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Abstract: The transition to clean energy has accelerated the pursuit of hydrogen as a sus-
tainable fuel. Among various production methods, proton exchange membrane electroly-
sis cells (PEMECs) stand out due to their ability to generate ultra-pure hydrogen with
efficiencies exceeding 80% and current densities reaching 2 A/cm?. Their compact design
and rapid response to dynamic energy inputs make them ideal for integration with re-
newable energy sources. This review provides a comprehensive assessment of PEMEC
technology, covering key internal components, system configurations, and efficiency im-
provements. The role of catalyst optimization, membrane advancements, and electrode
architectures in enhancing performance is critically analyzed. Additionally, we examine
state-of-the-art numerical modelling, comparing zero-dimensional to three-dimensional
simulations and single-phase to two-phase flow dynamics. The impact of oxygen evolu-
tion and bubble dynamics on mass transport and performance is highlighted. Recent stud-
ies indicate that optimized electrode architectures can enhance mass transport efficiency
by up to 20%, significantly improving PEMEC operation. Advancements in two-phase
flow simulations are crucial for capturing multiphase transport effects, such as phase sep-
aration, electrolyte transport, and membrane hydration. However, challenges persist, in-
cluding high catalyst costs, durability concerns, and scalable system designs. To address
these, this review explores non-precious metal catalysts, nanostructured membranes, and
machine-learning-assisted simulations, which have demonstrated cost reductions of up
to 50% while maintaining electrochemical performance. Future research should integrate
experimental validation with computational modelling to improve predictive accuracy
and real-world performance. Addressing system control strategies for stable PEMEC op-
eration under variable renewable energy conditions is essential for large-scale deploy-
ment. This review serves as a roadmap for future research, guiding the development of
more efficient, durable, and economically viable PEM electrolyzers for green hydrogen
production.

Keywords: PEM electrolysis; hydrogen production; multiphysics modelling; catalyst
development; renewable energy; numerical simulation
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1. Introduction

Hydrogen has garnered significant attention as an energy carrier in response to esca-
lating global air pollution. Recognized for its cleanliness and versatility, it serves as a
promising energy source capable of providing heat and power across various sectors [1,2].
As the most abundant element in the universe, hydrogen’s applications span clean energy,
renewable storage, transportation decarbonization, industrial use, and more [3,4]. Ad-
vancing green hydrogen is essential for enabling low-temperature fuel cells as viable al-
ternatives to battery electric systems in combating climate change [5].

Hydrogen does not naturally exist in its diatomic molecular form and must be syn-
thesized using energy sources such as fossil fuels. Common methods include steam re-
forming of methane at high temperatures [6], gasification [7], and even emerging ap-
proaches like thermo-catalytic plastic waste conversion [8]. Natural gas, rich in methane,
remains a key feedstock, reacting with steam (700-1000 °C) to yield hydrogen [9] through
the following steps:

Steam-methane reforming: CHa g + H20 5—CO g + 3Hz ()
M
Water-gas shift: CO () + H20 5—COz g + H2 () + Heat
Hydrogen is often classified by its production method: grey (from fossil fuels, emits
CQOz), blue (uses CCS), and green (via electrolysis using renewables) [10,11]. Green hydro-
gen is the most environmentally friendly. Electrolysis splits water into hydrogen and ox-
ygen using electricity [12]:

2H20 o + Electricity—2H2 ) + Oz () (2)

Among all current methods for hydrogen production via water electrolysis, proton
exchange membrane electrolysis cells (PEMECs) have emerged as a leading technology
due to their ability to deliver high-purity hydrogen, operate at elevated current densities,
respond swiftly to fluctuating energy inputs, and maintain a compact, scalable design [13-
15].

This review provides a focused evaluation of numerical simulation approaches
aimed at enhancing PEMEC performance, with an emphasis on advancements in model-
ling techniques and their practical applications. It covers a range of computational mod-
els—from zero-dimensional to fully three-dimensional frameworks and from single-
phase to multiphase simulations—analyzing outputs such as polarization curves, effi-
ciency predictions, and multiphysics coupling [13-16]. Through critical analysis of these
methods, this review identifies key strengths, limitations, and research gaps that require
further refinement to improve predictive accuracy and support experimental validation.

A key novelty of this work lies in its integrated approach, linking recent material
developments—including membrane innovations, catalyst architectures, and porous
transport layers —with their direct influence on numerical simulation results. Unlike prior
reviews that treat materials and simulations independently, this study emphasizes the
mutual dependency between material properties and modelling accuracy, showing how
simulations can also guide future material design and system-level optimization.

Furthermore, this review delves into advanced multiphysics and two-phase flow
models, which are essential to understanding internal PEMEC transport dynamics. Recent
3D, non-isothermal, two-phase studies have provided valuable insights into gas-liquid
interactions, electrochemical kinetics, and spatial mass transport—crucial for optimizing
PEMEC:s at high-current densities for commercial applications.

To support this modelling emphasis, this paper explores how material configurations
and component properties—such as membrane conductivity, catalyst layer porosity, and
flow-field geometry —affect simulation fidelity and real-world performance [17-21]. In
doing so, it highlights emerging challenges, such as the need for validated two-phase
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models, scalable catalyst structures, and high-fidelity numerical frameworks that balance
accuracy and computational cost.

This review is structured to deliver a comprehensive and systematic overview of
PEMEC simulation research. Section 2 introduces the fundamentals of water electrolysis,
comparing key hydrogen production technologies. Section 3 outlines the core governing
equations used in PEMEC modelling, while Section 4 examines critical components—in-
cluding membranes, catalysts, and flow fields—and their role in cell behaviour.

Building on this foundation, Section 5 discusses modern numerical approaches from
low- to high-dimensional models and from single-phase to two-phase simulation strate-
gies. Section 6 evaluates flow-field modelling and the trade-offs between simulation accu-
racy and computational demand. Section 7 compares single-phase and two-phase PEMEC
models, emphasizing the importance of capturing detailed transport phenomena such as
gas evolution, velocity fields, and pressure distribution. This is supported by benchmark-
ing results against experimental data, highlighting the value of two-phase modelling in
replicating real-world behaviour.

This paper concludes with Section 8, which summarizes the key findings and re-
search directions for advancing PEMEC scalability and performance, followed by Section
9, which discusses current limitations and the need for further model validation, particu-
larly under dynamic operating conditions.

By connecting modelling advancements with material innovation and system opti-
mization, this review aims to provide a comprehensive roadmap for the development of
cost-effective, efficient, and scalable PEMEC technologies for green hydrogen production.

2. Hydrogen Production by Water Electrolysis

Water electrolysis is one of the most promising technologies for large-scale hydrogen
production, offering a direct pathway to clean energy. However, different electrolysis
methods vary significantly in efficiency, cost, and operational complexity. This section ex-
amines four widely used approaches —alkaline water electrolysis cell (AWE), molten car-
bonate electrolysis (MCE), solid oxide electrolysis (SOEC), and proton exchange mem-
brane (PEM) electrolysis —comparing their characteristics, advantages, and limitations to
assess their suitability for sustainable hydrogen production [22].

The schematic illustrations of these four electrolysis methods are presented in Figure
1, providing visual insight into their structural and operational differences. These electrol-
ysis technologies differ mainly in the type of electrolyte used, operating temperature, dy-
namic response, and integration capability with renewable sources. While AWE remains
the most established due to its low cost and durability, it suffers from low-current densi-
ties and gas crossover issues. MCE is notable for co-producing CO and supporting carbon
capture applications, yet it operates at very high temperatures and poses corrosion chal-
lenges. SOECs are highly efficient and suitable for waste heat recovery, though they re-
quire complex ceramic components and face durability issues. PEM electrolysis, by con-
trast, offers high purity, a fast response, and a compact design, making it attractive for
renewable coupling, but is limited by a high capital cost and catalyst degradation.

Given that detailed operational principles, reaction mechanisms, and cell architec-
tures of these technologies are widely available in textbooks and previous review articles,
a comparative summary of their key characteristics is presented in Table 1.



Eng 2025, 6, 72

4 of 36

Cathode Anode

H, 0,,H0

OH-

Diaphragm
- phrag

c)
Cathode Anode
H,
0,
0, -
&:zb

-0 Membrane

L
I
e

b)
Fuel electrode Oxygen electrode
(Anode) (Cathode)
I] 20
CO,

Cathode Anode

/
H,
==

Figure 1. Schematic of the four main electrolysis methods: (a) AWE using a KOH electrolyte with

nickel-based electrodes; (b) MCE capturing CO2 and producing syngas; (c¢) SOEC operating at high

temperatures to leverage waste heat; (d) PEMEC utilizing a proton-conducting membrane for high-

efficiency hydrogen production.

Table 1. Summary of electrolysis technologies for hydrogen production.

Technology  Electrolyte Temp (°C) Key Advantages Key Challenges References
Low- i 1
AWE KOH (20-30%) 60-90 Low cost, mature, durable ow-current density, poor load [4,22]
response
Molten CO production, carbon . .
MCE Li2CO3/K2CO3 650-700 Corrosive, high energy demand  [23,24]
SOEC Solid ce.zramic OX= L 00-850 High eff.iciency,.waste Material degradat.ion, sealing [4.25]
ide heat integration complexity
PEMEC Solid polymer 50-80 High purity, fastre-  High cost, catalys’f/membrane [13-16]
membrane sponse, compact degradation

While each electrolysis method offers distinct benefits, PEM electrolysis has received
particular attention due to its compatibility with renewable energy, compact design, and
high hydrogen purity. In this method, a solid polymer membrane facilitates proton trans-
fer while blocking electrons, enabling safe and efficient hydrogen production at moderate
temperatures [13-16]. Despite its high efficiency —exceeding 80% in some cases —PEMECs

face persistent challenges, including catalyst degradation and membrane durability under
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prolonged or fluctuating operation. The reactions that happen at the anode and cathode
compartment are stated in Equation (3) [4]:

2H20 )—O2@+4 H* +4e-  Anode (Vanode=1.23 V)
®)
4 H* +4e-—2Hz2g Cathode (Veathode=0 V)

Although the core reactions are straightforward, the overall system performance is
heavily influenced by component design, such as membrane conductivity, catalyst struc-
ture, and porous transport layers (PTLs). These internal features govern mass transport,
reaction kinetics, and long-term efficiency. Despite these technological advancements,
PEMECs face key operational and economic challenges that impact their widespread
adoption. The following section examines both the advantages and challenges of PEMEC
technology, providing a balanced assessment of its current status and future prospects.

3. Advantages and Challenges of PEMECs

PEMECs offer distinct advantages, including high-purity hydrogen production,
rapid system response, and compact design—features that make them especially attrac-
tive for integration with renewable energy systems [3,4,13-16,26,27]. However, these ben-
efits are offset by challenges such as high system costs, the reliance on noble metal cata-
lysts, and the need for precise water and contaminant control [4,28-30]. While PEMECs
have strong potential for clean hydrogen generation, their economic competitiveness re-
mains limited, particularly for large-scale deployment. The dependence on expensive and
scarce materials like iridium and platinum introduces cost and supply chain vulnerabili-
ties [31]. Several studies have explored material substitution and structural modifications,
but few have demonstrated long-term stability or validated their findings through predic-
tive modelling, highlighting a persistent gap between experimental development and
simulation-based design. Another critical barrier is performance degradation under dy-
namic loading, especially when powered by intermittent renewables. Cyclic operation ac-
celerates wear in membranes, catalyst layers, and PTLs, reducing efficiency and lifespan
[4]. Although these degradation trends are well-documented experimentally, existing
models rarely capture transient mechanical or electrochemical deterioration, limiting their
applicability for real-world system forecasting. Performance benchmarks reported by Mil-
let et al. [32] —such as 2 A/cm? at 2.1 V and hydrogen output below 10 Nm?3h—illustrate
PEMECs’ potential. However, most models assume steady-state conditions and ignore
temporal effects, making it difficult to evaluate durability or system behaviour under fluc-
tuating inputs. In comparing PEMEC to AWE, Smolinka et al. [33] noted that while the
latter is more cost-effective at scale, PEMECs deliver superior hydrogen quality and re-
sponsiveness. These features, however, introduce additional multiphysics modelling re-
quirements, such as coupled gas-liquid transport, thermal effects, and transient boundary
conditions—factors often simplified or excluded in current simulations. To address per-
formance limitations, recent studies have proposed innovations at the component level.
Advanced manufacturing techniques like atomic layer deposition (ALD) have shown
promise in reducing precious metal use while maintaining catalyst activity [34]. Kang et
al. [35] developed a tuneable, ultra-thin PTL to improve mass transport and reduce ohmic
losses, and Thumbarathy et al. [34] demonstrated the benefits of optimizing porosity and
permeability in fuel cells. Despite encouraging experimental data, these component inno-
vations are rarely incorporated into detailed numerical models, leaving their long-term
viability underexplored.
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4. Components, Functions, and Performance of PEMECs

A PEMEC consists of several key components that collectively determine its perfor-
mance, efficiency, and durability. The core of a PEMEC is the membrane electrode assem-
bly (MEA), which includes a proton-conducting membrane, catalyst CLs, and PTLs. Struc-
tural components such as bipolar plates (BPs), gaskets, current collectors, and end plates
provide mechanical stability and ensure efficient operation. Figure 2 provides a schematic
representation of the PEMEC structure.
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Figure 2. (Top): A 2-D schematic of a PEMEC with reactant and product flow. (Bottom): A 3-D de-
tailed illustration of a PEMEC with key elements of a PEMEC.

4.1. Membrane Electrode Assembly (MEA) and Key Layers
4.1.1. Membrane

At the centre of a PEMEC is the proton exchange membrane, whose primary function
is to facilitate proton (H*) transport from the anode to the cathode while preventing elec-
tron (e”) crossover. This selective permeability is critical for maintaining efficient electrol-
ysis. Among commercially available membranes, Nafion (a perfluorosulfonic acid, PFSA)
is the most widely used due to its high proton conductivity and chemical stability.

The performance of the membrane depends on its hydration level and operating tem-
perature, typically between 50 and 80 °C. At lower hydration levels, proton conductivity
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decreases, leading to higher ohmiclosses. Conversely, excessive water retention can result
in membrane swelling, affecting durability [36,37].

4.1.2. Anode and Cathode Catalyst Layers (CLs)

The CLs, located on either side of the membrane, facilitate the oxygen evolution re-
action (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode. Due
to the highly oxidative environment at the anode, iridium oxide (IrO2) and ruthenium-
based catalysts are commonly used, whereas platinum (Pt) catalysts are employed at the
cathode [18,38].

Typical CL thicknesses range from 12 to 30 pm, and their porosity significantly affects
mass transport [15,39]. Higher porosity improves reactant diffusion but may compromise
electrical conductivity. Optimizing catalyst layer composition, loading, and porosity re-
mains a major challenge for improving PEMEC performance and reducing costs.

4.1.3. Anode and Cathode PTLs

The PTLs, positioned between the catalyst layers and bipolar plates, play a critical
role in PEMEC performance by ensuring efficient reactant transport, gas removal, and
electrical connectivity. They facilitate the transport of water to the catalyst layers, allowing
continuous electrolysis to occur while simultaneously enabling the removal of generated
oxygen and hydrogen gases from the reaction sites. In addition to gas and liquid manage-
ment, PTLs enhance electrical conductivity by providing a conductive path between the
CLs and the BPs, thereby minimizing ohmic losses. Another crucial function of PTLs is
thermal regulation, as they help dissipate heat generated during operation, contributing
to overall cell stability. PTLs can be made from carbon-based materials or titanium-based
materials (especially for the anode side, where oxidative stability is required) [40]. PTL
thickness typically ranges between 250 um and 1.1 mm, depending on the material and
operating conditions [15]. In high-temperature PEMECs, where only water vapor is pre-
sent, a gas diffusion layer (GDL) may replace the PTL, focusing solely on gas transport.
The choice between PTL and GDL depends on temperature, phase interaction, and elec-
trolyte management requirements [36,41].

4.2. Structural and Support Components
4.2.1. Gaskets

Gaskets are essential for gas segregation, sealing, and mechanical stability within a
PEMEC. In a typical configuration, four gaskets are used: two sub-gaskets between the
membrane and PTLs and two additional gaskets between the BPs and PTLs [39,42]. Com-
mon gasket materials include perfluoroelastomer (FKM), known for its high chemical re-
sistance and thermal stability, and butyl rubber, which offers excellent gas impermeabil-
ity. A well-designed gasket ensures minimal gas crossover, preventing recombination
losses and preserving efficiency [39,42].

4.2.2. Bipolar Plates (BPs)

Bipolar plates (BPs) facilitate reactant distribution and electron conduction between
adjacent cells in a stack. They typically contain flow-field channels that ensure uniform
water distribution and gas evacuation [41]. The material selection for BPs is crucial for
durability and efficiency. Titanium (Ti) is widely preferred due to its high durability and
corrosion resistance, while coated stainless steel (SS) serves as a lower-cost alternative
with protective coatings to enhance longevity [43]. In industrial-scale PEMECs, BPs larger
than 5 cm x 5 cm are commonly used, incorporating customized flow-field designs to
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optimize reactant transport and efficiency [15]. Some advanced designs also include cool-
ing channels to regulate temperature and improve overall system stability [28,44].

4.2.3. Current Collectors

Current collectors ensure efficient electron transport between the bipolar plates and
the external circuit. Typically made from stainless steel or other corrosion-resistant alloys,
they are sometimes integrated into the bipolar plates to minimize ohmic losses and en-
hance mechanical stability [45]. Their configuration directly influences ohmic polariza-
tion, which in turn impacts overall cell efficiency [45].

4.2.4. End Plates

End plates provide mechanical compression to maintain electrical contact between
the PEMEC components. In multi-cell stacks, they prevent performance degradation
caused by misalignment or gas leaks [43]. Proper compression ensures uniform contact
resistance across the stack, preventing reactant leakage and contributing to extended op-
erational stability [43].

4.3. Performance Enhancement Strategies in PEMECs

High-efficiency operation in PEMECs depends on the optimization of catalysts,
membranes, electrode structures, and flow-field configurations. These elements influence
key performance parameters such as mass transport, ohmic losses, and overpotentials
[35]. While significant progress has been made experimentally, there remains a need for
systematic modelling approaches to evaluate and predict the effectiveness and durability
of these enhancements under varying operating conditions.

4.3.1. Catalyst Optimization

The catalyst layers (CLs) are central to the oxygen evolution reaction (OER) at the
anode and the hydrogen evolution reaction (HER) at the cathode. Although iridium oxide
(IrO2) and platinum (Pt) are widely used for their catalytic activity, their high cost and
limited availability hinder scalability [31]. To address this, single-atom catalysts,
nanostructured systems, and metal oxide—carbon composites have been developed
[46,47]. While these innovations demonstrate improved HER efficiency and catalyst utili-
zation, critical gaps remain in evaluating their long-term stability and performance under
real-world conditions. Current modelling efforts often exclude material degradation and
morphological evolution, which are vital to accurately assess catalyst durability. Integrat-
ing such features into PEMEC models would support more reliable lifecycle predictions
and aid in material selection for scale-up. A summary of commonly used catalyst materi-
als and their roles in PEMEC systems is provided in Table 2.

Table 2. Common catalysts used in industries.

Catalyst Position Role Ref
IrO: Anode Facilitate OER [48,49]
Pt Cathode Facilitate HER [18,38]
Molybdenum (Mo) Anode Facilitate HER [50]
Nickel-Iron (NiFe) Cathode Facilitate HER [51]
Cobalt based (Co) Cathode Facilitate HER [52,53]
Comg’;;eescfgﬁt;gﬂetal Cathode Facilitate HER [54]

Single-atom catalysts Cathode Maximize catalyst efficiency [46,47]
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4.3.2. Membrane Material and Configuration Improvements

The membrane plays a vital role in PEMECs by enabling selective proton transport
while preventing gas crossover. Nafion, a perfluorosulfonic acid (PFSA) membrane, re-
mains the most widely adopted due to its high proton conductivity and proven durability
[12,19,55,56]. However, its high cost and performance limitations under dry or high-tem-
perature conditions have motivated exploration of alternatives. Materials such as sul-
fonated polyether ether ketone (SPEEK), polybenzimidazole (PBI), and various polymer
blends offer cost-effective options with tuneable properties [20,37,57-61]. Although these
alternatives reduce material costs, they often require further enhancements in durability,
particularly regarding swelling resistance, chemical degradation, and hydration retention
during long-term operation.

Recent efforts have also focused on reducing membrane thickness to lower ohmic
resistance. While thinner membranes can improve ionic conductivity and efficiency, they
often compromise mechanical stability. To mitigate this trade-off, hybrid membrane de-
signs incorporating inorganic additives (e.g., phosphosilicate glasses or nanoparticles)
have been proposed to enhance structural integrity while maintaining high proton con-
ductivity [62]. However, most modelling studies treat membrane properties as static and
homogeneous, neglecting critical behaviours such as swelling, thinning, conductivity loss,
and mechanical stress under electrochemical loads.

A recent study by Ostenstad [63] introduced a multiphysical modelling framework
for a next-generation PEM electrolyzer featuring ultra-thin membranes, highlighting how
membrane deformation and coupled proton transport significantly affect performance
prediction. Such models demonstrate the importance of accounting for transient operating
conditions, particularly for high-efficiency operation with a reduced membrane thickness.

A comparative summary of common membrane materials used in PEMECs is pro-
vided in Table 3, highlighting their advantages, limitations, and relevance to industry ap-
plications.

Table 3. Common membranes used in industries.

Membrane Features/Pros/Cons Ref
. Commercial, high proton conductivity, durable, expensive; widely used in
Nafion (PESA) PEM fuel cells and reliable [20.37,571
SPEEK Hydrocarbon-based, cost-effective, good chemical stability [58,59]
PBI High temperature resistance, used in acid-alkaline environments [60,61]
Polyphenylene oxide (PPO) Aromatic hydrocarbon-based, cost and performance balance [64,65]
Polymer blends Optimized mix for conductivity, strength, and stability [66]

Inorganic-organic hybrid

Anion exchange membrane

Embedded nanomaterials for improved stability, still under investigation  [67,68]
Anion exchange instead of cation exchange, used in both alkaline and PEM,

conductive of negatively charged ions, low alkaline stability [65-71]

Improved multiphysics models that couple proton transport, water content, and me-
chanical deformation are needed to more accurately assess membrane performance under
dynamic and long-term operation. Such models would enable more predictive design and
better evaluation of emerging materials [62].

4.3.3. Innovative Electrode Designs

Optimizing electrode architecture is essential for enhancing mass transport, catalytic
activity, and uniform reactant distribution in PEMECs. Electrodes typically consist of cat-
alyst layers (CLs) supported on porous substrates, where the hydrogen evolution reaction
(HER) occurs at the cathode and the oxygen evolution reaction (OER) at the anode [72,73].
Novel designs aim to address key performance bottlenecks, including gas-liquid transport
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and water management [48]. While various solutions have been proposed [3,4,12,55,74],
many remain insufficiently modelled, particularly under dynamic or transient operating
conditions.

a. Gas Diffusion Electrodes (GDEs)

GDEs form a tri-phase interface (solid-liquid-gas) that enhances electrochemical ki-
netics and is widely used at both electrodes. Cathodes typically employ carbon-based sub-
strates like carbon paper or cloth for their porosity and conductivity, while the anode,
exposed to harsh oxidative conditions, uses titanium-based GDEs for corrosion resistance
[62,75]. Despite their widespread use, most modelling studies treat GDEs as homogenous
layers, ignoring pore-scale variations, potential gradients, or localized flooding. Incorpo-
rating porous structure, compression effects, and saturation dynamics into models would
provide a more realistic evaluation of long-term GDE performance.

b.  Flow-Field Design

Flow-field architecture in bipolar plates plays a key role in distributing reactants and
removing gaseous products. These channels affect mass transport resistance and pressure
drop across the electrode surface [26]. Common flow-field geometries—parallel, serpen-
tine, spiral, and interdigitated —offer varying degrees of reactant uniformity, pressure
control, and gas evacuation [76]. Each configuration involves trade-offs between perfor-
mance and energy efficiency, which are often evaluated experimentally but rarely through
comprehensive modelling approaches.

For instance, parallel designs minimize pressure drop but can suffer from uneven gas
removal, while serpentine and interdigitated patterns improve gas-liquid interaction at
the cost of higher-pressure losses [77,78]. Spiral configurations are more compact and
suited to circular cells but require careful optimization to avoid flow stagnation. These
variations, illustrated in Figure 3, underscore the importance of geometry on electrochem-
ical performance [14]. Despite their influence on PEMEC efficiency, most modelling stud-
ies simplify flow-field effects using idealized or 2D approximations, ignoring spatial gra-
dients and multiphase dynamics. With the growing availability of 3D printing for precise
flow-field fabrication [21], it is increasingly feasible—and necessary —to incorporate real
flow-field geometries into computational models. Doing so would enable predictive sim-
ulations of pressure profiles, reactant utilization, and localized degradation phenomena
under realistic operating conditions.

Tofighi-Milani et al. [79] further emphasized the need for dynamic modelling frame-
works that capture electrical and flow-related transients within electrolyzer architectures.
Their work pointed out that while flow-field designs are well-characterized experimen-
tally, most models fail to capture system-level behaviours under load cycling, which is
crucial for integration with renewable sources.

a)

b) c) d)

Figure 3. Most common flow-field designs in the PEMEC. (a) Parallel, (b) serpentine, (c) spiral, and
(d) interdigitated.

c.  Porous Electrode Substrates
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Porous substrates provide mechanical support and enable gas diffusion in the cata-
lyst layers of PEMECs. Carbon-based materials such as carbon paper and carbon cloth are
widely used at the cathode for their electrical conductivity, porosity, and stability under
reducing conditions [80]. However, at the anode, carbon substrates degrade rapidly due
to oxidative and acidic environments, making titanium (Ti)-based substrates the preferred
option for long-term durability [12,81,82]. Titanium substrates exhibit excellent corrosion
resistance, high electrical conductivity, and strong mechanical integrity, which are essen-
tial for sustaining stable PEMEC performance. Yet, despite their critical role, their micro-
structural effects on multiphase transport and electrochemical performance are often
oversimplified or omitted in numerical models. Incorporating realistic porosity gradients,
mechanical stress, and contact resistance into simulations could improve predictions of
electrode performance and aging over time. This is especially important under dynamic
operating conditions, where phase saturation and structural compression may evolve
nonlinearly.

In this context, Jstenstad [63] proposed a modelling approach that resolves localized
saturation and electrochemical activity through the porous anode structure, demonstrat-
ing that even minor variations in porosity and layer thickness lead to measurable shifts in
reaction zones and gas transport efficiency.

d. Three-Layer Electrodes

The integration of a catalyst layer, microporous layer (MPL), and gas diffusion layer
(GDL) into a three-layer electrode design has emerged as a promising strategy for improv-
ing PEMEC efficiency. Each layer performs a distinct function: the MPL facilitates water
management by preventing flooding or drying, while the GDL ensures efficient gas
transport and reactant delivery [12,28].

While the functional synergy of these layers is well established experimentally, mod-
elling their combined behaviour remains limited. Most numerical approaches treat elec-
trodes as single, homogenous domains, overlooking interfacial effects, pore size distribu-
tion, and coupled capillary dynamics. Emerging designs, such as nanostructured elec-
trodes, carbon nanotube-enhanced supports, and 3D-printed electrode architectures, in-
troduce even more complexity in terms of structure and material interactions [83,84]. To
evaluate these innovations systematically, multiscale or pore-network modelling tech-
niques are required, particularly for analyzing the impact of geometry on water retention,
gas evolution, and mechanical reliability.

Recent reviews such as Tofighi-Milani et al. [79] stress the importance of integrating
electrical dynamics with layered electrode behaviour to predict transient responses, high-
lighting that multiscale modelling is essential for bridging the gap between component-
level design and system-level control.

5. Research Gap

Based on our literature review, it is evident that while PEM electrolyzers achieve
slightly higher efficiencies (70-80%) compared to their alkaline counterparts (65-75%),
their widespread adoption is hindered by high costs. This is primarily due to the reliance
on iridium —a scarce and expensive catalyst—and the extensive use of costly materials in
their construction. Additionally, both PEM and AWE are limited by low operating tem-
peratures, which further constrains their efficiency. The challenges associated with PEM
electrolyzers range from material costs to durability concerns.

Table 4 summarizes the primary challenges affecting PEM electrolyzers, including
material costs, durability, and operational limitations, along with research strategies
aimed at mitigating these issues through material innovation and numerical modelling.
These research directions indicate the growing role of numerical modelling and material
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innovation in overcoming the limitations of PEM electrolyzers. To address these chal-
lenges, advanced numerical modelling has become an essential tool for optimizing cata-
lyst utilization and improving material selection. Computational methods such as density
functional theory (DFT) and molecular dynamics (MD) enable atomic-level investigations
of reaction mechanisms, facilitating the identification of alternative catalyst materials with
desirable properties [85,86]. High-throughput screening techniques significantly reduce
the reliance on costly and time-intensive experimental trials, accelerating the discovery of
cost-effective and sustainable alternatives to iridium-based catalysts. Furthermore, nu-
merical models provide insights into catalyst distribution and utilization within electrode
layers, minimizing material requirements while maintaining performance. These simula-
tions also offer predictive guidance for experimentalists, allowing targeted validation of
promising materials and ensuring a more efficient research and development process [87].
Despite their advantages, PEM electrolyzers still face durability challenges, particularly
in maintaining performance over long operational lifetimes. For industrial applications,
PEM systems are expected to operate for 40,000 to 60,000 h [12]. However, consistently
achieving these benchmarks remains difficult due to catalyst degradation, membrane
thinning, mechanical stress, and contamination from impurities. The exposure of PEM
components to harsh chemical environments accelerates corrosion, reducing their
lifespan. Additionally, variations in operating conditions—such as temperature fluctua-
tions and high-current densities—exacerbate mechanical stress and potential failures [12].
Durability remains a major challenge for PEM electrolyzers due to multiple degradation
mechanisms that impact key components. Figure 4 presents the major degradation mech-
anisms affecting PEM electrolyzers, highlighting the contributions of catalyst degrada-
tion, membrane thinning, and other key failure modes. As seen in Figure 4, catalyst deg-
radation and membrane thinning account for the largest share of failure mechanisms, un-
derscoring the need for innovative material solutions and optimized operating conditions
to improve long-term performance. Numerical modelling plays a crucial role in address-
ing these durability challenges by simulating key degradation mechanisms such as cata-
lyst sintering and dissolution, membrane thinning due to chemical attack, and mechanical
stresses in PTLs and catalyst layers (CLs). These simulations quantify the impact of oper-
ating conditions —including temperature, humidity, and current density —on system lon-
gevity [88]. Lifetime prediction models integrate degradation rates into performance sim-
ulations, allowing researchers to forecast long-term stability and optimize component de-
signs accordingly. Additionally, flow-field and porous layer optimizations—enabled by
numerical studies—help mitigate mechanical stress and improve durability by ensuring
uniform reactant distribution. Many of these models are validated against long-term ex-
perimental data, reinforcing their accuracy and reliability [89].

Chemical Contamination (15%)
Other Factors (10%)

10.0% 15.0%

Mechanical Stress (20%)
20.0%

_ 30.0%
Catalyst Degradation (30%)

25.0%

Membrane Thinning (25%)

Figure 4. Major degradation mechanisms in PEM electrolyzers [39,90].
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Table 4. Key challenges and research directions for PEM electrolyzers.
Challenges Current Limitations Research Direction
1 High material cost Expensive iridium-based catalysts Development of alternative catalyst
. . . Enhancing durability through structural
2 Durability issues Shorter operational lifespan e ty &
improvements
Limited operating tempera- Efficiency constraints due to tempera-
3 P & P Y P Optimizing thermal management
ture ture
. L. ) ) . . Modelling and mitigating degradation
4 Catalyst degradation Iridium dissolution, sintering effects & g. 6 cc8
mechanisms
.. . . . New membrane materials with improved
5 Membrane thinning Chemical degradation, mechanical wear . p
stability
Complex electrochemical re- . . Developing computationally efficient
6 P . Computational complexity ping P y
actions models
. g . Advanced two-phase flow simulation for
7 Two-phase flow modelling Difficult to simulate accurately P

better accuracy

A deeper understanding of PEM electrolyzer performance is essential for optimizing
operating conditions and ensuring long-term stability. While numerical and experimental
studies provide valuable insights into degradation rates and system weaknesses, replac-
ing costly and time-intensive experimental setups with accurate simulations remains a
significant challenge, particularly when modelling complex phenomena such as two-
phase flows and intricate electrochemical reactions [15]. There is a pressing need for com-
putationally efficient yet accurate models that balance predictive power with practical im-
plementation. Additionally, integrating fast-response control systems capable of adapting
to dynamic operating conditions will be crucial for advancing this technology. By address-
ing these challenges, future research can further enhance the economic viability, durabil-
ity, and overall performance of PEM electrolyzers.

6. Mathematical Modelling and Simulation

Modelling and simulation play a crucial role in understanding the complex electro-
chemical and transport processes in proton exchange membrane electrolyzer cells
(PEMECs). Numerical simulation models provide detailed insights into system behav-
iour, helping to optimize design and operating conditions. Over the years, various mod-
els—ranging from zero-dimensional analytical models to three-dimensional CFD simula-
tions—have been developed to quantify the key physical and electrochemical phenomena
occurring in PEMECs. This section presents the governing equations, boundary condi-
tions, and initial conditions used in these models, along with a comparison of their as-
sumptions and predictive capabilities. A particular focus is placed on the differences be-
tween single-phase and multi-phase models, which play a crucial role in capturing gas
evolution and water transport mechanisms. In addition, emerging methodologies such as
multi-scale modelling, computational fluid dynamics (CFD), and machine learning (ML)-
based optimizations are discussed [14,16,27,78,91,92]. Table 5 summarizes various mod-
elling approaches for PEMEC simulations, categorizing them based on their complexity
and the physical aspects they incorporate.

i. Zero-dimensional model

Choi et al. [17] developed a zero-dimensional model to analyze PEM electrolysis cells

based on steady-state mass balances and electrochemical kinetics. The net molar produc-

tion or consumption rates of water, hydrogen, and oxygen are governed by Faraday’s law,
expressed in differential form as:
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dNy,o A
dt ~  2F
dN j
m 12 @
dt 2F
dNo, _iA
dt ~ 4F

dan; . . . . , ..
where d_t] is the molar production or consumption rate of species j [mole/s], i is local

current density [A/m?], A is the active electrode area [m?], and F is Faraday’s constant
[C/mole]. These flow rates are directly related to the electrochemical reactions governed
by the cell potential. Under the assumption of no mass transport limitations, the current
density can be linked to the cell overpotential (1) using a simplified form of the Butler—
Volmer equation, as stated below [93]:

.. Fg aqwe- Fna(aa - 1)(‘)9_
L =1go (€XP T — exp T ®)

where i,, represents the anode exchange current density (under the well-mixed condi-
tion at the anode). 7, is the overpotential at the anode chamber that can be expressed as
a function of temperature (T), current density (i), and anode exchange current density
(iq0), alternatively. w,- and a, are the stoichiometric coefficient for electrons in the an-
ode and transfer coefficient which have the values of 2 and 0.5, respectively [94]. Assum-
ing these values, the anode overpotential can be expressed explicitly as Equation (6).

—RT'h‘l( i) 6
fla = - sinh™ (57— ©)

The overpotential can be written in the form of cathode parameters (i.o, 1., and «a;)
where w,- and a, take values of -2 and 0.5, respectively (Equation (7)).

_ RT_h_1< i ) 7
e =~ sinh™ (57— @)

To simulate the membrane potential (¢), the divergence of current density is consid-
ered to be zero along with the steady-state conditions (no change over time). Conse-
quently, the current density becomes directly proportional to the membrane potential,
with electrolyte conductivity (o) serving as the factor equalizing this proportionality
(Equation (8)).

i=—-0Vop (8)

Considering all available potential sources, e.g., Nernst potential, anode, cathode,

and membrane overpotentials and losses in an electrolysis cell (see [17]), an expression

can be employed to determine the overall voltage (V) in relation to the current density (i).
This relationship (Equation (9)) yields a polarization plot.

_ RT (i RT (i Ly .

V="V +?smh (2 ia0)+?smh (Zico)+ﬁl+” 9)
where V,, Ly, oy, andr are the Nernst potential, membrane thickness, membrane con-
ductivity, and interfacial resistance, respectively. In the work of [17], this curve was plot-
ted and compared with the experimental findings in [95]. However, their model did not
consider heat transfer and lacked porous membrane simulations, limiting its accuracy
[17]. In PEM modelling (both PEMFC and PEMEC), the term “single-phase” refers to wa-
ter existing solely in liquid or vapor form within the system, whereas multi-phase models
incorporate gas bubble formation and liquid—gas interactions.
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Table 5. Evolution of numerical modelling for PEMEC —from simplified to advanced approaches.

Model Study Description Key Output Ref
Simplified electrochemical kinetics in PEMEC with no heatAnalyzed overpotentials across a range [20]
»  and mass transfer considerations. of current densities.
g Heat transfer and fluid flow simulation in PEMEC withoutInvestigated pressure drop in bipolar (80]
g electrochemical kinetics or liquid—gas interaction. plates numerically and experimentally.
P ted velocity and t
g Gas—fluid flow simulation in PEMEC with no electrochem- oo~ C 0 AN Pressure contotrs
. s and compared results with single-phase  [95]
ical kinetics.
flow data.
H ion in high- -
<  Heat and mass transport modelling in PEMEC with sim- ydrogen generation in hig temper.a
S . . . ) ture PEMEC analyzed through polariza-  [23]
&  ple electrochemical kinetics (no gas-liquid interaction). )
g tion curves.
a Examined polarizati t different
% Comprehensive PEMEC model incorporating detailed xaminec polarization cirves at Jiiieren
¥ . . N . temperatures and analyzed the effect of ~ [96]
s  electrochemical kinetics (no gas-liquid interaction). ;
= exchange current density.
' Investigated the effect of different fl
%)o PEMEC modelling with multiple fluid flow configurations nve? 184 e, ¢ ertec O, 1, erent Fow
k= g . configurations on polarization perfor- [24]
B (no gas-liquid interaction).
mance.
A . e Conducted lytical study of PEMEC
o  PEMEC modelling under low-temperature conditions ondticted ah ahalytical sStay © .
9 . . . . behaviour under low- and high-potential [15]
©  with detailed electrochemical kinetics. .\
= conditions.
a) X .
t 1
% Non-isothermal, transient PEMEC model. Stufiled tempe.ra ure Stab_l 1 zation under [97]
22 various operational conditions.
- . X ] X ..
PEMEC lat lud —liquid
& PEMEC simulation including gas-liquid interactions, inte- | '31mu. ation mett ‘mg gas—iqul
g . . N interactions, integrated with electro- [14]
grated with electrochemical kinetics. . L
= chemical kinetics.

i.

Single-phase model

In 2009, Nie et al. [78] performed a three-dimensional numerical simulation to assess
the fluid flow in the bipolar plates of a PEMEC using a single-phase model. The principles
and governing equations in a PEMEC are very similar to the those in the work of Ubong
et al. [41] for a PEM fuel cell (PEMFC) operating at elevated temperatures with some mi-
nor distinctions. The objective of a PEMEC is to generate hydrogen from water with the
aid of an external voltage, while in the PEMFC, hydrogen is used as fuel water to generate
voltage. The membrane in the PEMFC is still used to separate the anode and cathode com-
partments and allows for the transport of protons (H*) from the anode to the cathode but
in reverse. Hydrogen is typically fed into the anode, and oxygen (or air) is fed into the
cathode. At the anode, hydrogen is oxidized, producing protons and electrons. The pro-
tons migrate through the PEM to the cathode, where they combine with oxygen and elec-
trons to form water. The flow of electrons through an external circuit generates electric
power [41,72,73]. The electrochemical reactions in a PEMFC are shown in Equation (10).

2H>—4H*+4e- Anode
O2 +4H* + 4e—2H20 Cathode (10)
2H2 + O2—2H20 Overall

The mass conservation equation in a single-phase flow within homogeneous and iso-
tropic porous media (PEM elements, e.g., membrane, PTL, CL) can be expressed in a gen-
eral form as Equation (11) [26].

V.(petl) = S, 11)
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where i, p, and ¢ are the velocity vector, density, and porosity, respectively. S,, repre-
sent the source term accounting for the generation or consumption of mass within the
system. The momentum equations for the single-phase flow in porous media can be writ-
ten in the form of Equation (12) [98].

V.(petiti) = —eVp+V.(eT) + S, (12)

where p and S, represent pressure and the source term in momentum equations, re-
spectively. T represents the tension tensor, which in Newtonian fluid can be expressed in
terms of the velocity gradient (Equation (13)) [26].

T=p[Va+ (V)] (13)

where u represents the dynamic viscosity of the gas.
Within porous media, Darcy’s law can be applied to relate the pressure drop to the
gas velocity. The source term in Equation (12) can be expressed as Equation (14) [77]:

T
Sy = —Eszu (14)

where K and ¢ are the permeability and porosity of porous media, respectively. Perme-
ability can be determined using the Kozeny — Carman model [26]:
dz &3

K=Teoa=o2 (15)

where dp represent the particle diameter of porous material. The value of these two pa-
rameters may vary in different materials and across different sections in the PEMEC (See
Table 6).

Beyond porosity and permeability, tortuosity (tor) significantly influences effective
transport properties in porous electrodes by accounting for the complexity of internal pore
paths. Similarly, electrical conductivity governs charge transport in PTLs and CLs and
must be accurately represented in multiphysics models to predict electrochemical perfor-
mance.

Table 6. Porosity and permeability of PEM elements.

Property Symbol Value/Range Ref
Membrane porosity Em 0.4-0.6 [77]
PTL porosity EpTL 0.2-0.6 [77]
CL porosity EcL 0.3-0.5 [77]
Membrane permeability Ky 10-1°-10- (m?) [77]
PTL permeability Kprp, 10-13-5 x 1012 (m?) [41]
CL permeability Ky, 10-16-5 x 104 (m?) [41]
PTL tortuosity tor prp 2-4 [41]
CL tortuosity tore;, 1.5-3 [41]
PTL conductivity OprL 1000-20,000 S/m [41]
CL conductivity OpTL 100-1000 S/m [41]

The molar concentrations of the active species in the process of electrolysis (hydro-
gen, oxygen, and water) are determined by solving the conservation of species (Equation
(16)) [771.

V.(eti ;) = V. (DT VC ) + 5 (16)

where C; and Djef ' are molar concentration and effective diffusion coefficient of each
species. D].ef Tis the function of cell operating conditions like temperature and pressure

and can be expressed as Equation (17) [77].
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T 3/2 0
DEIT = ¢3/2p) (T—) <%) (17)
0

where T, and P, denote the reference temperature and pressure. D) is the reference
diffusivity of hydrogen, oxygen, and water, which are 1.1 x 10+, 3.2 x 105, and 7.35 X
105 (m?s™1), respectively [77,91]. S; refers to the source term for each species and can be
expressed as Equation (18) [96]:
5, = — aMiz0
2 ~2F
S, = M, (18)
2 2F

iaMO
So. =4

where M is the molecular weight of the species, which has the value of 18, 2, and 32
[gr/mole] for water, hydrogen, and oxygen, respectively.

In steady-state conditions, there is a simple balance between proton current in the
membrane (i;) and electron current in the electrodes (i5), which is stated in Equation (19)
[93].

Vi +V.i;=0 (19)

where i; and i; can be calculated by Ohm’s law [93].
The next important governing equations used to determine the proton and electron
potential and are expressed as Equations (20) and (21) [77]

v.(05" ve,) +S,, =0 (20)

V.(05" Vo) +S,, =0 (21)

!

where ¢, and a:f are the membrane (electrolyte) electrical potential and effective ion

conductivity, respectively, while ¢, and ¢¢// are corresponding parameters in the solid
phase (electrode). S,, and S, are the source terms for the protonic and electrical poten-
tials, respectively, which can be simply related to the current density (i), as shown in

Equation (22) [41,77].
os = i (22)

The effective electronic and membrane conductivities can be estimated using Brug-
geman’s approach, which serves as a reliable approximation [97]. As the effective mem-
brane conductivity is also a function of temperature (T) and humidification degree in the
membrane (1), the following expression can be used for it [96,99].

1 1
a, = & X ex — — =] X . — U.
eIT = 100 £3/2 x exp [1268 (303 T)] (0.0051391 — 0.00326) (23)

The last governing equation that determines the temperature distribution within the
PEM cell is the energy equation in porous media. It can be expressed as Equation (24)
[100].

V. (pe CpiiT) = V. (kT VT) + S, (24)

where Cp and k®// are specific heat at constant pressure and effective thermal conduc-
tivity.

There are various models to calculate the effective thermal conductivity, the most
important of which are parallel, series, and geometric. One of the easiest models is using
the parallel model, in which the fluid and the solid are parallel to the heat flow. It is a
linear correlation, as shown below [101]:
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keIt = (1 &)k, + & ks (25)

where kg and k; are the thermal conductivity of a solid (catalyst electrode) and liquid
electrolyte (membrane), respectively. In this model, heat flows independently through the
liquid and solid. In the series model, heat passes through each layer in sequence. Using a
series model produces the lowest value for effective thermal conductivity [101]. A brief
comparison between the calculated amount of effective thermal conductivity using vari-
ous methods is presented in Table 7.

Table 7. Effective thermal conductivity using ks = 1 Wm™K™?, kf = k/5, € = 0.4.

Model Formulation Value
Parallel [100] keIl = (1 —e)ks + € ky 0.68
Series [100] keIt =[(1—&)/ks + e/k;] 0.38
Geometry [100] kT =k, + kS 0.525
Modified Maxwell [101] keff=<z—;j + 2k:+kf) T 2k, 0.62

The source term in the energy equation (S,) may vary across different sections (e.g.,
anode CL, cathode CL, solid phase, and membrane). Neglecting the heat sources pro-
duced by irreversible reactions and entropic heat generation because of the reactions (in
anode and cathode CL), the source term for different elements in a PEM can be simplified
as shown in Table 8 [89].

Table 8. Energy source term in Equation (24) produced by electrochemical reactions [89].

Element Formulation for Source Term Unit
Membrane Su = (Ve,)? Wm™
Solid phase (So)s = o (Vp)? Wm™
Anode CL (Se)an = (Seds + (S Wm™
Cathode CL (Sedca = (Se)s + (Sedu Wm™

Ruiz et al. [102] developed a three-dimensional mathematical model to investigate
key electrochemical and thermal phenomena in high-temperature PEMECs (above 100
°C). Their study highlighted several advantages of operating at elevated temperatures,
including enhanced electrode kinetics, reduced overpotentials, lower thermodynamic en-
ergy requirements, and a decrease in reversible voltage. Additionally, the model incorpo-
rated a more detailed heat and mass transfer analysis in conjunction with electrochemical
kinetics [102].

That study further examined the impact of three different flow channel configura-
tions—parallel, serpentine, and multi-serpentine—on hydrogen production and temper-
ature distribution. Using a single-domain model in ANSYS Fluent 13 with non-isothermal
flow properties, their results showed that the multi-serpentine design offered superior
performance by promoting a more uniform temperature distribution. Notably, the model
assumed a single-phase flow, neglecting the presence of liquid water due to the elevated
operating temperature.

As discussed in the preceding section, the design of the flow field significantly im-
pacts cell performance [48]. Toghyani et al.’s [77] study illustrated that altering the ar-
rangement of the flow field led to changes in the distribution of reactants and products
transferring toward the PEMEC outlet. The researchers employed a 3D model to simulate
the electrolyte in three different arrangements: a parallel flow field (with and without
metal foam as a flow distributor), a double serpentine flow field, and a simple channel
filled with metal foam. The most recent arrangement exhibited superior performance in
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hydrogen production, temperature distribution, current density, and pressure drop [77].
According to their findings, reducing the permeability of the porous media results in an
increased pressure drop in the system and enhanced performance of the electrolyzers.
Consequently, the optimal permeability for the foam should be carefully selected. In terms
of porosity, they modelled this property as a macro-scale feature rather than a micro-
structural one. They adopted a single-phase, non-isothermal, and steady-state assumption
to streamline their 3D numerical simulation using the finite volume method. Additionally,
they illustrated that the spiral flow field leads to greater uniformity in hydrogen distribu-
tion [77,91]. A schematic correlation between the relevant physics and parameters in-
volved in analyzing a PEMEC (either in single-phase or multi-phase flow) is illustrated in

Figure 5.
PEMEC
Fluid Mechani P Medi i
Electrochemistry uid .ec Anies Heat transfer orous' edia Species
W) Velocity (u) Temperature (T) Porosity (£) Transport
Pressure (p) Permeability (K) (C)
[=]
" e Bergman
* g=f(T.e)
Darcy Law
u=f,pKe
Faraday’s Law Maxwell-Stefan Fick’s Law
of Electrolysis Formulation C=f3(T,P,¢g)

iii.

Effective thermal Conductivity

k=f.(K )
Kozeny-Carman correlation

Figure 5. Schematic illustration of physics and parameters correlation in PEMEC analysis.

Two-phase model

Single-phase mass transport is not a realistic assumption in most PEMEC situations
due to the limitations of the model [26]. Numerous researchers have endeavoured to de-
velop comprehensive models aiming to furnish precise insights into critical parameters
within PEMEG, such as current density, volume fraction, temperature, and flow velocity.
These models should possess the capability to analyze PEMEC not only under high oper-
ating temperatures and low-current densities, where single-phase models suffice, but also
under low-temperature conditions with high-current densities, where single-phase mod-
els fail to deliver accurate data [26,27,41,77,91]. Zinser et al. [103] introduced a two-phase
model to account for the transportation of oxygen and water within the anodic PTL in a
PEMEC (1D half-cell model). The crucial drying-out process, which significantly influ-
ences water management in both PEMEC and PEMFC [28], was investigated in the PTL
using pressure distribution and saturation plots. To enhance transport behaviour, a suit-
able range of macro-structural features, including porosity, permeability, and geometrical
features, was identified. This observation aligns with the findings of Kalinnikov et al. [30],
who, while considering the limitations of two-phase mass transport in the PTL for differ-
ent regimes, noted similar improvements [30]. One of the key aspects of studying two-
phase mass transport is identifying the critical current density profile and distinguishing
the stable regime (with a steady-state profile) from the unstable one (characterized by dry-
ing-out) [30,103]. Integrating an electrochemical model that includes simulations of cou-
pled thermal-fluid dynamics, species transport, and electrochemistry into a two-phase
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flow provided a more comprehensive understanding of species transport and accurate
predictions of overall cell performance [15]. These insights directly aid in optimizing
PEMEC stack design by improving PTL structures, catalyst layer configurations, and
flow-field geometries to enhance reactant distribution and minimize performance losses.

In 2023, several researchers dedicated their efforts to 3D modelling of PEMEC, aim-
ing to explore the influence of various operational factors such as current densities and
temperature on overall PEMEC performance. They also investigated the impact of flow-
field configurations on mass transport [14,16,26,27]. A common thread in these studies
involved incorporating more sophisticated mass transport considerations into the two-
phase flow (comprising water and gas) and conducting numerical simulations using com-
mercial software such as ANSYS Fluent and COMSOL Multiphysics. These simulations
varied boundary conditions and initial conditions across different geometries of the PTL
and channel arrangements. This approach enabled the analysis of the bubble detachment
process during different stages of hydrogen production, including the initial phase, insta-
bility, deformation, and separation. Factors such as gravity, buoyancy, and surface tension
in the microchannel were considered during this analysis [27]. Additionally, researchers
explored gas bubble accumulation on the catalyst using integrated mass transport com-
bined with a classic model. Gas bubble accumulation at the CL reduces effective reactant
transport, leading to localized starvation, increased ohmic losses, and uneven current den-
sity distribution. Optimized PTL structures and improved two-phase flow management
can mitigate these losses, enhancing overall PEMEC performance. An example of this is
Jiang et al.’s work [26], where the study revealed that gas discharge could be enhanced by
using a combination of PTL and CL to reduce heat and mass loss.

In almost all of the two-phase model simulations, the electrochemical model that was
used was the Butler—Volmer equation, which was elaboratively described in previous sec-
tions. To simulate two-phase systems, various methods have been employed in different
studies. The two most significant models are the mixture model (homogeneous equilib-
rium) [14,15] and the Eulerian model [26]. While the Eulerian model solves separate con-
tinuity and momentum equations for each phase, offering detailed phase tracking, it re-
quires significantly higher computational resources. In contrast, the mixture model as-
sumes local equilibrium and treats the two phases as a single homogeneous medium, re-
ducing computational cost at the expense of phase separation accuracy. The choice be-
tween these models depends on the required resolution of gas-liquid interactions and
available computational power.

Various methods are available for simulating flow properties within the governing
equations. For instance, the Darcy model is utilized to simulate porous media [30,103].
Additionally, the volume of fluid (VOF) model, applicable to both single-phase and multi-
phase flows, is employed to study phenomena such as bubble growth [104]. The choice of
model relies on parameters such as the nature of the flow (e.g., bubbly, annular) and com-
putational sources. The governing equations for these models are described in the follow-
ing section. Most two-phase PEMEC models assume a bubbly or slug flow regime in the
PTL, with gas bubbles forming due to electrochemical reactions. In Eulerian models,
phase interactions such as surface tension, drag force, and capillary effects are explicitly
included, whereas mixture models assume local phase equilibrium. Typical boundary
conditions include constant pressure at the outlet, velocity inlets for water feed, and no-
slip conditions at solid interfaces. These assumptions influence the accuracy and compu-
tational cost of the simulations and should be selected based on the specific PEMEC oper-
ating conditions [14,15].

e  Euler model

In this model, separate continuity equations are solved for each phase (liquid and
gas), assuming no water evaporation. This implies that the rate of mass transfer between
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the two phases is considered negligible [26]. A dimensionless quantity known as volume
fraction (f) is defined to determine the relative number of different phases within the flow,
which is shown in Equations (26) and (27) [26]:

Vi

fi= v, (26)
Ve

fg:Vl"‘Vg (27)

where f; and f; are liquid and gas volume fractions, respectively. It can be easily con-
cluded that f; + f; = 1. Thus, the continuity equations for liquid and gas in the flow are
Equations (28) and (29), respectively [105].

V.(pufie ) = S, (28)

V.(pgfyety) =S, (29)

S;, S4 represent the source terms arising from electrochemical reactions for the active

species. These values resemble those in the single-phase model (Equation (18)). Consider-

ing the mass change rate between liquid and dissolved water (S,,4) within the anode

catalysts, the source term associated with water consumption undergoes a slight modifi-
cation, as expressed in Equation (30) [26].

ieMyo
S5 = SHzo — Swa = ——aZFZ — Owd (30)
Similar to the single-phase model, the momentum conservation equation in the Eu-

lerian two-phase model can be developed as Equations (31) and (32).

V.(pufie ) = —efy Vp + V. (e T) + Sy, (31)

V. (pgfge Uglig) = —fy Vpg + V. (e Tg) + Sy, (32)

where 7; and f; are tension tensors for liquid and gas, which in Newtonian fluid can be
expressed in terms of velocity gradient (Equations (33) and (34)) [106].

T = wfi [V + (Vi)' (33)

5 = pyf, [Vig + (Vity)'] (34)

The terms w; and p, denote the dynamic viscosity of the liquid and gas (Pa's). Sy,
and S, represent the source terms for the liquid and gas phases. In the context of

PEMEC:s, these terms originate from two distinct sources: (i) viscous resistance between
porous walls and fluid and (ii) interaction drag force between liquid and gas [106]. An
effective model proposed by Schiller and Naumann is employed to simulate these inter-
actions within various elements of a PEMEC, such as channels, PTL, and catalyst layers,
as comprehensively described in [26].

Similar to mass and momentum conservation equations, a set of energy equations
can be used to determine the temperature distribution for both gas and liquid phases in
PEMEC:s, as outlined in Equations (35) and (36) [26,107].

V.(p,fie CptiyT) = €T : Vi, — V. (f; k97 VT)) + fie S, (35)

V.(pgfye CpiyT) = ety Viig — V. (f, kT VT)) + fye S, (36)

where S, represent the energy that is released due to the electrolysis of water and varies
throughout different sections within a PEMEC. The main parameters involved in deter-
mining the value of S, are current density (i), membrane conductivity (¢.), and solid
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conductivity (¢s). A summary of heat sources in different layers of a PEMEC is presented
in Table 7. The heat generation within the channels can be considered zero [26].

To determine the mass fraction of the species in the cell, one equation should be con-
sidered, which closely resembles Equation (16). If water evaporation is negligible, the spe-
cies should be considered to be reduced to hydrogen and oxygen only. In this context, the
mass fraction of hydrogen (Yy,) is determined by solving Equation (37) [26,107].

V. (pgfs€ Yu,iig) = V. (Pgfy€ Dm VY1) + Sh, co (37)

where D,, and Sy, ., are the mass diffusion coefficient and hydrogen mass crossover.
The mass fraction of oxygen can be calculated simply by subtracting from 1.

e  Mixture model

In this model, the two phases are treated as a single homogenous mixture with com-
bined properties, including velocity (i), pressure (p,,), and temperature (T,,) [108]. Ap-
plying this technique significantly reduces the computational cost as the number of gov-
erning equations is halved [15,108]. The governing equations in the mixture model are
derived by averaging on the Navier-Stokes equations. A separate continuity equation,
along with a set of algebraic closure equations for relative velocities, is developed to cal-
culate the volume fraction of the dispersed phase. [109]. Liquid water acts as the continu-
ous phase, while gas is considered the dispersed phase. On the cathode side, the dispersed
gas is a combination of hydrogen and water vapor, whereas on the anode side, hydrogen
substitutes for oxygen in the mixture [15].

By defining two new parameters, namely the mass-averaged velocity (ii,,) and mix-
ture density (p,,), the continuity equation in the mixture model can be formulated, as
shown in Equation (38) [108].

V. (pmln) = S (38)

where p,, is calculated by the densities of the species with their corresponding volume
fractions, as outlined in Equation (39).

1
Uy = _Z fnbPn Un (39)
Pm -

where f,, p,, and i, are volume fraction, density, and the velocity vector of the active
species in the flow. The mixture density (p;,) can be expressed by Equation (40) [15,108].

Pm = Z JnPn (40)

The momentum equation in the mixture model can be derived by combining the mo-
mentum equations (Equation (12)) for the continuous and dispersed phases in the flow
[110]. The general form of the momentum equation in the mixture model is outlined as
Equation (41) [15,16].

V. (Pl tly) = =Vp + V. (1) + V. (Z fnpnadr,n adr,n) + Sim (41)
n

where 7, is the tension tensor for the mixture flow and can be expressed in terms of the
mass-averaged velocity gradient (Equation (42)) [16,77]. Sy, represents the source term
in the momentum equation.

T = U [V, + (Vam)T] (42)

where u,, is the mixture’s dynamic viscosity and can be expressed as Equation (43)
[15,16,108].



Eng 2025, 6, 72

23 of 36

Hm = Z fabtn (43)

The term g4, , in Equation (41) denotes the drift velocity for the disperse phase 7,
calculated as the difference between the disperse phase velocity and the mixture velocity.
(tigrpn = @iy — %iy). Utilizing the same methodology, the energy and species transport
equations can be derived for the mixture model, with comprehensive details provided in
[15,108,110,111]. Recent advances in two-phase PEMEC modelling highlight the need for
a balance between computational efficiency and physical accuracy. While Eulerian models
provide detailed phase tracking, mixture models offer a computationally feasible alterna-
tive. Studies continue to refine these approaches by incorporating more realistic boundary
conditions, improved mass transport considerations, and coupling with electrochemical
simulations to enhance the predictive accuracy of PEMEC performance. After reviewing
the governing equations for single-phase and two-phase models, it is useful to summarize
the key trade-offs between these approaches. Table 9 provides a comparative analysis of
single-phase and two-phase (Eulerian and mixture) models in terms of computational
cost, accuracy, and suitability for different operating conditions. This comparison high-
lights the strengths and limitations of each method, assisting in the selection of an appro-
priate model for PEMEC simulations.

Table 9. Comparison of single-phase and two-phase models in PEMEC simulations, highlighting

key trade-offs in cost, accuracy, and applicability.

. Two-phase-Mixture Two-Phase-Eulerian
Aspect Single-Phase Model Model Model Ref
Computational Cost Low Moderate High [112,113]
Accu'racy in Ga.s—Liq— Tgnores two-phase effects Approx'imates gas—liquid Fully resolves gas-liquid [26,99,108]
uid Interaction interaction phases
Bubble Dynamics Not modelled Partially captured Detailed bubble tracking  [4,104]
Best for Low/High-Cur- Best for low-current densi- Works for both low- and  Best for high-current [99,105,108]

rent Densities

ties high-current densities densities

Common Use Cases

Ideal for initial system
analysis, simple perfor-

Efficient for large-scale
modelling, balancing accu-
racy and computational
cost

Best for detailed local
transport studies, high-fi- [104,112,113]

mance estimation delity research

To provide a clearer visual comparison, Figure 6 presents a bar chart illustrating the
computational cost, accuracy, bubble dynamics, and suitability of each modelling ap-
proach at different current densities. This comparison (Table 9 and Figure 6) establishes
the fundamental differences between single-phase and two-phase modelling approaches.
However, these general trade-offs must be examined in more detail by analyzing specific
performance outputs such as polarization plots, pressure distribution, velocity fields, and
species volume fractions. The next section expands this analysis by comparing PEMEC
simulation outputs from various models with experimental data.
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Figure 6. Comparative performance of single-phase and two-phase models in PEMEC simulations,
evaluating computational cost, accuracy, bubble dynamics, and suitability at different current den-
sities [26,27,30,108].

To complement the discussion above, Table 10 provides a summary of selected
PEMEC simulation studies, highlighting the modelling approaches, software platforms,

and notable features used in the literature.

Table 10. Common simulation platforms and modelling approaches in PEMEC studies.

Work Year Software Used Model Type Highlights/Remarks
Nie et al. [78] 2009 COMSOL multiphysics  Single-phase 3D Flow-field analysis in bipolar plates
Ruiz et al. [102] 2021 ANSYS fluent Single-phase 3D Non-isothermal study at elevated tem-
perature
Toghyanietal. [91] 2019 COMSOL multiphysics  Single-phase 3D PTL and channel design optimization
Zinser et al. [103] 2023  COMSOL multiphysics Two-phase Anode-side Wa;zl;/ctl);ygen transport
Bubble detachment and drag f
Jiang et al. [26] 2023  COMSOL multiphysics ~ Two-phase Euler ubble detachmen and drag force
modelling
Tofighi et al. [79] 2025 Not specified Electrical dynamics Highlights system-level dynamic mod-
elling gaps
. . . Focus on membrane deformation and
Ostenstad et al. [63] 2023 Not specified Multiphysical model

coupled physics

7. A Comparative Analysis Between the PEMEC Models

This section evaluates the performance of different PEMEC models by comparing
key electrochemical and transport parameters. The analysis includes polarization plots,
pressure distributions, velocity fields, and species volume fractions to assess the trade-
offs in accuracy, computational cost, and physical realism. The results from different nu-
merical studies are compared with experimental data, providing insights into how well
each model captures real-world PEMEC behaviour.

A key benchmark for PEMEC models is their ability to reproduce polarization curves,
which offer critical insights into electrochemical performance. Figure 7 presents a com-
parative analysis of polarization plots derived from a 0D model [17], a single-phase model
[77], a two-phase mixture model [15], and experimental data [114]. These results, obtained



Eng 2025, 6, 72

25 of 36

under similar operating conditions (80 °C and 1 atm), highlight the limitations of simpler
models and the advantages of incorporating two-phase transport effects.

2 T T

L4® (0D Model —a&— Two-phase Model
—A— Single-phase Model e Experimental
13 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Current density (A/cm?)

Figure 7. A comparison between the polarization plots of a PEMEC across different models: the 0D
model, single-phase model, two-phase mixture model, and experimental data, all for an operating
temperature of 80 °C and 1 atm [15,17,77,114].

The agreement between model predictions and experimental data depends on how
well each model captures key transport phenomena, including gas evolution, bubble for-
mation, and flow distribution. These effects become particularly significant at high-cur-
rent densities, where single-phase models fail to represent real operating conditions accu-
rately. To address these limitations, two-phase models —Eulerian and mixture-based ap-
proaches—are employed.

Both Eulerian and mixture models simulate gas-liquid interactions, but they differ
in terms of accuracy and computational cost. The Eulerian model treats liquid and gas as
separate phases, allowing for detailed bubble tracking but requiring substantial compu-
tational resources. The mixture model, on the other hand, assumes local phase equilib-
rium, approximating gas-liquid interactions with reduced complexity. While Eulerian
models offer high-fidelity analysis, mixture models provide a practical alternative for
large-scale simulations where phase separation effects are less dominant [14-16,26].

While polarization plots provide valuable electrochemical insights, they do not fully
capture the transport dynamics within a PEMEC. Understanding how liquid and gas
phases interact within the flow field is crucial for optimizing performance, particularly at
high-current densities, where gas evolution significantly alters transport properties. To
investigate these effects, several studies have compared single-phase and two-phase flow
models within PEMEC half-cell domains—most notably those by Nie et al. [108], which
provided key reference cases for evaluating gas-liquid interactions and their impact on
cell performance. As shown in Figure 8, In their two-phase simulation of a PEMEC anode
domain, they investigated pressure distribution and gas-liquid interactions using a mix-
ture model approach. The study revealed a high-pressure region at the inlet and a lower-
pressure outlet, with oxygen bubbles forming and influencing the transport properties
along the channel. The reported pressure gradient ranged from 96 to 107 kPa, illustrating
the critical influence of bubble dynamics on hydrodynamics and performance predictions.
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Figure 8. Original results extracted from [108], reproduced with permission from Elsevier, License
No. 5974810501871. The figure presents the relative pressure distribution in the half-cell fluid do-
main for liquid water (continuous phase) and oxygen bubbles (dispersed phase), with 23 channels

designed to enhance flow uniformity.

While pressure distribution provides insights into transport resistance and hydrody-
namic performance, the volume fraction of water (H20) also plays a critical role in defin-
ing reactant availability, species transport, and electrochemical reaction efficiency. In
PEMEC:s, oxygen bubble formation progressively reduces the local water concentration,
affecting catalyst layer hydration, membrane conductivity, and overall transport proper-
ties. To explore this behaviour, Nie et al. [108] simulated the distribution of water volume
fraction in a two-phase flow field. Their results, presented in Figure 9, revealed high water
content at the inlet region (approximately 0.9-1.0), which gradually decreased along the
channel length to around 0.5-0.6 at the outlet due to gas bubble formation. This spatial
variation in water content highlights the transition from single-phase to two-phase flow
and reinforces the importance of accurately modelling liquid—gas interactions in PEMECs.

Volume Fraction of H>O

Figure 9. Original results extracted from [108], reproduced with permission from Elsevier, License
No. 5974810501871. The figure illustrates the volume fraction distribution of water (H20) in the an-
ode flow channels of a PEMEC during two-phase operation, showing progressive depletion of lig-

uid water along the flow path due to oxygen evolution.

Beyond water distribution, oxygen evolution plays a crucial role in PEMEC opera-
tion, influencing reactant availability, pressure distribution, and overall system efficiency.
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The accumulation of gas bubbles introduces additional transport resistance and alters lo-
cal flow dynamics, making accurate modelling of oxygen volume fraction essential. Nie
et al. [108] investigated this phenomenon through two-phase simulations using the mix-
ture model, as shown in Figure 10. Their results revealed a clear trend: oxygen volume
fraction begins near zero at the inlet—reflecting the absence of bubbles in the incoming
liquid stream—and gradually increases along the flow field as electrochemical reactions
proceed. By the outlet, the oxygen fraction reaches approximately 0.9-1.0 due to continu-
ous gas generation and transport. This behaviour illustrates the dynamic impact of bubble
formation on species transport and validates the importance of multiphase modelling in
capturing PEMEC performance under realistic operating conditions.

Volume Fraction of O

10
08
08

0.7
06
05

03
02
01
00

Figure 10. Original results extracted from [108], reproduced with permission from Elsevier, License
No. 5974810501871. The figure shows the oxygen (O2) volume fraction distribution in the anode flow
channels of a PEMEC, highlighting the gradual gas-phase build up from inlet to outlet due to elec-

trochemical reactions.

As shown in Figure 11, while the previous analyses focused on two-phase transport
phenomena, it is also essential to evaluate single-phase flow conditions to establish a base-
line for pressure distribution in PEMECs. Single-phase models, where only liquid water
is present without gas evolution, provide insights into flow uniformity and pressure gra-
dients in the absence of bubble-induced transport resistance. As reported by Nie et al.
(2009) [78], single-phase simulations reveal a gradual decline in pressure from the inlet to
the outlet under steady-state flow conditions, with liquid water introduced at a constant
flow rate (e.g., 60 mL/min). These trends help isolate the fundamental hydrodynamic be-
haviour of the cell before introducing multiphase interactions. The observed pressure dis-
tribution serves as a computationally efficient reference for understanding flow resistance
and guiding flow-field design in PEMECs.
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Figure 11. Single-phase pressure distribution in the anode flow field of a PEMEC with a water inlet
flow rate of 60 mL/min. Original results extracted from Nie et al. [78], reproduced with permission

from Elsevier.

By establishing this single-phase baseline, the impact of bubble formation and gas-
phase interactions in two-phase models can be more effectively isolated and analyzed,
leading to a deeper understanding of multiphase transport in PEMECs. While single-
phase models provide valuable insights into pressure distribution and liquid flow dynam-
ics, they fail to account for critical phenomena such as gas evolution, bubble-induced
transport resistance, and phase separation, which significantly influence PEMEC perfor-
mance at high-current densities. Previous studies [104,108] have demonstrated that ne-
glecting two-phase effects leads to overly optimistic performance predictions and an un-
derestimation of transport limitations, particularly in the anode flow field. Consequently,
two-phase models have become the preferred approach for accurately capturing real-
world PEMEC behaviour, as they incorporate gas-liquid interactions, bubble dynamics,
and their impact on mass transport [99,105]. Nevertheless, single-phase models remain
useful as a computationally efficient first step for parameter studies and design optimiza-
tion, particularly at lower current densities, where gas evolution is minimal. The findings
presented in this study further reinforce the necessity of multiphase modelling for high-
fidelity simulations while demonstrating that single-phase models still serve as a valuable
starting point for fundamental hydrodynamic analyses in PEMEC research.

8. Conclusions, and Future Research Directions

This review critically examined the advancements and challenges associated with
proton exchange membrane electrolyzer cells (PEMECs), focusing on materials, system
configurations, and numerical modelling approaches. The core research question ad-
dressed in this study was how improvements in electrocatalysts, flow-field designs, and
computational simulations contribute to enhancing PEMEC efficiency, durability, and
scalability. Through extensive analysis, key areas for optimization were identified, partic-
ularly in electrocatalyst development, flow-field design, and computational modelling.

Significant progress has been made in the development of high-efficiency catalysts
and advanced membrane materials, yet the dependence on costly noble metals, particu-
larly iridium, remains a major limitation. Addressing this issue requires further explora-
tion of non-precious metal alternatives and nanostructured catalyst architectures, which
have shown promise in reducing costs while maintaining electrochemical activity [114].
Additionally, innovative flow-field architectures, such as serpentine and interdigitated
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designs, have demonstrated the potential to enhance reactant distribution and gas man-
agement, reducing mass transport losses and improving overall cell performance [78,108].
However, the scalability of these configurations remains an ongoing research challenge,
particularly in large-scale PEMEC applications.

Computational modelling has become a crucial tool for predicting and optimizing
PEMEC performance by offering insights into gas evolution, bubble dynamics, and elec-
trochemical reactions. The application of two-phase flow models, such as Eulerian and
mixture-based approaches, has provided a deeper understanding of multiphase interac-
tions within PEMECs, including pressure distribution, velocity fields, and phase separa-
tion effects. The comparative analysis in this study confirmed that multiphase modelling
significantly improves accuracy over single-phase models, reinforcing its importance in
PEMEC research. While single-phase models serve as a useful hydrodynamic baseline,
their inability to capture oxygen evolution and gas-phase interactions highlights the crit-
ical role of two-phase modelling in accurately predicting real-world PEMEC behaviour.

However, discrepancies between numerical predictions and experimental results
highlight the need for further model validation to improve predictive accuracy and prac-
tical applicability [14,15]. Refining two-phase flow simulations remains a critical research
area, particularly for improving PEMEC efficiency at high-current densities. As demon-
strated in this study, bubble formation and gas evolution significantly impact flow re-
sistance, reactant transport, and local pressure variations. While existing mixture models
provide reasonable accuracy, further improvements are needed to accurately capture
phase separation, electrolyte transport, and membrane hydration under dynamic condi-
tions, which directly affect PEMEC efficiency and operational stability. Future research
should integrate high-fidelity CFD simulations with experimental datasets to bridge this
gap and refine model parameters based on real-world operating conditions. Despite sig-
nificant advancements, challenges remain in developing cost-effective and durable cata-
lysts, scalable electrode configurations, and experimentally validated numerical models.
To address these challenges, future research should explore alternative catalyst composi-
tions, refine electrode architectures, and leverage machine-learning-assisted modelling to
optimize reaction kinetics, enhance transport properties, and improve predictive accuracy
in numerical simulations. Furthermore, future research should prioritize establishing
standardized experimental validation frameworks to ensure consistency and comparabil-
ity across numerical models. The integration of in situ diagnostics, such as operando im-
aging or spectroscopy, could also offer deeper insight into dynamic behaviours like bub-
ble evolution, flooding, and degradation. Exploring hybrid systems that combine
PEMECs with real-time energy management platforms or smart control algorithms will
be crucial for optimizing performance under fluctuating renewable energy conditions.
These efforts will help bridge the gap between theoretical modelling and practical appli-
cation, accelerating the commercialization of PEMEC technologies.

Additionally, improving membrane electrode assembly durability and refining two-
phase flow simulations will be critical to better capturing real-world operating conditions.
The integration of PEMECs with renewable energy sources necessitates optimized system
control strategies to accommodate variable power inputs and ensure stable hydrogen pro-
duction [1,3]. Overcoming these challenges is essential for advancing PEMEC technology
toward widespread industrial deployment, ensuring its role as a cornerstone in the hy-
drogen economy.

By overcoming these barriers, PEMECs can be further optimized for industrial-scale
hydrogen production, accelerating the transition toward a sustainable and decarbonized
energy future. Continued advancements in catalyst engineering, membrane durability,
and multiphysics modelling will be crucial to achieving this goal. Furthermore, integrat-
ing PEMECs with intermittent renewable energy sources requires improved system
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control strategies to ensure stable and efficient operation under dynamic load conditions.
This study provides a roadmap for future research, guiding the development of more ef-
ficient, durable, and economically viable PEM electrolyzers for green hydrogen produc-
tion.

9. Study Limitations
This review acknowledges the following limitations:

e  The computational trade-offs between accuracy and cost in two-phase models were
not quantitatively analyzed due to space constraints.

e  While a comprehensive overview of electrolysis methods and numerical models was
provided, the absence of direct experimental validation limits the practical applica-
bility of the findings.

e  Certain complex electrochemical and multiphase flow phenomena were simplified
for clarity, which may omit details relevant to real-world performance predictions.
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Nomenclature

List of symbols

A Surface area [m?]

G Molar concentration of species j [mol/m?]

CCU Carbon Capture and Utilization

CL Catalyst layer

Cp Specific heat at constant pressure [J/(kg K)]

D} Reference diffusivity of species j [m?/s]

Djef f Effective diffusion coefficient of species j [m?/s]
Dy, Mass diffusion coefficient [m?/s]

dp Particle diameter of porous material [m]

F Faraday’s constant, 896,485.3 [C/mol]

f Volume fraction in two-phase flow

GDE Gas Diffusion Electrode

GDL Gas diffusion layer

H* Proton

HER Hydrogen evolution reaction

i Current density [A/m?]

iqo Anode exchange current density [A/m?]

i Proton current density in the membrane [A/m?]
is Electron current density in the electrodes [A/m?]
K Permeability of porous medium [m?]

kers Effective thermal conductivity of the porous medium [W/(m K)]

ks Thermal conductivity of electrolyte [W/(m K)]
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Greek Symbols

€€ 9 9T E®E M3 mQ

Thermal conductivity of solid [W/(m K)]
Membrane thickness [m]

Molecular weight of species [kg/mol]
Membrane electrode assembly

Molar flow rate [mol/s]

Oxygen evolution reaction

Pressure [Pa]

Reference pressure [Pa]

Proton exchange membrane

Proton exchange membrane electrolyzer cell
Proton exchange membrane fuel cell
Perfluorosulfonic acid

Porous transport layer

Universal gas constant, 8.314 [J/(mol K)]
Interfacial resistance [Q2]

Source term for energy equation [W/m?]
Source or sink term for species j [mol/(m? s)]
Source term in mass conservation equation [kg/(m? s)]
Solid oxide electrolysis cell

Source term in momentum equation [N/m?]
Dissolved water [kg/(m? s)]

Temperature [C or K]

Reference temperature [C or K]

Tortuosity

Velocity vector [m/s]

Drift velocity for the disperse phase n [m/s]
Overall cell voltage [V]

Nernst potential [V]

Transfer coefficient

Porosity

Overpotential at electrode [V]
Humidification degree
Dynamic viscosity [Pa. s]
Density [kg/m?]

Electrical conductivity [S/m]
Tension tensor [Pa]

Electrical potential [V]
Stoichiometric coefficient

Subscript and superscript

EI):SBEN\‘-Q'Q?RNG&
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