
g
z
i
f
i
H
a
t
E
s
w
t

Energy Conversion and Management 323 (2025) 119203 

A
0

Makhsoos, A., Kandidayeni, M., Ziane, M. A., Boulon, L., & Pollet, B. G. (2025). Model benchmarking for PEM Water Electrolyzer for energy management purposes. Energy Conversion and Management, 323, Article 119203. 
https://doi.org/https://doi.org/10.1016/j.enconman.2024.119203 CC BY 4.0
Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Research paper

Model benchmarking for PEM Water Electrolyzer for energy management
purposes
Ashkan Makhsoos a,b,∗, Mohsen Kandidayeni a, Meziane Ait Ziane c, Loïc Boulon a,
Bruno G. Pollet a,b

a Hydrogen Research Institute (HRI), Department of Electrical Engineering and Computer Science, Université du Québec à Trois-Rivières (UQTR), 3351 boulevard
des Forges, Trois-Rivières, Québec, G9A 5H7, Canada
b GreenH2Lab, Hydrogen Research Institute (HRI), Department of Chemistry, Biochemistry and Physics, Université du Québec à Trois-Rivières (UQTR), 3351
boulevard des Forges, Trois-Rivières, Québec, G9A 5H7, Canada
c Group of Research in Electrical Engineering of Nancy (GREEN), Université de Lorraine, Nancy, 54000, France

A R T I C L E I N F O

Keywords:
PEMWE
Electrochemical models
Energy management
Overpotential
Hydrogen production
Model benchmarking

A B S T R A C T

This research conducts a comprehensive evaluation of various Proton Exchange Membrane Water Electrolyzer
(PEMWE) models through a test bench, optimizing parameters and comparing obtained models against real-
world data. Key operational factors such as reversible potential, activation overpotential, ohmic overpotential,
and concentration overpotential are examined through experimental data. This study addresses critical gaps in
current PEMWE research by reviewing modelling approaches, introducing a novel classification of models, and
proposing an integrated approach that combines experimental validation with comprehensive model analysis.
A novel, systematic methodology for model and submodel selection is presented, enabling practitioners to
identify models that balance computational efficiency and predictive accuracy tailored to specific energy
management and power allocation needs. This approach bridges the gap between complex modelling and
industrial applications, enhancing the practical implementation of PEMWE systems in sustainable hydrogen
production. Enhances model reliability for operational and manufacturing differences, provides invaluable
guidance for improving the design and operation of these systems, and promotes a more robust and efficient
hydrogen energy infrastructure.
1. Introduction

As the world continues to seek out sustainable energy sources,
hydrogen is increasingly being viewed as a potential pathway for the
future [1]. Hydrogen is a clean-burning fuel that emits only water
vapour when burned, making it an attractive option for reducing
reenhouse gas emissions [2,3]. Moreover, it can also be considered
ero-emissions when it is utilized in Fuel Cells (FC) [4,5]. In addition to
ts role as a fuel, it is crucial in other industrial processes, including re-
ining [6], steel production, and ammonia synthesis [7], demonstrating
ts versatility and essential role in a variety of industrial processes [8].
owever, the challenges of hydrogen production and storage remains
 significant barrier to widespread adoption [9,10]. One promising
echnology in this regard is the Proton Exchange Membrane Water
lectrolyzer (PEMWE), which utilizes renewable energy sources (RES)
uch as solar, wind, or hydro power to produce green hydrogen from
ater [11,12]. PEMWE is a popular choice for hydrogen production due

o its high operational efficiency in low operating temperatures [13].

∗ Corresponding author.
E-mail address: ashkan.makhsoos@uqtr.ca (A. Makhsoos).

Furthermore, the scalability of PEMWE systems is a significant ad-
vantage, allowing for flexible adjustments in capacity to meet diverse
application requirements [14,15].

PEMWE’s installed capacity has grown significantly between 2019
and 2023, and this issue is depicted in Fig. 1. According to predictions,
the pace of this growth will continue to accelerate in the coming
years [16]. The growth of hydrogen production in megawatt (MW) and
gigawatt (GW) scale has become increasingly important in recent years
due to the need for sustainable energy patterns and the drive towards
achieving zero-emission goals [17]. The use of modular structures and
power allocation strategies has become essential for efficient green
hydrogen production in large-scale applications. These modular struc-
tures allow for easy scalability of the system and enable the efficient
allocation of power based on the fluctuating demand for hydrogen
production. Effective energy management is also crucial for the efficient
operation of large-scale hydrogen production systems. The optimization
of parameters such as operating current density, temperature, water
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Fig. 1. The total installed capacity of PEMWE in the last four years [20].
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nd air flow rates, and material selection can significantly improve the
nergy efficiency of the system, reduce operating costs, and increase
he overall sustainability of hydrogen production [18,19].

As the usage of large-scale PEMWEs increases, it becomes impera-
ive to have accurate and practical models for them and algorithms for
eeding electrolysers which can affect the behaviour of these systems
cross different scales [21]. The development of such models can
acilitate a better understanding of PEMWE’s behaviour and enable
fficient design, operation, and control of these systems [22]. It is
articularly relevant to increase PEMWE’s scale using giant stacks or
odular designs. Despite the challenges, modelling studies are crucial

o developing efficient and effective electrolyzer systems for hydrogen
roduction. Accurate models can provide insights into maximizing pro-
uction, minimizing degradation, and increasing system lifespan [23].
herefore, developing reliable and scalable models for PEMWE inputs
energy and water) is crucial to enable widespread adoption and unlock
heir potential as a critical technology for sustainable energy conversion
nd storage [24].

PEMWE modelling reviews are crucial for assessing current models,
ighlighting strengths, weaknesses, and research needs [25]. Lamy and
illet’s analysis of energy efficiency in water electrolysis cells under-

cores the importance of these coefficients for evaluating performance
nd cost-effectiveness [26]. Olivier et al. offer an overview of low-
emperature electrolysis, including PEM and alkaline, identifying key
esearch areas and using a comparative approach [27]. Falcao and
into focus on PEM electrolyzer modelling, discussing prediction equa-
ions for cell voltage and performance expectations [28]. Hernandez-
omez et al. explore the electrical aspects of PEMWEs, suggesting

empirical models to enhance electrolyzer performance [29]. Majumdar
et al. discuss dynamic models and control techniques for PEMWEs,
stressing the significance of data-driven models and degradation-aware
control algorithms [30].

Effective energy management within PEMWE systems is paramount,
not only to optimize performance but also to ensure economic viability
and environmental sustainability [31]. Integrating intelligent Energy
Management Systems (EMS) that can dynamically adjust to varying
renewable energy inputs and operational demands is crucial [32,33].
These systems help balance hydrogen production rates and energy con-
sumption, optimizing overall efficiency and reducing costs. However,
selecting the appropriate models for these EMSs can be challenging
due to the many available models, each with its strengths and weak-
nesses [34]. Selection becomes even more complex when considering
the variations and iterations within a single type of model. Various
models can provide different insights and results, which can signif-
icantly affect the understanding of PEMWE system performance and
consequently decision-making in EMS.

This diversity of models creates a special issue when determining
which model is most appropriate for a certain application. The choice
 p

2 
of model affects not only the accuracy of predictions and optimizations
but also the practical feasibility of implementing solutions at scale.
Given that every system has its character, operational condition, and
performance metrics, it is not feasible to universally recommend a
single model as the optimal choice across different systems. To address
this challenge, introducing a systematic method for comparing and
choosing a benchmark model tailored to each specific system could
prove invaluable. Researchers seeking the most appropriate models for
energy management and power allocation as well as industry profes-
sionals seeking robust, application-specific models would benefit from
this approach.

Prior research has explored various PEMWE models, including
complex multidimensional analyses [24], integration with RES [31–
33], and control-oriented methods [30,34]. Other studies have ex-
amined temperature-dependent models to assess operating condition
impacts [27,35,36] and employed simulations to investigate PEMWE
behaviour under diverse scenarios [25,37–39]. While electrical do-
main models focus on efficiency and energy consumption [29,37,40],
empirical studies gauge hydrogen production rates and system effi-
ciencies [29,37,39,41,42], demonstrating the broad array of modelling
techniques in use [28,43,44].

Despite these developments, there is a notable lack of comprehen-
sive comparison or benchmarking among models tailored for PEMWE
applications, a gap this study aims to fill. It benchmarks a wide
array of electrochemical models, providing a structured framework
to assess their complexity, performance, and applicability to energy
management—critical for enhancing green hydrogen production at
scale. This study addresses existing gaps in PEMWE research by con-
ducting a comprehensive evaluation of modelling approaches geared
towards power allocation and energy management. It introduces a
novel classification of models and integrates rigorous experimental val-
idation with in-depth analytical review, offering practitioners a method
to select and validate models that balance computational efficiency
with predictive accuracy, tailored to unique system requirements.

In summary, this paper provides essential comparisons and guide-
lines for model selection, substantially aiding the advancement of large-
scale green hydrogen production through refined PEMWE modelling
strategies.

This research aims to establish a practical method for selecting an
appropriate model among the myriad available, tailored to the unique
haracteristics and operational conditions of each system. Section 2
rovides a rapid analysis of model types and introduces the domains
f PEMWE from an energy management perspective. Section 3, aligned
ith energy management principles, selected overpotentials are chosen,
nd a novel method for comparing and selecting the most appropriate
odels is introduced. Section 4 describes a test bench setup devel-

ped for validation and for comparing theoretical predictions with
ractical outcomes. Section 5 presents the test bench used for models
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Fig. 2. Coupling of different domains for PEMWE modelling.
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validation. Section 6 presents the results and discussions, providing a
omprehensive evaluation of the proposed methodology.

2. PEMWE models for energy management

A PEMWE consists of interconnected domains: electrochemical,
mass transport, fluid flow, and heat transfer, as shown in Fig. 2.
Changes in one domain affect others, necessitating coupled sub models.
n electrochemical reactions, the anode and cathode are involved, and
atalysts play a role in these reactions. Overpotentials and voltage

losses influence these reactions. Mass transport involves the diffusion
nd convection of reactants and products through the membrane and
as diffusion layers, requiring accurate modelling of species distribu-
ion and concentration profiles. Fluid flow involves water supply to
he anode and gas generation, with models considering flow rates and
ressure differentials [45]. Heat transfer involves thermal effects from
lectrochemical reactions, requiring models for heat generation and
oss.

Understanding electrolyzer performance through polarization and
oltage modelling is crucial for energy management. The cell voltage
rovides insights into hydrogen production efficiency. Variations in
oltage can help identify different modes of operation, assess ageing,
nd determine degradation rates. It is first necessary to determine the
ell voltage, considering voltage and overvoltage. Although this section
rimarily focuses on energy management, all domains indirectly impact
vervoltage and are considered in experimental tests. The primary
irection is electrochemical analysis.

PEMWE behaviour is complex, with changes in one domain impact-
ng others. Coupled sub-models in physics-based models are essential.
or example, electrochemical performance variations affect species

concentration and transport, while fluid flow adjustments alter reactant
and product concentrations. Thermal effects influence electrochemical
kinetics and species transport properties. Accurate simulation requires
integrated models to capture these interactions. As this complex phe-
nomenon is approached from a variety of perspectives, it becomes
mportant to adopt a modelling approach.

Models that link the practical operational system with various pa-
ameters and variables underpin PEMWE’s EMSs. Several factors, such
s hydrogen production rates and overall system efficiency, require
he implementation of models that can accurately predict and manage
hese factors, such as voltage models. Various modelling approaches
xist, each with distinct strengths and weaknesses, categorized based
n the level of understanding of the system’s physical or mathematical
tructure. Determining the superior model type — whether empirical,
heoretical, or mathematical — hinges on the specific requirements and

constraints of the PEMWE system.
As shown in Fig. 3, three primary modelling categories can be

distinguished: white box, grey box, and black box. Empirical models,
 T

3 
or black-box models, are constructed based on experimental data and
observations. In general, they require fewer computational resources
and are easier to develop but may not generalize beyond specific
onditions. Theoretical mathematical models, or white-box models, are
uilt on underlying physical and chemical principles and offer insights
nto the internal workings of the system. These models can be ex-
rapolated to different operating conditions but are often complex and
omputationally demanding. Grey-box modelling, combining elements
f both empirical and theoretical approaches, is particularly suitable
or energy management in PEMWEs where both predictive accuracy
nd computational efficiency are critical. Thus, grey-box modelling
s a preferable strategy for effective energy management in PEMWE
ystems, offering a pragmatic blend of detail and applicability.

For finding electrochemical voltage equation PMWE overall reac-
ion, which is illustrated in (1), can be the first step. It shows how water
s split into hydrogen and oxygen [43]

𝐻2𝑂 → 𝑂2 + 2𝐻2 (1)

his reaction occurs at the electrodes: the anode handles the OER given
y (2) and the cathode handles the HER expressed by (3)

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− (2)

𝐻+ + 4𝑒− → 2𝐻2 (3)

In a PEMWE cell, water splits into hydrogen and oxygen (1), re-
quiring electricity for electrolysis. The standard reversible cell voltage,
𝑉(𝑟𝑒𝑣,𝑠) can be calculated by considering the maximum heat energy input
f 48.6 kJ/mol, as outlined in (4) [46]

𝑉𝑟𝑒𝑣,𝑠 =
𝛥𝐺
𝑛𝑒𝐹

= 1.23𝑉 (4)

where the change in Gibbs free energy (𝛥𝐺) is 237.22 kJ/mol for the
eaction, 𝑛𝑒 the number of electrons transferred, typically 2 for water

splitting and 𝐹 is the Faraday constant, approximately 96485 C/mol,
representing the charge of one mole of electrons.

The theoretical voltage 𝑉𝑡ℎ for water splitting in a PEMWE cell can
e calculated using the enthalpy (𝛥𝐻) which is expressed by

𝛥𝐻 = 𝛥𝐺 + 𝑇 𝛥𝑆 (5)

where 𝑇 is the cell temperature in Kelvin and (𝛥𝑆) is the entropy
change. Under standard conditions, the change in enthalpy (𝛥𝐻) is
285.84 kJ/mol. Using this information, the minimum voltage for water
electrolysis, represented as 𝑉𝑡ℎ can be calculated as follows [41]

𝑉𝑡ℎ = 𝛥𝐻
𝑛𝑒𝐹

= 1.48𝑉 (6)

The cell voltage 𝑉𝑐 𝑒𝑙 𝑙 is determined by taking into account various
losses in a PEMWE system, additional considerations are required.

hese voltage losses should be added to reversible voltage 𝑉 to result
𝑟𝑒𝑣
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Fig. 3. Different types of models from the point of view of origin.
Fig. 4. PEMWE cell polarization curve [49].
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in an approximation of cell voltage. By considering the four major
voltage loses, the cell voltage 𝑉𝑐 𝑒𝑙 𝑙 is expressed by [47]

𝑉𝑐 𝑒𝑙 𝑙 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎 + 𝑈𝑜 + 𝑈𝑐 + 𝑈𝑏 (7)

here 𝑈𝑎 is concentration losses, 𝑈𝑜 is ohmic losses, 𝑈𝑐 is concentration
osses and 𝑈𝑏 is bubble overpotential.

Activation losses 𝑈𝑎 arise from the high activation energy needed for
lectrochemical reactions at the electrodes, reducing efficiency. Ohmic
osses 𝑈𝑜, due to the electrolyte’s resistance and ion movement, are a
rimary source of irreversibility. Concentration losses 𝑈𝑐 result from
eactant and product concentration gradients, affecting mass transport
ithin the cell. Bubble overpotential 𝑈𝑏 models the irreversibility of
ubble formation at the electrodes and membrane. While these losses
ncrease overall voltage, researchers may focus on specific losses based
n their model’s complexity. Sometimes, only activation and ohmic
osses are considered for simplicity [48].

A PEMWE cell polarization curve, shown in Fig. 4, illustrates the
elationship between cell voltage and current density during water elec-
rolysis. This curve is crucial for assessing the system’s efficiency and
erformance, helping researchers identify voltage losses and determine
ptimal operating conditions.

The variable quantity of HyPro can be described using (8)

HyPro = ∫

𝑡

0
𝑓𝐻2

d𝑡 =
∫ 𝑡
0 𝑁 .𝐼 .𝑉 .𝜂𝑒.d𝑡
𝐻 𝐻 𝑉𝐻2

.𝜌𝐻2

(8)

where 𝑁 is the number of cells, and 𝜂𝑒 is the PEMWE efficiency
etermined by (9), which is linked to the current [44,50].

The higher heating value of hydrogen 𝐻 𝐻 𝑉𝐻2
is a crucial thermo-

ynamic property indicating the energy liberated when hydrogen is
 c

4 
combusted, quantified here as approximately 39 400 J/g. The density
of hydrogen, 𝜌𝐻2

under standard conditions is around 0.8988 g/L.
The energy efficiency coefficient of water electrolysis 𝜂𝑒 can be

calculated in function of current by [50]

𝜂𝑒 = −0.0786𝐼3 + 1.167𝐼2 − 7.365𝐼 + 84.44 (9)

3. Overpotential model selection for a PEMWE

A balance is achieved between transparency and flexibility in this
study of PEMWE by using grey box models. They provide a satisfying
alance between the comprehensiveness of white box models and the
implicity of black box models by integrating theoretical principles
ith empirical data. A focus is placed in this section on the precision
odelling of voltages applied to electrodes, a critical factor in consider-

ng energy management and power allocation in PEMWE systems. The
voltage across a PEMWE cell, designated as 𝑉𝑐 𝑒𝑙 𝑙 in (7), is subject to
arious losses and irreversibility. These influences, along with diverse
odelling strategies documented in the literature, are comprehensively

xamined. Moreover, the section emphasizes that models should be
esigned with a balance of simplicity and adaptability, ensuring they
re both easy to integrate into the system and sufficiently accurate for
he goal of efficient energy management. The focus is on achieving
ast and straightforward operation while maintaining a high degree
f precision in tracking and responding to real-time conditions. Such
daptability not only aligns with ongoing technological developments
ut also supports the integration of PEMWE systems into broader
nergy frameworks, thereby enhancing scalability and operational effi-
iency. This discussion sets the stage for subsequent sections, which will
ompare experimental outcomes with theoretical predictions, further
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nalysing and optimizing various identified models based on their
operational parameters and utility.

3.1. Reversible potential

A PEMWE’s reversible potential voltage is the minimum voltage
required to initiate it from a thermodynamic standpoint. It is common
or studies to take into consideration the constant reversible voltage,
ypically around 1.229 V at standard temperature and pressure as it
s called standard reversible voltage 𝑉𝑟𝑒𝑣,𝑠 as shown in (4). Reversible
tandard voltage 𝑉𝑟𝑒𝑣,𝑠 is sometimes called reference voltage or standard
oltage and is expressed in various forms 𝐸0

𝑟𝑒𝑣, 𝐸0 or 𝑉0 and also is
alculated through different simple and complicated formulas [37].
he standard reversible potential represents an ideal scenario under
tandard conditions.

In contrast, the reversible potential in PEMWE reflects actual operat-
ng conditions, incorporating variations such as temperature, pressure,
nd reactant concentration. Various equations in the literature estimate
his potential, each varying in complexity and operational detail. The
mpirical linear model simplifies calculations by directly correlating
oltage to deviations from the standard temperature of 298 K, making
t practical and predictable for conditions close to the norm but less

effective outside this range. Conversely, the thermodynamic integral-
based approach caters to a more extensive temperature spectrum,
though its reliance on comprehensive data adds complexity.

Other strategies include polynomial models which, by incorporating
terms up to 𝑇 3, effectively manage higher-order temperature impacts
but increase computational demands. Linear models provide ease and
efficacy under near-standard conditions but falter when broader ap-
plicability is required. The logarithmic model offers a mid-ground
by balancing simplicity with a detailed representation of non-linear
temperature effects, although its accuracy may diminish at extreme
values.

Enhanced adaptability to varied operational scenarios is achieved
by adding additional models that consider temperature, pressure, en-
thalpy, and entropy, or that utilize reference pressures. Selecting the
right model balances computational efficiency with the precision re-
quired for PEMWE systems, ensuring alignment with operational de-
mands and energy management limitations. Among them (10) stands
ut for its effective balance between simplicity and complexity, making
t particularly suitable for practical energy management applications.

It efficiently integrates key parameters, enabling quick and accurate
calculations of cell voltage under non-standard conditions. By using log-
arithmic terms to account for pressure and concentration effects, (10)
offers a tailored approach to the dynamic environments of PEMWEs.
Furthermore, the factors considered in this formula such as temperature
and pressure are typically measured within an energy management
system, aligning with practical application needs [51].

𝑉𝑟𝑒𝑣 = 𝑉𝑟𝑒𝑣,𝑠 +
𝑅𝑇
2𝐹

× ln
⎛

⎜

⎜

⎝

𝑃𝐻2
𝑃 0.5
𝑂2

𝛼𝐻20

⎞

⎟

⎟

⎠

(10)

where water activity 𝛼𝐻20 assumed to be 1, 𝑅 is universal gas constant,
and 𝑃𝐻2

is partial pressure of hydrogen and 𝑃𝑂2
is partial pressure of

oxygen; and also the standard potential 𝑉𝑟𝑒𝑣,𝑠, which is represented by
(4) and can be calculated accordingly [52].

3.2. Activation overpotential

In PEMWE electrochemical modelling, activation overpotential is
the extra voltage required to initiate an electrochemical reaction at
the electrode–electrolyte interface. It drives a Faradaic current and
decreases with rising operating temperature due to increased exchange
current density, which enhances the reaction. This overpotential arises
from kinetic barriers such as reactant adsorption/desorption, charge
5 
transfer, and reactant diffusion. Factors influencing it include temper-
ature, pressure, catalyst activity, and reactant concentration. Under-
standing activation overpotential helps optimize PEMWE design and
operation, improving performance and energy efficiency, crucial for
energy conversion and storage applications.

Activation overpotential, 𝑈𝑎 reflects the reaction rate and consists
of anode 𝑈𝑎,𝑎 and cathode 𝑈𝑎,𝑐 components as shown in (11). Some
studies consider the cathode side negligible [35]. Each of the anode
and cathode can be placed in place of 𝑗 and the formulas from (121)
to (14) can be personalized for each. calculate these overpotentials,
applicable to oxidation at the anode and reduction at the cathode. This
concept links the electrical current through an electrode to the voltage
difference between the electrode and electrolyte for a single-molecule
redox reaction involving both anodic and cathodic reactions. Various
𝑈𝑎 equation forms exist in the literature shown in Table 1 along with
their estimated computational speed.

One of the widely used expressions for calculating activation over-
potential 𝑈𝑎 is (12), which has been employed by numerous authors
in the development of electrolysers models [53]. The parameter 𝛼 is
he symmetry factor that accounts for the additional energy fractions
nvolved in the reduction (anode) and oxidation (cathode) processes. 𝑖𝑗

represents the current density at the 𝑗th electrode, which is a measure
of the electric current per unit area of the electrode. 𝑖0,𝑗 refers to the
xchange current density at the 𝑗th electrode, indicating the rate of the
lectrochemical reaction when there is no net current flow (i.e., when
he electrochemical reaction is at equilibrium). In (13), 𝑧 represents
he stoichiometric coefficient of the number of electrons involved. The
ugosity factor 𝛾𝑗 in (14) represents the effective surface area of the
lectrode in relation to its geometric area, accounting for the micro-
tructural characteristics and porosity [54]. (15) uncovers the effects
f double-layer capacitors with shunt capacitors 𝐶𝑑 𝑙 ,𝑗 . In this equation,
he current density flowing through the PEMWE stack is represented by
. The parameters 𝜌𝑗 and 𝜏𝑗 are determined based on empirical functions
hat correlate to temperature.

.3. Ohmic overpotential

Overpotential in the PEMWE electrochemical model refers to the
esistance to electric current flow. It is linked to the ionic conduc-
ivity of the electrolyte and resistance of cell components, including
lectrodes, current collectors, and membranes. An external voltage is
pplied to drive the electrochemical reaction, but a voltage drop, called
hmic overpotential 𝑈𝑜, occurs due to resistance, reducing the effective
otential for reactions. Ohmic overpotential 𝑈𝑜 can be mathematically
escribed using Ohm’s Law, where the voltage drops 𝑈𝑜 is equal to
he product of the current density 𝑖 and the total equivalent resistance
𝑒𝑞 in the system as illustrated in (16). Two frequent equations in the

iterature are shown in Table 2.
The equivalent resistance 𝛺𝑒𝑞 includes contributions from the elec-

rolyte’s ionic conductivity, the membrane’s thickness and conductivity,
nd the contact resistance at the interfaces between the electrodes and
he current collectors. These factors collectively determine the Ohmic
verpotential in the PEMWE system. A good approximation of this
quivalent resistance is the resistances of membrane 𝛺𝑀 and electrodes
𝐸 which is given by

𝑒𝑞 = 𝛺𝑀 +𝛺𝐸 (18)

ccording to (18), 𝛺𝐸 stands for electrical resistance in electrodes.
embrane resistance 𝛺𝑀 is given by

𝛺𝑀 = 𝜃
℧

(19)

where 𝜃 is the thickness of the membrane and ℧ represents the conduc-
ivity of the membrane expressed as follows

℧ = (0.005139𝜆 − 0.00326)exp
(

1268 ×
( 1
303

− 1
𝑇

))

(20)

where 𝜆 refers to membrane humidification [59].
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Table 1
Different versions of the literature’s activation overpotential equations.
Equations Parameters involved Computational

speed

𝑈𝑎 = 𝑈𝑎,𝑎 + 𝑈𝑎,𝑐 (11) Anode and cathode
potentials

Fast

𝑈𝑎,𝑗 =
𝑅𝑇𝑗
𝛼𝑗𝐹

sinh
(

𝑖𝑗
2𝑖0,𝑗

)−1
(12) Temperature, symmetry

factor and current
density

Moderate

𝑈𝑎,𝑗 =
𝑅𝑇𝑗
𝑧𝛼𝑗𝐹

sinh
(

𝑖𝑗
2𝑖0,𝑗

)−1
(13) Includes valence Moderate

𝑈𝑎,𝑗 =
𝑅𝑇𝑗
𝑧𝛼𝑗𝐹

ln
(

𝑖𝑗
𝛾𝑗 𝑖0,𝑗

)−1
(14) Rugosity factor Moderate

𝑑 𝑈𝑎,𝑗

𝑑 𝑡 = 𝜌𝑗
𝐶𝑑 𝑙 ,𝑗

(

1 − exp
(

𝑈𝑎,𝑗

𝑁 𝜏𝑗
))

+ 𝑖
𝐶𝑑 𝑙 ,𝑗 (15) Dynamic components

including capacitance
and resistance

Very slow
e
s

Table 2
Ohmic overpotential formulas in scholarly works.
Ohmic overpotential equations References

𝑈𝑜 = 𝑖 ×𝛺𝑒𝑞 (16) [41,52,55–57]

𝑈𝑜 = 𝑖 ×𝛺𝑀 (17) [35,37,38,58]

Table 3
Distinct concentration overpotential formulas in scholarly works.

Concentration overpotential equations References

𝑈𝑐 ,𝑗 = 𝑅𝑇
𝑍𝑗𝐹

ln
(

𝑐 𝑜𝑛𝑗
𝑐 𝑜𝑛𝑗 ,0

)

(21) [36,42,56,64–67]

𝑈𝑐 =
𝑅𝑇
𝛽 𝑍 𝐹 ln

(

1 + 𝑖
𝑖𝑙

)

(22) [55,58]

𝑈𝑐 = 𝑖
(

𝛽1
𝑖
𝑖𝑙

)𝛽2
(23) [68]

𝑈𝑐 =
𝑅𝑇
𝛽 𝑍 𝐹 ln

( 𝑖
𝑖𝑙

1− 𝑖
𝑖𝑙

)

(24) [39,64]

Additionally, there are other approaches to calculation that include
more details and can be chosen for various applications or research
but are not necessary for energy management purposes. For instance,
Correa et al. [60] note that membrane conductivity is influenced by
its prior state, the activation energy for proton transport, and tempera-
ture [40]. Jing et al. [61] discuss the concept of equivalent resistance,
which is calculated based on the area-specific resistance and the cell’s
surface area [62]. This resistance is impacted by various factors in-
cluding temperature, with different components of the electrolysis cell
showing varying degrees of temperature dependency [63].

3.4. Concentration overpotential

Concentration overpotential, labelled 𝑈𝑐 , results from concentration
gradients at electrodes during electrochemical processes like PEMWE
water electrolysis. It increases due to mass transport issues, leading
to higher energy use, lower efficiency, and more operating costs. This
phenomenon also causes uneven current distribution and pH changes,
which affect electrode life and stability. 𝑈𝑐 sums up the individual
overpotentials at the anode 𝑈𝐶 ,𝑎 and cathode 𝑈𝐶 ,𝑐 .

The Nernst equation calculates concentration over potential as
shown in (21) in Table 3. It uses 𝑐 𝑜𝑛𝑗 to denote the concentration
of oxygen at the anode or hydrogen at the cathode, depending on
whether ε𝑗 ε equals ε𝑎ε or ε𝑐ε [37]. 𝑐 𝑜𝑛𝑗 ,0 represents the reference
concentrations of oxygen and hydrogen at the anode and cathode,
respectively. Stoichiometric coefficients vary, with 𝑧𝑎 being 4 at the
anode and 𝑧𝑐 being 2 at the cathode.

In literature, an alternative model for calculating the concentration
overpotential is described by (22), which involves an empirically de-
rived coefficient represented as 𝛽 and the limiting current density 𝑖𝑙
are determined by the diffusion capabilities. Based on the experimental
6 
data mentioned in [69], these specific values were obtained through
curve fitting. The concentration overvoltage in PEMWEs can also be
described by a model that incorporates the limiting current density 𝑖𝑙 in
(23). In this model, the coefficient 𝛽1 is dependent on oxygen pressure
and temperature, while 𝛽2 remains constant. As noted in (24), bubble
overpotential is sometimes included in concentration overvoltage stud-
ies. A limiting current density 𝑖𝑙 causes bubbles to form, resulting in
efficiency losses. At low current densities, concentration overpotential
is often neglected due to the prominence of ohmic and activation
overpotentials. However, its impact can vary significantly depending on
the system’s parameters and conditions [66]. To mitigate concentration
overpotential and improve PEMWE performance, strategies focus on
nhancing mass transport, optimizing flow fields, increasing electrode
urface area, and selecting high-activity, stable catalysts to improve

reaction kinetics and reduce overpotential.
Bubble overpotential 𝑈𝑏 arises when gas bubbles, mainly hydrogen,

accumulate on the electrode surface during electrolysis, impeding reac-
tant transport and lowering electrochemical activity. This phenomenon
is influenced by current density, electrolyte composition, and elec-
trode design. High current densities or low reactant concentrations can
worsen this effect, leading to increased polarization and reduced cell
performance [70]. While some studies treat bubble overpotential as
negligible, others acknowledge its role, particularly in non-uniform gas
bubble distribution and the disruption of fluid flow patterns, which
reduce mass transport and performance. In some models, bubble effects
are considered by adjusting Butler–Volmer equations to incorporate
nonlinearity; however, these considerations are not always considered
in the context of broader system models. Ex-situ and system-wide
models often overlook bubble overpotential despite its significance in
some contexts [71].

4. Towards tailored overpotential model selections in PEMWE
systems

The study utilized a systematic method to identify the most effective
electrochemical model from eight variations (𝑀1 to 𝑀8), each defined
by different overpotential combinations. The identified eight models
are expressed as follows

𝑀1 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,1 + 𝑈𝑜,1 + 𝑈𝑐 ,1 (25)

𝑀2 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,1 + 𝑈𝑜,1 + 𝑈𝑐 ,2 (26)

𝑀3 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,1 + 𝑈𝑜,2 + 𝑈𝑐 ,1 (27)

𝑀4 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,1 + 𝑈𝑜,2 + 𝑈𝑐 ,2 (28)

𝑀5 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,2 + 𝑈𝑜,2 + 𝑈𝑐 ,1 (29)

𝑀6 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,2 + 𝑈𝑜,2 + 𝑈𝑐 ,2 (30)

𝑀7 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,2 + 𝑈𝑜,1 + 𝑈𝑐 ,1 (31)
𝑀8 = 𝑉𝑟𝑒𝑣 + 𝑈𝑎,2 + 𝑈𝑜,1 + 𝑈𝑐 ,2 (32)
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Table 4
Overpotential models selection for energy management in PEMWE systems.
Overpotentials Abb Eqs Parameters: All/Known

con-
stant/Estimated/Measured

Rationale/Notes

Reversible 𝑉𝑟𝑒𝑣 (10) 7/5/1/1 Balances precision and
responsiveness

Activation 𝑈𝑎,1 (13) 7/3/2/2 Known temperature
relationships

Activation 𝑈𝑎,2 (14) 8/3/3/2 Current interplays
Ohmic 𝑈𝑜,1 (16) 3/0/2/1 General applicability
Ohmic 𝑈𝑜,2 (17) 4/0/2/2 Requiring comprehensive

modelling
Concentration 𝑈𝑐 ,1 (22) 7/3/2/2 Known limiting currents
Concentration 𝑈𝑐 ,2 (23) 4/0/3/1 Non-linear response traits
p

t
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Table 4 compares sub-models’ side-by-side, highlighting their com-
position, parameters, and approach. This comparative analysis not only
assessed each model’s accuracy against experimental data but also their
computational needs and practicality. Although this method provides a
ramework for selecting appropriate models for various electrolyzers, it
hould be noted that it proposes a hypothesis rather than conclusive re-
ults, serving as a preliminary guide in model selection across different
cenarios.

Striking an optimal balance between computational efficiency and
arameter detail is crucial in selecting sub-models for each component
f these eight electrochemical models. Unlike other models, where two

are chosen for comparison, the reversible overpotential 𝑉𝑟𝑒𝑣 specifically
employs the logarithmic temperature–pressure dependency model. This
model is well-documented in the literature and is an effective choice
from an energy management perspective, particularly in controlled
ystems where pressure and temperature are routinely monitored.

The comparative analysis of (13) and (14) highlights their integra-
ion of critical parameters within electrochemical model benchmarking.
13) employs the sinh−1 function to depict rapid activation overpoten-
ial changes, albeit with potential numerical instabilities at high current
ensities. (14) introduces a rigidity factor, connecting the logarithm of
urrent density to electrode characteristics and potentially simplifying
eaction kinetics. These equations provide a balance between detailed
ccuracy and computational efficiency, vital for the effective evaluation
f model performance.

(16) and (17) are selected for their straightforward yet compre-
hensive modelling capability, expedite and refine computation, critical
for model assessment. (16) directly relates current to total system
resistance, mapping out voltage variations across components. Con-
currently, (19) evaluates membrane resistance considering membrane
thickness and conductivity, vital for detailed energy loss analysis in
electrolyzer systems.

Lastly, (22) and (23) effectively model concentration overpotentials.
(22) is logarithmic formulation responsively mirrors concentration vari-
ations due to mass transport limits in electrochemical processes. (23)
introduces a power-law dynamic to address non-linear outcomes at el-
evated currents, ensuring alignment with practical PEMWE operational
scenarios and boosting the model’s application relevance.

In the development of overpotential models for PEM water elec-
trolysis, the inclusion of factors such as bubble overpotential is not
universally necessary. This exclusion depends on the specific focus
of the study and the anticipated operational conditions of the sys-
tem. In scenarios where the primary overpotentials activation, ohmic,
and concentration predominantly influence system performance, incor-
porating bubble overpotential may introduce redundancy. Often, the
effects attributed to bubbles are implicitly accounted for within the
concentration overpotential, particularly when models are calibrated
with experimental data in specified operational ranges. By simplifying
the model to exclude less impactful factors, computational efficiency is
enhanced, allowing a sharper focus on the most critical elements that

determine the electrolyzer’s efficiency and effectiveness. l

7 
Table 5
Constant parameters for PEMWE model simulation and benchmarking.

Parameters Value Unit Used in Eq

Standard reversible voltage 𝑉𝑟𝑒𝑣,𝑠 1.229 Volts (10)
Universal gas constant 𝑅 8.314 J/(mol K) (10) (13) (14) (22)
Faraday’s constant 𝐹 96 485 C/mol (10) (13) (14) (22)
Water activity 𝛼𝐻2𝑂 1 N/A (10)
Temperature 𝑇 Variable K (10) (13) (14)
Pressure 𝑃 1.5 atm (13) (16) (23)
Hydrogen pressure 𝑃𝐻2

1 atm (10)
Oxygen Pressure 𝑃𝑂2

1 atm (10)
Electrolyte conductivity ℧ 1 S/m (19)
stoichiometric coefficient 𝑧 2 N/A (13) (14) (21) (22) (24)

4.1. Estimation of model overpotential parameters

For evaluating PEMWE models 𝑀1 to 𝑀8, the estimation of the
key parameters are essential in simulation and benchmarking. These
arameters listed in Tables 5 and 61 are critical across (10) to (24)

and influence the accuracy and performance of the simulations by
specifying their units and equations of application.

As a result of a better understanding of parameters, it is possible
o simulate real-world conditions more accurately and enhance the
esign of the PEMWE system. The use of a Genetic Algorithm (GA)
an facilitate parameter estimation, allowing the model to reflect real-
ife scenarios more accurately. Setting up a fitness function in GA for
EMWE systems minimizes differences between model outputs and
xperimental data, involving meticulous parameter adjustments like
embrane thickness and electrolyte concentration. Iterative adjust-
ents optimize PEMWE models, which are validated against additional
atasets to ensure accuracy and reliability. This tailored approach
alances computational efficiency and accuracy, vital for real-time
perations or precise applications.

The objective function for each of the models (𝑀1 to 𝑀8) is aimed
t minimizing the sum of squared differences between experimentally
easured and model-predicted voltages. This optimization method,
articularly well-suited to addressing complex problems characterized

by multiple local minima, is implemented in MATLAB to enhance com-
utational efficiency and reproducibility [72]. The objective function

is expressed by

𝐽 =
𝑛
∑

𝑖=1

(

𝑉𝑖 −𝑀𝑘(𝑝𝑘)
)2 (33)

where 𝑉𝑖 is the experimental voltage at the 𝑖th data point. 𝑀𝑘(𝑝𝑘) is
the voltage predicted by model 𝑀𝑘 using parameters 𝑝𝑘 at the 𝑖th data
point for 𝑘 = 1, 2,… , 8. The total data points are 𝑛.

1 *These parameters are estimated by GA; however, parameters may have
various amount in different equations in a model due to operational modes
ike temperature or pressure in different situations.
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able 6
stimated parameters for PEMWE model simulation and benchmarking.
Parameters 𝑀1 𝑀2 𝑀3 𝑀4 𝑀5 𝑀6 𝑀7 𝑀8

Exchange current density 𝑖0* 1.2e−3 1.4e−3 1.5e−3 1.6e−3 1.7e−3 1.8e−3 1.9e−3 2.3e−3

Limiting current density 𝑖𝑙* A/m2 1.63 1.79 1.69 1.77 2 1.53 1.78 1.91
The effective surface area 𝛾𝑗* m2/s 2e−5 5e−6 1e−5 2.5e−5 2.6e−5 7.5e−5 2.8e−5 2.9e−5

Charge Transfer Coefficient 𝛼* 0.08 1.14 0.18 0.2 2.19 0.27 1.32 0.35
Concentration constant 𝛽* 0.7 5.2 3.1 2.8 3.3 4.6 3.9 3.8
Concentration constants 𝛽1* 0.01 0.18 0.23 0.36 0.23 0.52 0.06 0.41
Concentration constants 𝛽2* 0.17 0.47 0.94 0.66 0.83 0.48 0.37 0.54
Thickness of the membrane 𝜃* 185.3 125.6 263.9 307.4 139.2 98.4 317.8 349.6
Membrane humidification 𝜆* 52.4 33.7 78.5 58.9 97.3 99.4 38.7 67.1
Ohmic resistance 𝛺𝑀* 0.13 0.05 0.1 0.34 0.21 0.24 0.36 0.12
Ohmic resistance 𝛺𝐸* 0.32 0.19 0.14 0.23 0.08 0.23 0.31 0.45
Table 7
PEMWE technical specifications.
Parameters Specifications

Model QLC-1000
Number of cells 𝑁 4
Operational current range 0–36A
Active area 50 cm2

Operational voltage range DC 12–15V
Hydrogen production rate 1000 ml/min
Operational temperature 5–40 ◦C
Feed System Gravity-fed

Optimization of the model is carried out using a Genetic Algo-
ithm (GA), which is well suited to complex optimization problems
ith multiple local minima. The optimization process is initiated by

andomly generating potential solutions within defined limits. Each
olution undergoes evaluation, and selections are made for further
reeding through methods such as tournament or roulette wheel se-

lection. Crossover produces offspring, and mutations are introduced to
increase diversity and enhance exploration of the search space. This
cycle repeats until the predefined stopping criteria are met, such as
reaching a maximum number of generations or observing minimal
changes in the best solution. Constraints are applied to ensure that the
solutions remain realistic and relevant [73].

5. PEM electrolyzer test bench and operational conditions

The study uses a PEMWE test bench equipped with current, voltage,
and gas flow measurement instruments, integrated with software for
data handling via the electrolyzer’s digital controls. The system is
calibrated before experiments to ensure data consistency and repeata-
bility. After achieving steady state, data is refined to eliminate transient
anomalies and then compared with electrochemical models to assess
the PEMWE system’s performance and pinpoint discrepancies between
theoretical predictions and actual results. Fig. 5(a) shows the PEMWE
test bench setup. Specific operational parameters and hydration control
methods are detailed in Table 7.

Table 8 outlines the Balance of Plant (BOP) technical specifications
or the electrolyzer, featuring a programmable power supply for precise

input control tailored to the dynamics of PEM electrolysis. The test
ench is equipped with a Labview suite for real-time data manage-
ent and high-resolution flow meters to monitor hydrogen and oxygen
roduction rates.

Fig. 5 details the key electrical components of the PEMWE test
ench, which ensure both smooth operation and safety. The archi-
ecture includes a main switch that toggles between operational and

standby modes, optimizing energy use and system readiness. An emer-
gency push-button facilitates rapid shutdown in an emergency to
protect both equipment and operators. Fuse protection also protects
against electrical surges, which is essential for the protection of sen-
sitive components. The power source is finely calibrated to meet

PEMWE’s specific energy demands, ensuring optimal performance and

8 
longevity. The precision of PEMWE test bench results hinges on main-
taining strict operational conditions that mimic real-world environ-
ments for detailed system evaluation. Key to this is a stable temper-
ature, consistently maintained at approximately 24 ◦C to optimize
hydrogen production and minimize fluctuations. The test setup mea-
sures hydrogen flow at atmospheric pressure to maintain stable output
and avoid pressure-related discrepancies. A gravity-fed water system
ensures continuous water flow, preventing concentration overpotential.
The bench’s electrical setup prioritizes safety with streamlined controls,
including a single switch-off and an emergency push-button as depicted
in Fig. 5(b), ensuring operational safety and data integrity. At the heart
of operations is a computer-controlled programmable power source that
adjusts electrical parameters dynamically, capturing real-time data for
subsequent analysis against established electrochemical models.

6. Results and discussion

The performance of various predictive models for PEMWE was
assessed using four primary statistical metrics: Root Mean Error (MSE),
Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), and
Coefficient of Determination (R2), as outlined in Fig. 6. Based on
the different models evaluated 𝑀1 through 𝑀8, different approaches
to the simulation of PEMWE are explored, with varying degrees of
mathematical integration and complexity. The performance of each
model across four critical statistical measures shown in Fig. 6; model
𝑀1 exhibited moderate performance with an MSE of 0.093, RMSE of
0.305, MAE of 0.234, and an impressive R2 of 0.99076. Model 𝑀4
showed the best overall performance with the lowest MSE (0.039),
RMSE (0.199), and MAE (0.101), along with the highest R2 (0.996),
indicating a highly accurate model. Model 𝑀3, designed to address
complex dynamics, had the highest errors with MSE of 0.179, RMSE of
0.423, and MAE of 0.373, but still managed an R2 of 0.982, reflecting
reasonable model fit despite high variability in predictions.

While these metrics indicate that most models are quite robust,
capturing the underlying dynamics of the PEMWE differences in error
metrics largely demonstrate that model selection is influenced by the
characteristics of the experimental data as well as the electrolyzers
operational settings. Fig. 7 depicts the models’ performance across the
polarization curve. The line graph, representing voltage against current
density, illustrates how closely each model 𝑀1 through 𝑀8 follows
experimental data. Models 𝑀4 and 𝑀7 track the experimental curve
closely, indicating their effective capture of the physical and chemical
processes within the PEMWE under varied operating currents.

6.1. Comparison of hydrogen production

This section evaluates eight electrochemical models (HyPro1 through
HyPro8) for their accuracy in predicting hydrogen generation at dif-
ferent current densities. ‘HyPro’ represents the estimated hydrogen
production by each model, derived from (8), resulting in individual
outputs like HyProx. The main objective is to determine which model
aligns best with the test bench data, aiming to find the models’
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Fig. 5. (a) PEMWE test bench and its BOP, (b) schematic diagram of electrical safety and control components in PEMWE BOP.
Table 8
BOP technical specifications.
Component Specification Description/Function

Power supply 0–100 V and 0–100 A Provides controlled DC power
Data acquisition myDAQ (National Instruments) system

interfaced with LabVIEW
Collects and processes real-time data from the
test bench

𝐻2 flow Omega FH Volumetric emanation rates of hydrogen
Control mechanism PC-controlled power supply Provides control over the power delivered to the

PEM electrolyzer through LabVIEW
Feed water reservoir Elevated for gravitational flow Stores and feeds deionized water to the

electrolyzer using gravity
Temperature measurement Precision thermocouples/sensors Monitors and records the operational

temperature of the PEM electrolyzer during the
testing process
Fig. 6. Performance metrics comparison across models.
i
f
r
i

predictive capabilities for the model benchmark of PEMWE systems.
This evaluation is crucial for exploring operational performance and
developing appropriate EMSs. Fig. 8 displays hydrogen production rates
at various current densities, juxtaposing actual data (black circles) with
model predictions (coloured lines). The graph indicates that models
HyPro2, HyPro4, and HyPro7 closely align with actual data, showing
high accuracy, while HyPro3 and HyPro6 exhibit significant deviations,
particularly at higher current densities.

Error analysis, detailed in Fig. 9, shows that 𝑀4 consistently has the
lowest error rates across all densities, highlighting its accuracy. Con-
versely, 𝑀3 exhibits significant errors at higher densities, suggesting it
requires refinement.
 m

9 
Fig. 10 measures errors in millilitres per minute (ml/min), with 𝑀4
maintaining the lowest average error at about 14 ml/min, confirming
its precision. Models 𝑀3 and 𝑀6, with average errors of 45 ml/min,
indicate a need for adjustment to better match experimental conditions.

The analysis provided in both Figs. 9 and 10 are crucial for evalu-
ating the relative performance of different models in consistent exper-
mental settings. It allows identifying which models frequently deviate
rom observed measurements and points out the necessity for ongoing
efinement. This approach is valuable for monitoring long-term trends
n model performance and underscores the need for developing precise

odels. It also provides a critical evaluation of model performance, for
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Fig. 7. Voltage–current characteristic comparison of PEMWE models with experimental data.

Fig. 8. Actual vs estimated hydrogen production models.

Fig. 9. Error analysis across current density for models.
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Fig. 10. Average error of model predictions for hydrogen production in PEMWEs.

dentifying models like 𝑀3 and 𝑀3 that may need further tuning to
nhance accuracy.

.2. Comparative analysis of model complexity and performance

This section presents a comparative analysis of model complexity
nd performance. It enables the assessment of eight models based
n their parameter configurations categorized into total, estimated,
onstant, and measured parameters as depicted in Fig. 11. The radar
hart in this figure visually compares the models across these parameter
ategories to highlight their respective complexities and capabilities.

The comparison of models is categorized into four key parameter
ypes: total, estimated, constant, and measured. The total parameters
a) encompass all parameters utilized within each model, offering
 comprehensive view of the model’s overall complexity. Estimated
arameters (b) refer to those that are inferred rather than directly
11 
easured; a higher count of these parameters can lead to reduced pre-
dictive accuracy due to inherent uncertainties in the estimation process.

onstant parameters (c), on the other hand, remain unchanged across
arious operational scenarios, playing a crucial role in maintaining the
tability of the model’s predictions. Finally, Measured parameters (d)
re directly obtained from experimental data, and their inclusion can
ignificantly enhance the model’s robustness, ensuring that simulations
re closely aligned with real-world operational conditions.

The analysis highlights that the selection of an appropriate model
epends significantly on the balance between complexity and perfor-

mance. Models with many estimated parameters might offer flexibility
ut at the risk of lower accuracy, while those with more measured
arameters are likely more reliable but could be complex to imple-
ent. This benchmarking facilitates the choice of an optimal model for

pecific electrolyzer systems, aiming to improve simulation fidelity and
perational efficiency.

.3. Discussion

The discussion surrounding the performance evaluation of various
redictive models for PEMWE systems reveals several critical insights
nto the selection and application of these models. The analysis of four
rimary statistical metrics (MSE, RMSE, MAE, and R2) indicates that
hile models like 𝑀4 exhibit superior overall accuracy, the choice of
odel must consider the specific operational and experimental condi-

ions. The results demonstrate that models with lower error metrics are
enerally better suited to accurate simulations, but the variability in
erformance across different scenarios underscores the importance of
ailoring model selection to the unique characteristics of the system
eing studied.

Furthermore, the comparison of hydrogen production models high-
ights the importance of aligning predicted data with experimental
esults. Models such as HyPro2, HyPro4, and HyPro7, which closely
atch the actual hydrogen production data, suggest that accurate
odelling of PEMWE systems requires a careful balance between com-
lexity and empirical validation. The deviation observed in models
Fig. 11. Parameters comparison of models 𝑀1 to 𝑀8 (a) Total (b) Estimated (c) Constant (d) Measured.
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ike HyPro3 and HyPro6 at higher current densities indicates that
urther refinement is necessary to improve their predictive capabilities,
articularly under more demanding operational conditions.

The discussion herein extends beyond mere model performance
valuation to explore the practical implications of the findings for
eal-world energy management. This study provides essential insights
nto selecting the most suitable models for specific applications by
emonstrating how different models perform under various conditions.
his serves the scientific community by outlining clear, actionable guid-
nce and assists industry professionals in making informed decisions
hat enhance the operational efficiency and sustainability of PEMWE
ystems.

In the context of model complexity and performance, the radar
chart comparison of parameters provides a comprehensive view of
each model’s strengths and weaknesses. Models with a higher count
of measured parameters tend to be more robust and accurate, as they
lign more closely with real-world conditions. However, the increased
omplexity associated with these models may present challenges in
mplementation. This discussion emphasizes that achieving an optimal
alance between model simplicity and accuracy is crucial for effec-
ive energy management in PEMWE systems, and this benchmarking
pproach serves as a valuable tool for guiding model selection and
efinement.

. Conclusion

An extensive benchmarking of PEMWE models is undertaken in this
tudy, proposing grey-box approach, and employing a novel method for
omparing submodels in different configurations. The analysis singles
ut Model 𝑀4 for its exceptional performance, demonstrating the low-
st error metrics like MSE, RMSE, MAE, and R2, affirming its strong
lignment with experimental data and high reliability in forecasting
ydrogen production rates.

While Model 𝑀4 proves superior in many scenarios, this study
eveals that no single model achieves universal applicability. Certain
odels, such as 𝑀3, exhibit elevated error rates at higher current densi-

ies, suggesting a need for targeted refinement to enhance their predic-
ive accuracy. This variability underscores the necessity of customizing
odel selection based on the specific operational requirements and

xperimental conditions of the PEMWE systems in question.
Additionally, the research identifies the importance of a systematic

pproach to selecting and validating PEMWE the most appropriate
odels for specific applications. It illustrates that choosing the right
odel involves balancing computational simplicity with the depth of

ccuracy needed for effective energy management. In addition to facil-
tating the selection of the most appropriate model for specific appli-
ations, this comprehensive comparison provides a foundational frame-
ork for the development of scalable and efficient energy management

trategies and power allocation.
Conclusively, the insights garnered from this benchmarking pro-

ide valuable guidelines for future enhancements in model precision
nd practical deployment. Beyond enriching the theoretical landscape
f PEMWE modelling, this study bridges the gap between complex
odelling and industrial applications, offering actionable knowledge

hat can significantly contribute to the advancement of sustainable
ydrogen production technologies and the optimization of PEMWE
ystems for energy management.
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