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ABSTRACT The global movement towards high integration of renewable energy sources into power systems
to combat climate change underscores the importance of clean energy sources in sustainable development of
future energy systems. Simultaneously, hydrogen is gaining prominence as a clean fuel, particularly in sectors
like industry and transportation. However, the intermittent nature of renewable energies poses challenges for
demand-supply balance and grid stability, necessitating efficient storage solutions. Additionally, the hydro-
gen economy introduces a new dimension to the challenge of power system balance management. In terms
of electrical modeling, particularly for power system stability analysis, dynamic models of electrolysers are
essential. Water electrolysis, powered by surplus renewable energy, has emerged as a promising method
for hydrogen production, fostering advancements in sustainable energy practices. This paper provides an
overview of electrolysis, exploring the electrical behavior of Alkaline, proton exchange membrane, and solid
oxide electrolysers, while also categorizing them from amodelling perspective. Respectively, it examines the
electrical modeling of electrolysers, encompassing three main formats: electrical equivalent circuit (EEC),
mathematical formulation (MF), and block diagram (BD) presentation. Additionally, this paper investigates
the dynamic responses of Alkaline and proton exchange membrane electrolysers, identified as the most
suitable types for integration into power system dynamic studies. Through a review of existing literature and
categorization of models, this paper aims to offer a comprehensive understanding of electrolyser behavior
and dynamics in operation of power grids.

INDEX TERMS Alkaline electrolyser, proton exchange membrane electrolyser, solid oxide electrolyser,
electrolyser modeling, electrical equivalent circuit, dynamic response of electrolysers.

NOMENCLATURE
Abbreviations

RES Renewable energy sources.
AE Alkaline electrolyser.
PEME Proton exchange membrane electrolyser.
SOE Solid oxide electrolyser.
EEC Electrical equivalent circuit.
MF Mathematical formulation.
BD Block diagram.
DLE Double layer effect.
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approving it for publication was Jahangir Hossain .

Parameters

Vcell, Icell Terminal voltage and current of an electrol-
yser cell.

Vrev Reversible voltage.
Vohm Ohmic voltage drop.
Vact Activation overvoltage.
Vact,a/Vact,c Activation overvoltage in anode/cathode.
Vcon Concentration overvoltage.
Vcon,a/Vcon,c concentration overvoltage in

anode/cathode.
Iact Activation current.
Iact,a/Iact,c Activation current of anode/cathode.
Rohm Ohmic resistance.
Ract Activation resistance.
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Ract,a/Ract,c Activation resistance of anode/
cathode.

Rcon Concentration resistance.
Cact Activation capacitance.
Cact,a/Cact,c Activation capacitance of anode/

cathode.
Cdle The capacitance modeling for

double layer effect.
Lact Inductance modeling of activa-

tion phenomenon.
Zcon Impedance modeling of concen-

tration phenomenon.
F Faraday’s constant.
R Universal ideal gas constant.
n Number of the electron moles

transferred per hydrogen mole.
1G Change in Gibbs free energy of

reaction.
P,T The operating pressure and tem-

perature of the electrolyser.
Pstd ,T std Standard pressure and tempera-

ture.
V rev
stp Reversible voltage at standard

conditions.
PH2/PO2 Partial pressure of hydrogen/

oxygen.
PH2O/P0H2O

Partial pressure of water vapor
over the electrolyte / over pure
water.

ai, υi Activity of species i and its coef-
ficient.

cr1, c
r
2, c

r
3, c

r
4 Constant coefficients related to

reversible voltage.
A Cell surface.
l The thickness of the cell.
ρ The specific electrical resistance

of the cell.
rohmk , k ∈ {1, 2, . . . , 8} Constant coefficients related to

ohmic voltage.
R60ohm The fitted resistance at 60◦C .
Rstpohm Ohmic resistance at standard con-

ditions.
κ Solution conductivity.
κ60 Solution conductivity at 60◦C .
d Diaphragm thickness.
M Electrolyte molarity concentra-

tion.
kP, kT Curve fitting parameters related

to pressure and temperature,
respectively.

Raohm/Reohm/

Rcohm/Rmohm
The ohmic resistances of the
anode/electrolyte/cathode/
membrane.

λ The membrane humidification
degree.

la, lm, lc, le The anode/membrane/cathode/
electrolyte thickness.

σa/σm/σc The conductivity of the
anode/membrane/cathode.

ρa/ρe/ρc Resistivity of anode/electrolyte/
cathode.

σa/σe/σc The conductivity of the anode/
electrolyte/cathode.

rohma1 , rohme1 , rohmc1 ,

rohma2 , rohme2 , rohmc2
Constant coefficients related to
the ohmic resistance of the anode/
electrolyte/cathode.

Re,bohm Ohmic resistance of electrolyte
due to bubbles.

Re,bfohm Bubble-free electrolyte resis-
tance.

σe,bf Bubble-free electrolyte conduc-
tivity.

la,m, lc,m Anode-membrane and the
cathode-membrane distances.

Aeff Effective electrode surface.
t Time.
L−1 Inverse Laplace transform opera-

tor.
s Complex frequency in Laplace

transform.
αa, αc Charge transfer coefficient for

anode/ cathode (both are 0.5 on
the symmetry reactions).

ja, jc The instantaneous current den-
sity passing through the anode/
cathode.

ja,0, jc,0 The another/cathode electrode
exchange current density.

cactk,log, c
act
k,j , c

act
k,ln,

cactk,i , k ∈ {a, c}
Temperature-dependent
coefficients related to the
activation voltage.

cactk,j,0, c
act
k,j,−1, c

act
k,j,−2,

cactk,ln,0, c
act
k,ln,1, c

act
k,ln,2,

cactk,i,0, c
act
k,i,1, c

act
k,i,2,

k ∈ {a, c}

Constant coefficients related to
the activation voltage.

iact,a, iact,c The activation current that passes
through anode /cathode.

γact,a, γact,c Pre-exponential factor for anode/
cathode related to activation over-
voltage.

Eact,a,Eact,c Activation energy level for
anode/cathode.

V act (0),V con(0) Initial value of activation/
concentration overvoltage.

αapp Apparent charge transfer coeffi-
cient.

β Exchange current density pre-
factor.
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βa, βc The pre-factor for anodic/cathodic
exchange current density.

1Gact,a/1Gact,c Activation energies of the oxy-
gen/hydrogen evolution.

1Gact Average activation energy.
B Tafel slope.
Ba/Bc Tafel slope of anode/cathode.
rcon1 /rcon2 Constant coefficients obtained

from measurement tests.
rconw,1, r

con
w,2,

cconw,1, c
con
w,2

Dimensionless Warburg coeffi-
cients related to resistance and
capacitance of the concentration
overvoltage.

CO2,m,CH2,m Oxygen / hydrogen concentration
at the membrane-electrode inter-
face.

C0
O2,m

,C0
H2,m

Oxygen/ hydrogen concentration
at the membrane-electrode inter-
face at standard conditions.

j Current density of cell.
jL Limiting current density.
PkH2

/PkO2
, k ∈ {a, c} Partial pressure of hydrogen/

oxygen at anode/cathode.
PkH2O

/PkCO2
/PkCO,

k ∈ {a, c}
Partial pressure of water/carbon
dioxide/carbon monoxide at
anode/cathode.

DeffH2O
,DeffO2

The average effective diffusivity
coefficient of water and oxygen.

ξ The ratio of electrode tortuosity to
porosity.

DH2O,H2 ,DH2O,K Ordinary molecular diffusion and
Knudsen diffusion coefficient of
water.

Ha (s) ,Hb (s) ,Hc (s) Transfer functions of electrolysers
in BD presentation.

Pe/P
ref
e Real/reference electrical power

consumption of electrolyser.
z, p1, p2 Zero and poles of electrolysers’

transfer functions.
τ Time constant of electrolysers’

transfer functions.

I. INTRODUCTION
Efforts to encounter climate change have led to a shift from
fossil fuels to renewable energy sources (RESs) like wind
and solar in the energy sector. Various scenarios are being
explored to generate electricity from RESs, aiming to reduce
carbon emissions [1], [2], [3]. Additionally, there’s a focus
on incorporating clean fuels tomitigate greenhouse emissions
from industries and transportation, especially in sectors that
are difficult to electrify. Hydrogen is increasingly recognized
as a key fuel for the future due to its versatility and broad
applications. It is expected to play a vital role in achieving
a clean and sustainable future, serving as a clean energy

carrier, long-term storage medium, and carbon-free fuel in
transportation, aviation, manufacturing, and chemical indus-
tries [4], [5], [6].
Moreover, wind and solar power generation are subject to

weather conditions, causing fluctuations in energy produc-
tion and distribution. This variability can create imbalances
between energy supply and demand, which highlights the
importance of frequency regulation from the power system
load section [7]. In this regard, energy storage technologies
could be utilized to store surplus renewable energy during
peak production periods for later usage during low generation
times. One of the promising options to do so is integrat-
ing water electrolysis for hydrogen production using excess
renewable energy, which helps mitigating the intermittent
nature of renewables and lower green hydrogen production
expenses [8].

Electrolysis stands out as one of the most effective tech-
niques for producing hydrogen from water. Historically rec-
ognized as an electrochemical process, electrolysis involves
the separation of water into hydrogen and oxygen [9].
Its origins trace back to the 1800s with the groundbreak-
ing discovery of electric water splitting by Nicholson and
Carlisle [10].

Electrolysis, particularly green electrolysis powered by
renewable energy sources, has gained significant importance
in recent years. Its scalability allows for a wide range of
applications, from small-scale systems powered by a sin-
gle wind turbine to large-scale installations integrated with
the power grid. The hydrogen produced through electroly-
sis serves multiple purposes, including residential heating,
energy storage, fueling stations, and industrial processes.
Additionally, hydrogen can be utilized in fuel cells to regen-
erate electricity when needed. The various applications of
hydrogen and its production path through electrolysers are
illustrated schematically in Fig. 1, [11], [12].

FIGURE 1. Application schematic of hydrogen derived from electrolysis.

Employing electrolysers alongside renewable electricity
requires studying and analyzing not only their behavior but
also their integration with RESs. Furthermore, ensuring the
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efficient operation and control of renewable energy-based
electrolysers and hydrogen storage systems mandates precise
and thorough modeling of the system components, with par-
ticular emphasis on the electrical performance [8], [13].

The main types of electrolysers are Alkaline Electrolysers
(AE), Proton Exchange Membrane Electrolysers (PEME),
and Solid Oxide Electrolysers (SOE). AEs employ an alkaline
electrolyte solution, like potassium hydroxide, and nickel
electrodes, operating at lower temperatures with a long
history of commercial applications. PEMEs utilize a solid
polymer membrane, such as Nafion, to separate gases, oper-
ating at higher temperatures and pressures for improved
efficiency and rapid response. SOEs rely on solid ceramic
electrolytes like yttria-stabilized zirconia, functioning at high
temperatures and capable of converting carbon dioxide and
water vapor directly into syngas, showing promise for carbon
capture applications [9], [14].

The electrical behavior of electrolysers can be studied
using three main modeling formats: electrical equivalent
circuit (EEC), mathematical formulation (MF), and block
diagram (BD) presentation. An effective approach to ana-
lyzing electrolyser behavior is by utilizing a suitable EEC,
which provides an electrical circuit representation for the
electrolyser, facilitating its behavior modeling when it is sup-
posed to be connected to other circuits in an electrical system.
MF is another format for describing the electrical behavior of
electrolysers, presenting their behavior throughmathematical
terms. Finally, the BD approach is well-suited for modeling
electrolysers in dynamic studies, simplifying their control
and operational analysis. The importance of dynamic studies
is further emphasized in modern low-inertia power systems,
where large loads like electrolysers are expected to play a
critical role in providing frequency response and enhancing
grid stability in future networks.

It is notable that provision of a suitable electrical model
serves as a foundation for further electrolyser studies. In other
words, proposing a proper electrical-basedmodel for electrol-
ysers establishes a solid base for further numerous studies and
analyses in the field of electrical engineering. Among the pre-
mentioned three types of modelling formats, EECs stand out
as the simplest, most user-friendly, and direct approach for
exploring electrolyser operation and control [8]. Therefore,
this paper primarily examines papers that have introduced
EEC models for electrolysers.

Several studies in the literature have examined electrol-
ysers’ behavior from an electrical perspective. Some have
focused on modeling electrolysers’ behavior via EEC or MF,
while others have aimed to integrate and control electrolysers
within power systems by BDs. Additionally, certain studies
have investigated the dynamic behavior of electrolysers and
their impact on the system’s frequency response. In this con-
text, the reviewed papers in this study have been gathered in
Table 1 based on their objectives.

Many researchers have tried to study electrolysers from
different points of view (which are represented in Table 1),

each addressing specific properties of these devices. Numer-
ous papers have delved into the physics of electrolysers, ana-
lyzing their behavior through detailed mathematical models.
While these works provide highly accurate representations,
their complexity due to the intricate mathematics makes them
more suitable for detailed studies focused on specific electrol-
yser designs. However, this complexity renders such models
impractical for systematic studies, such as those required in
power system simulations.

On the other hand, some studies have introduced EEC
models to mitigate the excessive complexity of mathematical
models. These EECmodels offer a simplified approach, mak-
ing them well-suited for electrical circuit simulation studies
involving electrolysers. Nevertheless, most of the presented
EEC models rely on specific experimental data, which limits
their application to those conditions [8]. Similarly, BD mod-
els share this drawback, as they are often developed based
on specific operating conditions of electrolysers. Moreover,
relatively few studies have attempted to model electrolysers
using this format. Despite this, BD models offer the advan-
tage of simplicity, making them particularly useful for control
studies of electrolysers.

A significant portion of the existing research focuses on
AEs and PEMEs, which are relatively mature technolo-
gies with extensive studies addressing their performance,
dynamics, and integration. In contrast, SOEs have received
comparatively limited attention in the literature. As a result,
research on SOEs is not as mature, leaving significant gaps
in understanding their dynamics, operational challenges, and
integration into broader energy systems.

In reference [14], an overview of electrolysis technologies
for large-scale energy storage is provided, comparing their
capacity, performance, flexibility, lifetime, and costs. How-
ever, this reference lacks reviewing any electrical equivalent
circuit for electrolysers. Reference [5] reviews AE modeling
with a focus on electrical domain and its specific electrolytic
conductivity, but it does not consider all EECs related to
AEs. References [8] and [15] study control methods and elec-
trical equivalent circuits for PEMEs, respectively, without
addressing other electrolyser types. Similarly, authors of [16]
and [17] investigate specific physical phenomena related to
SOEs. Notably, the reviewed papers mostly consider only one
type of electrolyser, highlighting the need for a systematic
review and categorization of electrical models for all elec-
trolyser types.

In this regard, this paper overviews the electrical mod-
els proposed in the literature for all three electrolyser
types (i.e., AE, PEME, and SOE). As mentioned previ-
ously, electrical models could be represented in EEC, MF,
or BD formats. Hence, this paper, also, aims to classify
electrical models from the EEC, MF, and BD perspec-
tives. Additionally, a discussion as well as a comparison
are done in this paper on the dynamic response of elec-
trolysers, which is important especially in the transient
behavior studies of electrolysers. All in all, the contributions
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of this paper could be summarized in the following bullet
points.

• Providing an overview on the electrical behavior of
all three major electrolyser types (AE, PEME, and
SOE).

• Classification of electrolyser models according to the
proposed EEC schemes.

• Classification of electrolyser models based on MF.
• Classification of electrolyser models based on BD pre-
sentations.

• Discussion on the dynamic response of electrolysers.
The remaining sections of the paper are structured as follows.
Section II provides a detailed exploration of electrolyser
types and their operational principles. In Section III, existing
studies on electrolyser modeling are categorized and classi-
fied. Section IV organizes references based on the suggested
EEC models for electrolysers. Section V classifies reviewed
papers according to their MF representations of electrolysers.
In Section VI, BD models proposed for electrolysers are
presented. Section VII discusses and compares the dynamic
response of electrolysers, while section VIII delves into chal-
lenges related to electrolyser modeling. Finally, Section IX
offers a conclusion to summarize the findings and contribu-
tions of the paper.

II. ELECTROLYSER TYPES AND THEIR OPERATIONAL
PRINCIPLES
A vital component in transitioning to a hydrogen econ-
omy powered by RESs is the electrolyser, which facilitates
converting clean electricity into hydrogen. In a standard elec-
trolyser, water molecules undergo electrolysis, splitting into
hydrogen and oxygen through the application of a direct
electrical current across a cathode and anode immersed in an
electrolyte (as shown in Fig. 2). Chemically, the dissociation
reaction inside an electrolyser cell could be written as the
following formula. The key elements of the electrolytic cell
include electrodes, a diaphragm, and the electrolyte. The
diaphragm permits the passage of ions while preventing the
generated gases from passing through to avoid their mix-
ture [17].

H2O → H2(g) +
1
2
O2(g) (1)

FIGURE 2. Electrolyser working principle and its structure [8], [9].

TABLE 1. Taxonomy of the reviewed papers based on their objectives.
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A. ALKALINE ELECTROLYSER (AE)
The preferred electrolyte for most applications is a 30% con-
centrated solution of potassium hydroxide, although sodium
hydroxide and sodium chloride are also viable options.
Diaphragms can be constructed from various materials such
as ceramic oxides like asbestos and potassium titanate, as well
as polymers like polypropylene and polyphenylene sulfide.
Traditionally, asbestos diaphragms, typically 3 mm thick,
have been common in conventional AE cells, but due to
health concerns and limitations on operating temperature
(not exceeding 80◦C), alternatives have been being explored
[50], [51].

The anode is typically made of steel with a nickel coating,
while the cathode is made of steel with a catalyst coating,
and there is usually a 5 mm gap between the two electrodes.
In an AE cell, the following reactions (2) and (3) occur in the
cathode and anode, respectively [52].

2H2O(l) + 2e− → H2(g) + 2OH−(aq) (2)

2OH−(aq) →
1
2
O2(g) + 2e− (3)

B. PROTON EXCHANGE MEMBRANE ELECTROLYSER
(PEME)
In PEME cells, there exists a gas-tight, thin polymeric mem-
brane with a cross-linked structure, typically less than 0.2mm
thick, possessing a distinctly acidic nature owing to the
presence of sulfonic acid functional groups. These groups
facilitate proton conduction within the material through an
ion exchange mechanism. Nafion, a trademark of DuPont,
is the most frequently utilized membrane for water electrol-
ysis in PEME cells [52]. The reactions that take place in the
anode and cathode of a PEME cell are demonstrated through
reactions (4) and (5), respectively [53].

2H2O(l) →
1
2
O2(g) + 2H+(aq) + 2e− (4)

2H+(aq) + 2e− → H2(g) (5)

C. SOLID OXIDE ELECTROLYSER (SOE)
With the aim of reducing energy consumption and, conse-
quently, operational expenses, SOE technology was created.
The electrolyte of SOE consists of Yttria-stabilized zirconia
(YSZ), which capitalizes on the oxygen vacancies within
its mixed oxide structure, enabling superior ionic conduc-
tivity even under high operating temperatures. The anode is
composed of a blend of YSZ and perovskites designed to
enhance electrocatalysis by leveraging structural and elec-
tronic imperfections, while the cathode is a cermet made
from nickel and YSZ [52]. Equations (6) and (7) indicate the
reactions take place in the cathode and anode of a SOE cell,
respectively [17].

H2O(g) + 2e− → H2(g) + O2− (6)

O2−
→

1
2
O2(g) + 2e− (7)

D. COMPARISON OF ELECTROLYSER TYPES
Presently, AE and PEME technologies are commercially
viable, whereas SOE technology is still in the developmental
stage. AEs have a longer lifespan and lower overall cost
compared to PEMEs. However, they suffer from low current
density and operational pressure, leading to larger system
volumes and higher hydrogen production costs [54]. On the
other hand, PEMEs offer high cell efficiency and rapid sys-
tem dynamics, making them appealing for integration into
power grids, particularly grids with high share of RESs.
Nevertheless, PEMEs are hindered by the high costs of plat-
inum catalysts and lower lifespan [32]. SOE emerges as
a promising technology for advancing sustainable develop-
ment, enabling the recycling of CO2 into usable fuels and
contributing to the hydrogen economy. Additionally, SOEs
exhibit superior efficiency compared to AEs and PEMEs due
to their operation at high temperatures [14], [17].

A comprehensive comparison about advantages and dis-
advantages of different electrolyser types is presented in
Table 2. Furthermore, Table 3 provides a detailed perfor-
mance comparison of these electrolysers, highlighting their
key attributes such as their lifespan and efficiency [9], [55],
[56], [57], [58], [59]. Finally, Fig. 3. indicates a radar chart
for a qualitative comparison of electrolyser types in a glance.

To enhance the efficiency, performance, and lifetime
of electrolysers, various research papers have been con-
ducted. For instance, the effects of varying temperatures
and membrane thicknesses on the efficiency of PEM elec-
trolysers under different pressures have been investigated
in [60], while their performance under various inlet tem-
peratures and current densities has been studied in [61].
Moreover, an innovative configuration of electrolysers, intro-
duced in [62], incorporates efficient heat utilization through
a mutual lye mixer, enabling faster hot-startup and enhanced
performance by reducing heat loss and increasing startup
speed. Additionally, [43] proposes a novel control strat-
egy for multi-electrolyser systems. During the rapid start-up
phase, this strategy optimizes performance by reducing the
power of electrolysers operating at their rated capacity and
redistributing this power to start additional electrolysers
quickly. Finally, [63] presents a review of recent performance
improvements inAE, focusing on advancements such as para-
metric optimization, overpotential reduction via innovative
electrode materials, and novel separator designs.

One of the key metrices that demonstrates the perfor-
mance of electrolysers is their efficiency. In general, the
efficiency of electrolysers can be expressed using the follow-
ing equation [40], [64]:

ηE = ηF · ηV · ηA (8)

where, ηE is the electrolyser efficiency, and ηA demonstrates
the efficiency of the auxiliary equipment (electrolyser water
and heat management equipment). Moreover, ηV indicates
the voltage efficiency responsible for the membrane loss as
well as the heat loss. Finally, ηF , named faraday efficiency,
refers to the gas diffusion losses.

VOLUME 13, 2025 39875



M. Tofighi-Milani et al.: Electrolysers: A Review on Trends, Electrical Modeling, and Their Dynamic Responses

TABLE 2. Pros and cons of each electrolyser type (pro = ✓, con = ✗).

III. CLASSIFICATIONS OF STUDIES ON ELECTROLYSER
MODELING
Research on electrolyser modeling in power grids can be cate-
gorized in various ways. This section adopts five perspectives
to classify these works: the type of electrolyser studied, the

1The efficiency derived using the Lower Heating Value (LHV) of hydro-
gen.

TABLE 3. Performance comparison of electrolysers.

FIGURE 3. Qualitative comparison of electrolysers.

scope of the study (static or dynamic behavior), the modeling
approach employed, the level of modeling (cell or stack), and
the consideration of power-electronic interface (to be able to
be connected to the power grid). These categories are visually
represented in Fig. 4. for clarity.

Electrolysers are mainly classified as AE, PEME, or SOE,
according to their types. Also, studies may focus on either
the static or dynamic behavior of electrolysers, leading to
their categorization as static or dynamic. Furthermore, mod-
eling approaches vary, including physical/phenomenological
(white-box), empirical (black-box), and semi-empirical
(grey-box) modeling [65]. Empirical modeling, which has
advanced alongside computational capabilities, does not
require a deep understanding of the underlying physics and
relies heavily on experimental data for calibration. In con-
trast, physical /phenomenological models are grounded in
physical laws and offer insight into the behavior of the
system. Parameters in such models hold physical signifi-
cance, distinguishing them from empirical or semi-empirical
models [17]. Additionally, studies on electrolysers can focus
either on a single cell model or on an electrolyser stack.
An electrolyser cell is an individual unit that performs the
electrolysis of water, whereas an electrolyser stack consists
of multiple cells connected in series or parallel. This config-
uration enables higher hydrogen production by increasing the
overall capacity of the system [66].

Papers that aim to model electrolysers behavior have been
also classified in more detail according to the five premen-
tioned characteristics in Table 3.
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M. Tofighi-Milani et al.: Electrolysers: A Review on Trends, Electrical Modeling, and Their Dynamic Responses

FIGURE 4. Considered categories for electrolyser modeling studies.

TABLE 4. Taxonomy of electrolyser modeling studies based on the
defined categories.

IV. EEC PRESENTATION OF ELECTROLYSERS
Electrical Equivalent Circuit (EEC) models utilize electri-
cal components such as voltage/current sources, resistors,
inductors, and capacitors to replicate the behavior of vari-
ous devices or systems. In the case of electrolysers, efforts
are focused on creating an electrical representation that
accurately mimics the voltage variations experienced during
operation. These EEC estimations are often derived from

experimental polarization curves, which serve as the basis for
developing empirical equations. Additionally, some models
aim to capture the physical phenomena occurring within
electrolysers. This section offers a thorough classification
and categorization of the latest EEC models found in elec-
trolyser literature. Typically, an electrolyser cell voltage is
represented by the following general equation [13], [14], [17].

Vcell = Vrev + Vohm + Vact + Vcon (9)

As equation (9) indicates, within electrolysers, four ele-
ments contribute to overvoltage from an electrical point of
view. These elements encompass reversible voltage, ohmic
voltage drop, activation overvoltage, and concentration over-
voltage. overvoltage, also known as overpotential, is the
additional voltage that needs to be applied to an electrode
in an electrochemical cell beyond the thermodynamically
required voltage to drive a reaction at a desired rate. Further
elucidation on the aforementioned overvoltage components is
provided in the next section.

Also, using equation (9), a general EEC model can be
created, as illustrated in Fig. 5, to represent an overview of
EECs given for electrolysers in the literature. Each voltage
component in this circuit model can be simulated using a
combination of electrical circuit components, resulting in a
precise or approximate model for actual phenomena asso-
ciated with the voltage drop. In this domain, researchers
have suggested various EECs to model the electrical behav-
ior of electrolysers. This section compiles all the proposed
EECs from the reviewed literature and classifies them within
Table 5, along with the corresponding electrolyser types. It is
important to note that, based on the literature review, no EEC
model has been proposed for SOEs yet.

Furthermore, it is notable that some EECs incorporate the
consideration of the Double Layer Effect (DLE) within the
electrolyser instead of activation and concentration overvolt-
age. Double layer effect refers to the phenomenon that occurs
when charge accumulates on both sides of the membrane,
accompanied by an opposite charge on the electrodes’ sur-
faces, leading to capacitive effects at the anode and cathode
sides of the membrane. In EEC models, this phenomenon
can be replicated by incorporating a parallel combination of
a capacitor and a resistor component on both the anode and
cathode sides. The voltage drop attributed to the double-layer
effect in the electrolyser is a composite of the activation and
concentration overvoltage components. Hence, some studies
integrate the activation and concentration overvoltage com-
ponents using the concept of the double layer effect [67].

V. MF PRESENTATION OF ELECTROLYSERS
Mathematical formulation (MF) modeling is essential for
comprehending and analyzing the electrical behavior of
electrolysers. As outlined in the preceding section, the ter-
minal voltage of electrolysers is influenced by four distinct
overvoltages corresponding to specific physical phenomena.
These phenomena—reversible voltage, ohmic voltage drop,
activation overvoltage, and concentration overvoltage—are
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FIGURE 5. General EEC model of an electrolyser cell [8], [17], [18].

detailed in the subsequent subsections, providing a com-
prehensive exploration of the mathematical frameworks
employed to study their electrical behavior.

A. REVERSIBLE VOLTAGE
The reversible potential, also known as the open circuit
voltage, denotes the minimum voltage necessary to initiate
electrolysis [13], [17]. It also represents the voltage consumed
by the reversible reaction, thereby facilitating hydrogen
production. This voltage typically varies with changes in
operating temperature and pressure; however, some studies
treat it as a constant in EEC models, often emulating it with a
constant DC voltage battery component [8]. Table 6 outlines
the equations proposed for modeling the reversible voltage of
electrolysers. It is worth noting that in the equations presented
in Table 6, the variable n signifies the number of moles of
electrons exchanged to produce a mole of hydrogen in the
electrolyser. For all electrolyser types, including AE, PEME,
and SOE, the value of n remains constant at two, as evidenced
by equations (2), (5), and (6).

B. OHMIC VOLTAGE DROP
Ohmic overvoltage signifies the energy consumed as elec-
tric charge carriers encounter resistive barriers within the
electrolysis cell. This resistance arises from various sources,
including electrolyte resistance, membrane ohmic resistance,
and electrode resistances at both the anode and cathode.
Different models proposed in the literature adopt varying
approaches to account for these resistive components, with
some incorporating all elements for a precise representation
of the ohmic voltage drop, while others offer some approx-
imations. Nevertheless, across the literature surveyed, the
ohmic voltage drop is commonly represented by a series
resistor to encapsulate the electrical resistance hindering cur-
rent flow. Consequently, the voltage drop resulting from this
resistance can be formulated as follows [13], [33], [35].

V ohm
= RohmIcell (10)

Various proposed formulae in the literature for obtaining the
ohmic resistor are represented in Table 7.

C. ACTIVATION OVERVOLTAGE
From an electrical standpoint, activation overvoltage serves
to simulate two primary phenomena. Firstly, it represents

TABLE 5. Proposed electrolyser EECs in the literature.
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TABLE 5. (Continued.) Proposed electrolyser EECs in the literature.

TABLE 6. Proposed formulations for the reversible voltage of
electrolysers.

the resistance encountered in freeing electrons from charged
electrode surfaces, known as charge transfer resistance. Sec-
ondly, it reflects the time delay incurred by accumulated
charge on both sides of the membrane at the anode and
cathode, which fluctuates with changes in electrolyser cur-
rent [17], [18]. Consequently, as outlined in Table 5, papers
typically propose a combination of a resistor element to
mimic the heat energy required for electron release from elec-
trode surfaces and a capacitor element to replicate the charge
accumulation as well as time delay associated with current
variations. Table 8 provides a comprehensive overview of the
formulae proposed in the literature for modeling the activa-
tion overvoltage.

TABLE 7. Proposed formulations for the ohmic resistance of electrolysers.

D. CONCENTRATION OR DIFFUSION OVERVOLTAGE
In several sources, EECs often stem from empirical equations
derived from polarization curves based on actual experi-
mental data. Consequently, the impacts of activation and
concentration overvoltage are frequently intertwined and
associated with the double-layer capacitance effect. Essen-
tially, when deduced from the polarization curve, these
impacts cannot be distinctly isolated, as they both contribute
to the double-layer capacitance effect [8], [17]. Nonetheless,
certain papers have endeavored to separate these overvoltages
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TABLE 7. (Continued.) Proposed formulations for the ohmic resistance of
electrolysers.

and put forth specific formulas for modeling them. The con-
centration overvoltage—which results from the limitations on
mass transferrin the porous electrodes—are described in the
MF outlined in Table 9.

VI. BD REPRESENTATION OF ELECTROLYSERS
Aside from EECs, electrolysers could also be represented
using BDs, which are particularly valuable for control-related
studies. Numerous researchers have endeavored to capture
electrolyser behaviors by devising BDs. Within the litera-
ture, three distinct transfer functions—as in equations (11)
to (13)—have been suggested for this purpose.Where, k is the
ratio of the electrolyser’s rated capacity to the total capacity
of the power system [22].

In this context, the transfer function (11) is derived from
experimental results in [68], where ramp-up and ramp-down
tests were conducted for AE and PEME. These tests involved
a 40 kW AE unit manufactured by Teledyne Technologies
and a 40 kW PEME unit produced by Proton OnSite. The DC
load set-points of both electrolysers were rapidly varied to
assess their ramping capabilities. Based on these experiments,
Dozein et al. proposed the transfer function (11) to capture
the observed dynamic behavior. Since this model is directly
derived from experimental results, it provides the most accu-
rate BD model for these electrolysers.

However, while (11) is a precise model, it cannot be used to
develop an EEC due to the order difference of its denominator
and numerator which is equal to two [69]. To address this
limitation, an approximate transfer function, equation (12),
was developed to enable EEC modeling, resulting in EEC
model 1, as shown in Table 5.

TABLE 8. Proposed formulations for the activation overvoltage of
electrolysers.
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TABLE 8. (Continued.) Proposed formulations for the activation
overvoltage of electrolysers.

In some studies, for simplicity, the dynamic behavior of
electrolysers is approximated by a time-delayed load model,
as also discussed in [7]. With this approach, each electrolyser
is modeled with a single time constant, as in equation (13),
making it easier to workwith in large-scale simulations where
detailed dynamic behavior is not necessary.

It is noteworthy that these BD presentations are proposed
only for AEs aswell as PEMEs, and there are no transfer func-
tions for SOEs in the reviewed literature. A brief overview of
the BD models that have been suggested for electrolysers in
the literature are also provided within Table 10.

Ha (s) =
Pe

Prefe
= k

p1p2
(s− p1) (s− p2)

(11)

Hb (s) =
Pe

Prefe
= k

−p1p2
z

·
(s− z)

s2 − (p1 + p2) s+ p1p2
(12)

Hc (s) =
Pe

Prefe
= k

1
τ s+ 1

(13)

VII. DYNAMIC RESPONSE ASSESSMENT
Since the thermal system of an electrolyser has a time con-
stant in the range of hours, it’s reasonable to overlook thermal
dynamics by presuming the electrolysis stack temperature
remains constant during electrical dynamic studies. Because
the internal stack temperature remains steady throughout the
simulation period crucial to frequency response analysis, the
internal pressure within the stack could similarly be presumed
constant [18]. Additionally, since there’s no feedback signal
from the hydrogen production system to either the electrical
or thermal components, the dynamics of hydrogen production
will not impact electrical dynamics [19]. Consequently, it’s
deduced that the internal stack temperature and pressure exert

TABLE 9. Proposed formulations for the concentration overvoltage of
electrolysers.

minimal effects on stack dynamics and can be treated as
constant in dynamic analyses [18], [19], [33].
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TABLE 10. Proposed BD models for electrolysers in the literature.

In dynamic studies of electrolysers, particularly focus-
ing on AEs and PEMEs, operating at nominal temperatures
enables them to adjust their full load range within a time
frame of less than one second to a few seconds [14]. This
flexibility enables both AE and PEME to provide grid bal-
ancing service effectively. Frequency-regulation experiments
conducted at NREL showed similar performance between
AEs and PEMEs, indicating both technologies can add or
remove stack power to offer a sub-second response that
mitigates duration of frequency disturbances in microgrids.
Hydrogenics, offering AE and PEME technologies, affirms
both technologies can react rapidly (with a response delay
less than one second) to stabilize power grids when running
and at operating temperature [14]. However, experimental
results from [18], [69] suggest the time delay in AE response
is greater than in PEMEs. Consequently, PEMEs exhibit
faster dynamics than AEs, rendering them more suitable
for virtual inertia and primary frequency response applica-
tions [15], [18], [20]. This discrepancy in response speed
arises from the DLE phenomenon within electrolysers, where
the capacitance component is notably larger in AEs compared
to PEMEs. DLE phenomenon is due to non-uniform distribu-
tion of charges at the electrode-electrolyte interface, creating
an energy barrier layer against electron flow during sud-
den current changes, thereby causing a response delay [19].
According to the case studies in [18], the ratio of DLE capaci-
tance value in AE (CAE

dle ) to PEME (CPEME
dle ) could be obtained

as follows:

CAE
dle

CPEME
dle

=
14µF
1.93µF

≃ 7.25 (14)

Also, according to the data given in [18] and [20], which is
based on experiments in [69], AE and PEME responses to a
step signal are depicted in Fig. 6. Notably, the AE response,
unlike PEME, exhibits a delay, and the ratio of rise times and

settling times in AE to PEME (i.e.,
tAErise
tPEMErise

and tAEsett
tPEMEsett

) can be
calculated as follows:

tAErise
tPEMErise

=
1s

20ms
= 50,

tAEsett
tPEMEsett

=
4s

60ms
≃ 66.7 (15)

FIGURE 6. Dynamic response of AE and PEME to a step signal [18], [20].

VIII. CHALLENGES IN ELECTROLYSER MODELING
Given the vast applications and growing interest in green
hydrogen, electrolyser plants are expected to play a signif-
icant role in power systems. However, several challenges
and limitations associated with electrolyser plants must be
addressed to ensure their effective integration and operation.

In this regard, the electrolysers that are powered by RESs
are affected by their intermittent nature, which compromises
operation and efficiency. This results in the degradation
of internal components like current collectors and catalyst
plates, reducing both hydrogen production productivity and
purity and shortening the device’s lifespan. To address the
growing demand for hydrogen, reliable electrolyser opera-
tion necessitates advanced power electronics controls and
energy coordination strategies to counteract the irregularity of
resources on the grid. Additionally, advancements in material
science can improve electrolyser performance by introducing
cost-effectivematerials with higher resistance to deterioration
for manufacturing internal electrolyser plates [70], [71].
High-pressure operation in electrolysers can cause gas per-

meation through the membrane, posing risks such as hydro-
gen migration and potential explosions. While increasing
membrane thickness can limit hydrogen passage, it also raises
membrane ohmic resistance, reducing efficiency. To miti-
gate issues like bubble formation, gas permeation, and water
starvation due to high-pressure conditions, techniques for
removing produced gases and enhancingmembranematerials
are necessary [8].
The literature provides a wealth of mathematical formu-

lations that model the detailed behavior of electrolysers.
Numerous studies have extensively analyzed the chemical
behavior of all three primary types of electrolysers, offering
deep insights into their operational characteristics and under-
lying mechanisms. In other words, despite the EEC and BD
modeling, the body of research on electrolysers is rich in MF
modeling.

For EEC modeling, numerous studies have aimed to
develop and propose EEC models within the electrical
engineering domain. However, their applicability is limited
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to specific electrolyser devices and operating conditions,
restricting their generalization.

From the perspective of BD modeling, in electrical
dynamic studies, electrolysers are often characterized by a
response delay, typically represented by time-delay mod-
els. Nonetheless, similar to EEC models, BD models are
also derived from specific devices operating under particular
conditions. As a result, the parameters of these models are
tied to the specific operating environment of the associated
electrolyser, making them unsuitable for application across
all operating conditions.

Consequently, improved modeling and parameter estima-
tion techniques are needed to develop comprehensive and
generalized models for studying electrolysers’ performance.

Another significant challenge in the realm of electrolysers
is associated with SOEs. SOECs degrade due to secondary
and mechanical stress from operating at high temperatures,
leading to higher capital costs due to the additional processing
required for the hydrogen-steammix produced at the cathode.
They are unsuitable for use with fluctuating RESs due to the
effect of load variations on thermal stability [9]. Moreover,
Unlike AEs and PEMEs, SOEs have not been extensively
researched, and there is a lack of EEC and BD models for
them in the literature. Additionally, there is a need for more
studies, particularly focusing on the dynamics and frequency
response of SOEs in power systems.

The widespread adoption of electrolysers holds significant
promise, but several challenges remain for large-scale grid
deployment. One major barrier is their high capital cost,
which, although reduced in recent years, remains substantial.
These costs are associated not only with the electrolyser
units themselves but also with the supporting infrastruc-
ture, including storage and distribution systems. In addition,
the seamless integration of large-scale electrolysers into the
power grid requires the development of advanced control
strategies and effective coordination with other grid elements
to ensure stable and efficient operation [72].
Another critical challenge is the low round-trip efficiency

of hydrogen. Hydrogenmust be compressed, transported, and
stored before being converted back into energy through fuel
cells. Each of these steps involves energy losses, limiting the
overall round-trip efficiency to a maximum of approximately
40% [73]. Hence, to enable the large-scale deployment of
electrolysers within power grids, further research and devel-
opment are essential to address these technical and economic
challenges and improve electrolyser performance.

IX. CONCLUSION
In conclusion, this paper has provided a comprehensive
overview of the electrical behavior of the threemajor electrol-
yser types: AE, PEME, and SOE. Through an examination of
existing literature, the paper has classified electrolyser mod-
els according to their proposed EEC schemes, MF presen-
tations, and BD representations. Additionally, the paper has
discussed the dynamic response of electrolysers, emphasizing
its importance in transient behavior studies. By addressing

these topics, the paper has contributed to the understanding
of electrolyser behavior and modeling techniques. However,
challenges remain in electrolyser modeling, particularly in
accurately representing their electrical behavior across differ-
ent devices and operating conditions. Future research efforts
should prioritize addressing these challenges, with particu-
lar emphasis on SOEs, which have received less attention,
to develop more comprehensive and precise models for elec-
trolyser systems.
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