi-steady-state operating conditions by gradu-
ally increasing the load current and allowing the system to reach stable operation at each
measurement point. The resulting current—voltage characteristics are presented in Figure 3.

https://doi.org/10.3390/ electrochem?7030026


https://doi.org/10.3390/electrochem7030026

Electrochem 2026, 7, 26

11 of 23

Figure 3a presents the polarization curves of the investigated fuel cell stack measured at
operating temperatures of 25 °C (room temperature) and 35 °C, while Figure 3b presents the
respective power curves. The polarization curves exhibit the typical behavior of PEM fuel
cells, characterized by an initial voltage drop associated with activation losses, followed by
a nearly linear region dominated by ohmic losses. A slight improvement in cell voltage is
observed at 35 °C in the low-current region, indicating enhanced electrochemical reaction
kinetics and reduced activation polarization. The relatively small temperature difference of
10 °C between the two investigated operating conditions is not expected to produce a sub-
stantial change in the overall PEMFC performance. Within this near-ambient temperature
range, the beneficial effects of slightly improved electrochemical kinetics are largely com-
pensated by thermodynamic and membrane hydration effects. Consequently, the operating
conditions may be considered effectively constant for the purpose of the simplified model
developed in this study. However, at higher current densities, the polarization curves
nearly overlap, suggesting a negligible influence of temperature on the stack’s ohmic resis-
tance within the investigated temperature range. The corresponding power curves show a
continuous increase in output power with increasing current, reaching a maximum value of
approximately 780 W at 25 A. The negligible difference between the power characteristics
at 25 °C and 35 °C confirms that the investigated temperature increase has a limited effect
on the overall stack performance under medium and high load conditions, which justifies
the assumption of the simplified model cited in Section 2.3. These results indicate that
moderate temperature elevation primarily affects the activation-controlled region, while
the overall electrochemical performance and maximum power output of the fuel cell stack
remain practically unchanged within the temperature range investigated.
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(a) (b)
Figure 3. Measured (a) polarization curves and (b) power curves of PEMFC stack at 25 °C and 35 °C.

In order to investigate the influence of operating pressure on the electrochemical
performance of the fuel cell stack, additional polarization measurements were conducted
at pressures lower than the maximal allowed operating pressure of 0.8 bar. The polariza-
tion curves were recorded under identical experimental conditions to ensure a reliable
comparison of the stack performance.

Figure 4 presents the polarization curves of the investigated fuel cell stack recorded
at operating pressures ranging from 0.2 to 0.8 bar with a step of 0.2 bar. The results
demonstrate a clear improvement in stack performance with increasing pressure over
the entire current range. The open-circuit voltage increases from approximately 41.5 V at
0.2 bar to 45.5 V at 0.8 bar, which is consistent with the Nernst equation. The higher reactant
partial pressures increase the equilibrium cell potential and reduce thermodynamic losses.
In the low-current region, where activation losses dominate, the voltage drop becomes less
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pronounced at higher pressures, indicating improved electrochemical reaction kinetics. At
higher current loads, the polarization curves exhibit similar slopes, suggesting that the
stack ohmic resistance remains practically unchanged. Nevertheless, the higher-pressure
curves are shifted toward higher voltage values, confirming the positive effect of pressure
under different operating conditions. At a load current of 25 A, the stack voltage increases
from approximately 24.8 V at 0.2 bar to 28.2 V at 0.8 bar, corresponding to an increase in
output power of about 14%. No significant concentration polarization is observed within
the investigated operating range, indicating sufficient reactant supply to the electrodes.

50 l
as X —o—(0.8bar 0.6bar

Stack voltage (V)

0 5 10 15 20 25
Load current (A)
Figure 4. Polarization curves (U, I) of the fuel cell stack recorded at different operating pressures
ranging from 0.2 bar to 0.8 bar with step of 0.2 bar. The experiments were conducted at a constant
operating temperature of 35 °C.

The experiments presented below aim to fully study and characterize the fuel cell
and its stability under changing operational conditions. To investigate the actual effects of
pressure, transient response tests of the fuel cell were conducted across a wide range of
operating conditions, including step changes in load current from low to high values. The
obtained results are presented in Figure 5.
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Figure 5. Transient processes of the voltage and current with hydrogen pressure 0.8 bar for
(a) decreasing current step variation from 25 A to 4.5 A and (b) increasing current step variation from
45t025A.

Figure 5a,b present the dynamic voltage response of the fuel cell under abrupt step
changes in current load, corresponding to high-to-low and low-to-high transitions, re-
spectively. These measurements are used to evaluate transient electrochemical behavior,
capacitive effects, and mass transport limitations within the membrane-electrode assembly.
In Figure 5a, a step-down current change occurs at t ~ 0.79 s, where the load decreases from
25 A to 4.5 A. Although the current change is instantaneous, the voltage exhibits a short
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pressure 0.2bar

exponential relaxation (~50 ms) before stabilizing at approximately 38 V. This response
is mainly attributed to double-layer capacitance effects and reactant redistribution in the
gas diffusion layers. In Figure 5b, a step-up current change at t = 1.85 s increases the load
from 4.5 A to 25 A. The voltage drops immediately from ~37 V to ~27 V, reflecting domi-
nant ohmic losses at high current density. The absence of significant voltage undershoot
indicates efficient reactant supply and effective water management, suggesting no severe
mass transport limitations. Overall, the results confirm fast transient response behavior
governed mainly by double-layer capacitance, combined with stable operation under rapid
load variations and minimal transport constraints.

To estimate the effect of the hydrogen pressure during step variations of the load
current, experiments are performed for different pressure values and with different time
scales of the oscilloscope, which allow observations over a longer time period instead of
focusing on the transient process. The results for low (0.2 bar) and high (0.8 bar) pressure
for combined low-to-high and high-to-low current transitions are presented in Figure 6a
and Figure 6b, respectively. At low pressure (0.2 bar), a step increase in load at t = 50 s leads
to continuous voltage degradation from approximately 26 V to 21 V over the 100 s interval.
This behavior is characteristic of severe mass transport limitations, primarily associated
with oxygen starvation and liquid water accumulation in the gas diffusion layer (GDL). The
insufficient gas flow at low pressure restricts water removal and impedes oxygen diffusion
to the catalyst layer, resulting in progressive performance loss.

pressure 0.8bar
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Figure 6. Transient processes of the voltage and current for current step variations from 5 A to 30 A
and back to 5 A for hydrogen pressures: (a) 0.2 bar and (b) 0.8 bar.

In contrast, at higher pressure (0.8 bar), the fuel cell exhibits stable dynamic behavior.
After the initial transient at t = 50 s, the voltage rapidly stabilizes at approximately 27 V with
no significant long-term degradation. The improved performance is attributed to increased
reactant partial pressures, enhanced oxygen availability, and more effective convective
water removal, which together suppress flooding and improve mass transport within the
porous structure. Upon load reduction at t = 150 s, both cases exhibit a temporary voltage
overshoot; however, the recovery at 0.2 bar is slower, indicating residual liquid water
accumulation and delayed pore reactivation. Overall, the results demonstrate that higher
operating pressure significantly enhances transient stability by mitigating mass transport
limitations, improving water management, and sustaining higher steady-state voltage
levels under dynamic loading conditions.

The different transient processes for various hydrogen pressures are compared in
Figure 7. The variation of the current (Figure 7a) is imposed by the electronic load, which
explains the step form of the current. The step change from 30 A to 5 A is performed
manually. This causes small differences in the time of the beginning of the current decrease.
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Figure 7b shows the variation of the voltage for different hydrogen pressures. For higher
pressures (0.6 and 0.8 bar), the voltage values are very close, whereas lower pressure leads
to a noticeable voltage drop at high load (30 A).
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Figure 7. Comparison of the transient processes for different hydrogen pressures (0.2, 0.4, 0.6, and
0.8 bar) for current step variation from 5 A to 30 A and back to 5 A for (a) the fuel cell current and
(b) fuel cell voltage.

The presented results provide a comprehensive overview of the dynamic response
of the fuel cell system by correlating the imposed current profile with the corresponding
voltage transients across four operating pressures (0.2, 0.4, 0.6, and 0.8 bar). This combined
analysis enables a clear qualitative and quantitative assessment of the influence of operating
pressure on system stability under highly dynamic loading conditions. The load current
profile remains identical for all experiments, ensuring full comparability of the results. A
constant low-load regime of 5 A is applied in the intervals 0-50 s and 150-200 s, while a step
increase to 30 A is imposed between 50-150 s, representing a severe high-load operating
condition for the fuel cell. The corresponding voltage response reveals a distinct pressure-
dependent transition in performance stability. As mentioned above, at low pressure (0.2 bar)
and high load current, the voltage deteriorates due to severe mass transport limitations. At
intermediate pressure (0.4 bar), the degradation trend is partially mitigated; however, a slow
decline in voltage from approximately 26 V to 24 V persists, indicating that mass transport
processes remain only partially sufficient to sustain steady-state operation under high
current density. In contrast, at elevated pressures (0.6 and 0.8 bar), the voltage response
is highly stable, forming a nearly constant plateau at approximately 27 V throughout
the entire high-load interval. The convergence of the two curves indicates that a critical
pressure threshold is reached, beyond which efficient water evacuation and enhanced
reactant partial pressures ensure stable electrochemical operation without significant mass
transport losses. Following load removal at t = 150 s, all cases exhibit a transient voltage
overshoot associated with double-layer relaxation and rapid redistribution of reactants.
However, the recovery time is significantly longer at lower pressures, further confirming
the presence of residual liquid water and slower pore reactivation dynamics. Overall, the
results demonstrate the existence of a clear pressure threshold governing transient fuel cell
stability. Operating above this threshold (>0.6 bar according to our experiments) effectively
suppresses mass transport limitations, ensures stable voltage output under high current
demand, and enhances overall electrochemical performance under dynamic conditions.
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3.2. Simplified Model of PEM Fuel Cell

The galvanostatic polarization method experiments presented above enable the deter-
mination of the hydrogen consumption for a given fuel cell power output. Such information
is essential for the analysis and optimization of hybrid systems, as it is required for time
domain simulations of system operation. Using Matlab’s Curve Fitting Tool, an approxima-
tion of the hydrogen mass flow rate MFpy, as a function of the produced electrical power
Prc is obtained. The equation describing the fit is a third-degree polynomial, which gives
precise results in combination with simplicity:

MFu, = prPic + paPic + paPrc + pa, (6)

where p1, p2, p3, and py4 are the polynomial coefficients.

Equation (6) describes the hydrogen mass flow rate as a function of the electrical
power generated by the fuel cell stack. Although hydrogen consumption is directly related
to the electrochemical reaction rate and stack current by Faraday’s law, electrical power is
the more relevant operating variable for system-level energy-management applications.
Due to the nonlinear dependence of stack voltage on current, arising from activation,
ohmic, and mass transport losses, the relationship between hydrogen consumption and
stack power is inherently nonlinear. Accordingly, a third-order polynomial is employed
in Equation (6) to approximate this relationship over the operating range considered. The
resulting formulation provides an explicit representation of the fuel-cell hydrogen consump-
tion characteristic while maintaining low computational complexity, making it particularly
suitable for long-term system-level simulations.

The obtained approximations of the experimental data at hydrogen pressures of 0.8,
0.6, 0.4, and 0.2 bar are presented in Figure 8. The polynomial coefficients for these curves
are summarized in Table 6, while the respective goodness-of-fit parameters are in Table 7.
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Figure 8. Approximations of the experimentally measured mass flow in function of power at
different operating pressures: 0.8 bar (up, left), 0.6 bar (up, right), 0.4 bar (down, left), and
0.2 bar (down, right). SLPM, standard liter per minute.
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Table 6. Polynomial coefficients of the approximations at different operating hydrogen pressures.

Coefficient 0.8 bar 0.6 bar 0.4 bar 0.2 bar
p1 4.45 x 1077 7.265 x 107 3.267 x 1077 1.051 x 10~8
P2 —4.451 x 1077  —2.743 x107® —2484 x107°® —4.118 x 107
3 0.01021 0.01177 0.01025 0.01204
P4 —0.02864 —0.03517 0.06525 —0.04195

Table 7. Goodness-of-fit parameters of the performed approximation for different operating hydrogen
pressures. SSE, sum of squared errors; RMSE, root mean square error; RRMSE, relative root mean
square error.

Goodness-of-Fit

(G-0-F) Parameter 0.8 bar 0.6 bar 0.4 bar 0.2 bar
R-Square 0.99993 0.99992 0.99956 0.99939

SSE 0.010668 0.012673 0.066453 0.0912
Adjusted R-sq 0.9999 0.99989 0.99939 0.99916
RMSE 0.036518 0.039801 0.091141 0.10677
RRMSE (%) 0.967706 1.010391 2.373979 2.799484

The presented results show the good quality of the performed approximation and
allow for the application of the proposed model for different purposes.

However, the hydrogen pressure represents a model variable, which complicates the
model. A simplification is possible if we assume that the model is independent of the
pressure. For this purpose, on the basis of the results presented above, new polynomial
coefficients are synthetized (see Table 8), which give excellent approximation for two curves:
at 0.4 and 0.6 bar. These pressures are just outside the interval of the fuel cell’s rated pressure
(0.45-0.55 bar, see Table 4). The fits obtained with the proposed polynomial model and
the experimental data for the different hydrogen pressures are presented in Figure 9. The
respective goodness-of-fit parameters are summarized in Table 9. These results show a
good correlation between the experimental data and the fitting curves for all pressures
(see the R-Square parameter). More important is the low relative root mean square error
calculated for the pressures close to the rated operating conditions (~1.37% for 0.6 bar and
~2.99% for 0.4 bar).

Table 8. Synthetized fit coefficients.

Parameter p1 p2 ps3 P4
Value 45 x107? 4 x 1077 0.0109 0.0349

Table 9. Goodness-of-fit parameters of the proposed polynomial model.

G-o-F 0.8 bar 0.6 bar 0.4 bar 0.2 bar
Parameter
R-Square 0.999900579 0.999836247 0.999476857 0.99869762
SSE 4.359113856 0.034674832 0.157684304 0.912259447
Adjusted R-sq 0.999890637 0.999819871 0.999424543 0.998567382
RMSE 0.602710119 0.053754715 0.114631404 0.275720185
RRMSE (%) 15.97147212 1.364621486 2.98584077 7.229318558

These results confirm the applicability of the proposed model for fuel cell operation at
rated hydrogen pressure and demonstrate its suitability for further application.
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For applications requiring less computational power, the proposed polynomial fuel
cell model is further simplified by linearization using the manufacturer’s rated hydrogen
consumption data. Figure 10 presents a comparison between the linear and polynomial
approximations. The results show that, in the power range from 0 to approximately
650 W, the linear model predicts higher hydrogen consumption than the polynomial model,
whereas at higher power levels, it underpredicts the consumption.
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Figure 9. Approximation with the new coefficients of the mass flow in function of power at

different operating pressures: 0.8 bar (up, left), 0.6 bar (up, right), 0.4 bar (down, left), and

0.2 bar (down, right).
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Figure 10. Comparison of the linear and cubic polynomial approximation of hydrogen consumption
versus power relationship.

Table 10 summarizes the goodness-of-fit parameters of the linear model in comparison
with the experimental data at different pressures and with the proposed cubic polynomial
model. As expected, the accuracy of the linear model is lower than that of the cubic
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polynomial model (shown in Table 9). For pressures at the boundaries of the manufacturer-
recommended range (0.4 and 0.6 bar), the RRMSE of the linear model is approximately 10%,
increasing to about 15% at the maximum allowed hydrogen pressure (0.8 bar). The RRMSE
of the linear model compared to the polynomial model is around 10%. It should be noted
that the main contribution to the RRMSE of the linear model comes from the power range
above 800 W. Consequently, for power levels up to approximately 80% of the rated power,
the linear model provides a reasonable first-order approximation within the investigated
operating range. These results suggest that linearization of the hydrogen consumption
versus power relationship can provide a practical approximation for preliminary system-
level analyses when only manufacturer data are available and high prediction accuracy is
not essential. This is often the case in feasibility studies and early-stage design of complex
hybrid renewable energy systems incorporating fuel cells. Nevertheless, the applicability
of this approximation outside the investigated operating conditions should be verified
through further validation.

Table 10. Goodness-of-fit parameters of the linear approximation model.

G-o-F Parameter 0.8 bar 0.6 bar 0.4 bar 0.2 bar Polynomial
R-Square 0.992396124 0.991975048 0.991842164 0.989685356 0.99736525
SSE 3.91409966 2.001726481 1.912701857 2.751557963 1.3353068
Adjusted R-sq 0.991635737 0.991172552 0.99102638 0.988653892 0.997101774
RMSE 0.571117301 0.408424461 0.399239053 0.478849138 0.333579925
RRMSE (%) 15.13428057 10.36829602 10.39910709 12.55531203 10.17398403

4. Conclusions and Discussion

The paper presents an approach for experimental study of a 1 kW PEM fuel cell,
which provides the necessary data for the development of a fuel cell model of the type
“input-output,” representing the hydrogen consumption as a function of the required
electrical power. The provided literature review shows that three main types of fuel cell
models are commonly used: complex (from an engineering point of view) electrochemical
model, a simple constant-efficiency representation, and polynomial approximation. The
first approach complicates the modelling and simulation of hybrid systems with renewable
energy sources and fuel cells. The second one significantly decreases the precision of
the calculations. The practical use of the third approach is constrained by the limited
availability of published model parameters and validation data, which hinders model
reproduction and broader application. Therefore, the proposed approach yields a fuel
cell model that combines simplicity, satisfactory accuracy, and reproducibility, making it
suitable for practical engineering applications.

For this purpose, an experimental platform was created at the Technical University
of Sofia, which permits the experimental studies of a commercially available PEM fuel
cell with its original control system. The studied fuel cell is supplied with hydrogen from
two canisters (one with 200 bar pressure and one metal-hydride). The hydrogen mass flow
is measured with a dedicated flow meter, while the load of the fuel cell is controlled by an
electronic load.

Two groups of experiments are performed on the studied fuel cell.

In the first group, the polarization (voltage—current) curves and the power—current
curves of the FC stack are determined for different cell temperatures (25 °C and 35 °C)
and for hydrogen gauge pressures ranging from 0.2 to 0.8 bar with a step of 0.2 bar. The
upper pressure limit corresponds to the maximum value allowed by the manufacturer.
The different points of the characteristics are obtained at steady-state conditions, and the
hydrogen consumption is recorded for each load. The analysis of the voltage—current
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and power curves at different temperatures for constant hydrogen pressure indicates
that the influence of cell temperature can be neglected within the considered range and
operating conditions.

The second group of experiments investigates the fuel cell behavior during high-to-low
and low-to-high step changes in load current. The recorded current and voltage waveforms
show the fuel cell’s dynamic performance and allow for the comparison of the voltage
transient responses at different hydrogen pressures and time intervals.

The mathematical model proposed by the authors enables the calculation of the hydro-
gen mass flow rate as a function of the produced electrical power of a PEM fuel cell stack.
The model is developed using experimental data for mass flow and load power of the fuel
cell for different hydrogen pressures. First, the data are fitted with third-order polynomial
functions with different coefficients for each pressure level. These approximations demon-
strate very good precision with RRMSE values below 3%. In the next stage, a simplified
polynomial model (with new polynomial coefficients), independent of hydrogen pressure,
is derived. This model maintains good accuracy, particularly for pressures 0.4 and 0.6 bar,
with RRMSE values of 2.99% and 1.37%, respectively. These two pressures are just outside
the fuel cell recommended pressure boundaries (0.45-0.55 bar). At pressures outside the
recommended operating range, the model error increases to approximately 7% at 0.2 bar
and 15% at 0.8 bar, indicating that the highest accuracy is achieved near the recommended
operating conditions. Nevertheless, the obtained accuracy is sufficient for the application
of the proposed model in simulations of fuel cell operation and in optimization studies of
hybrid renewable energy systems, provided that the model assumptions and limitations
are taken into account. It should be emphasized that the proposed polynomial model is
an operational reduced-order model rather than a universal electrochemical model. Con-
sequently, its applicability is limited to the range of operating conditions investigated in
this study. Significant variations in temperature or other operating parameters beyond this
range may reduce the model accuracy and require recalibration of the model coefficients.

Further, for some practical applications, where high precision is not required, a linear
approximation model based on the manufacturer’s data is proposed. The linearization
introduces about 10% of RRMSE for the hydrogen pressure range 0.4 to 0.6 bar. For a fuel
cell user who does not have accurate measurement systems, but only the manufacturer’s
data, this error is acceptable.

The proposed approach can be applied to the modelling of different fuel cells, and the
simplified model can be readily adapted to different fuel cell types and control strategies by
appropriately adjusting the polynomial coefficients. The developed models are suitable for
different system-level simulation studies, including the design, sizing, optimization, and
performance assessment of hybrid energy systems incorporating fuel cells. By accurately
estimating hydrogen consumption, the model enables the proper sizing of hydrogen supply
infrastructure, such as storage systems, pipelines, and hydrogen production units, thereby
ensuring reliable system operation. Owing to its simplicity and computational efficiency,
the proposed model can be easily implemented in a variety of software platforms used for
system-level simulation and analysis of hybrid energy systems.
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Abbreviations and Symbols

The following abbreviations are used in this manuscript:

A Pre-exponential factor
AFC Alkaline fuel cell
CHP Combined heat and power

DST Dynamic stress test

E Actual cell voltage

Eg Standard reversible potential (1.23 V)
E; Apparent activation energy

Eq anode Activation energy associated with the hydrogen oxidation reaction

E; cathode  Activation energy associated with the oxygen reduction reaction

£ 4 Apparent activation energy related to proton transport through the membrane and
wolimicsther ohmic losses within the membrane-electrode assembly

F Faraday’s constant (96,485 C/mol)

GDL Gas diffusion layer

G-o-F Goodness-of-fit

HOR Hydrogen oxidation reaction

i Current density

MEA Membrane electrode assembly

MFy, Hydrogen mass flow

n Number of electrons transferred in the electrochemical reaction
ORR Oxygen reduction reaction

p1 Coefficient of the cubic term in the polynomial

123 Coefficient of the quadratic term in the polynomial

p3 Coefficient of the linear term in the polynomial

P4 Coefficient of the constant term in the polynomial

Prc Produced electrical power of the fuel cell

Py, Partial pressures of hydrogen

Pu,0 Partial pressures of water

Po, Partial pressures of oxygen

PEMFC  Polymer electrolyte membrane or proton exchange membrane fuel cell
PV Photovoltaic

R Universal gas constant (8.314 ]/ (molK))

RMSE Root mean square error

RRMSE  Relative root mean square error

SLPM Standard liter per minute

SSE Sum of squared errors
T Absolute temperature in K
UPS Uninterruptible power supply
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