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Abstract—With the increasing share of renewable energies in
electric power grids, the need for energy storage systems grows.
Electrolysis plants provide a promising technology as energy
storage for power-to-gas applications, as well as frequency control
and ancillary services to the power grid.
In order to study the electrolyzers’ performance and their
integration into the grid, real-time modeling of whole elec-
trolysis systems plays an important role. This paper analyses
the literature already available on modeling and simulation of
electrolysis cells and systems. Based on the findings in previous
research, an advanced dynamic modeling approach for static and
dynamic modeling of electrolysis processes is proposed. During
the analysis, the interactions between the electrical, physical and
chemical dimension of electrolysis modeling are explicitly stressed
to compose a multidimensional model on system level.

Index Terms—hydrogen, water electrolysis, real-time modeling

I. INTRODUCTION

Germany is transforming its energy sector towards zero
carbon dioxide emissions. One important part of Power-to-
Gas (PtG) plants, which represent a promising technology
for seasonal storage, is the electrolysis system, which is fed
by the electricity grid. It has been proven already, that these
systems can improve power system frequency stability as they
are operated as a dynamically controlled load [8]. In order
to integrate electrolysis systems into grid simulations, it is
necessary to develop an accurate model covering the static
behavior such as the dependency on temperature and pressure
as well as the dynamic features and time constants for load
changes.

II. ELECTROLYSIS TECHNOLOGY

A. Electrolyzer types

The development in technology has brought up different
types of electrolysis cells, which differ in terms of the elec-
trolyte, membrane and also the transported ions. Two of these
types are at a high technological readiness level and will
therefore be considered in this paper. One of them is the
more mature alkaline electrolyzer, which features a NaOH
or KOH solution where OH− ions are transported through
a permeable membrane. On the other hand, there is the more

modern proton exchange membrane (PEM) electrolyzer, with
H+ ions being transported through a Nafion membrane, being
separator and electrolyte at the same time. It has a remarkably
lower time constant than the former and it can therefore better
respond to dynamic load changes [16].

B. From cell to system

Due to the fact that a single cell is operated at a voltage
between 1.5 V and 2 V [16], cells are connected in series to
form stacks. Depending on the size of the cell and the system,
one or several stacks, connected in parallel, are powered by
a controllable DC power supply. The power supply is usually
a grid-connected rectifier which is operated as a controlled
voltage or current source to manage the power consumption
and hydrogen production of the system [17].

Fig. 1: Flow diagram of an alkaline electrolyzer [6]

Furthermore, the functionality of an electrolysis system is
based on the constant feed-in of water (H2O) and removal of
pure hydrogen (H2) and oxygen (O2). This implies the need
for supply pumps, as shown in Fig. 1, as well as gas drying
purification units which are considered auxiliary energy con-
sumers. Since the stack’s temperature has a significant effect
on its functionality and efficiency, a temperature management
unit is also part of electrolysis systems. It consists of heat
exchangers, re-cooling circuits and pumps letting the water or
the alkaline solution circulate through the stack. The control
of the thermo-managment unit ensures an almost stable stack



temperature across the whole operation range. After all, the
main components of an electrolysis system are the stack, the
power supply and the ’Balance of Plant’ (BoP) units consisting
of thermo-management and mass feed-in and feed-out.

III. STATE OF THE ART

Electrolysis systems are generally composed of the electrol-
ysis stack itself (typically more than 100 cells in series), BoP
equipment and a power supply unit. The following paragraphs
give an overview of the recent approaches in modeling the
whole system as well as parts of it. It is thereby distinguished
between static and dynamic behavior, as both steady state and
transition time constants are important to system level mod-
eling. Electrolysis models can cover up to three dimensions.
There is the electrical dimension, which is of fundamental
importance to the power supply control. The chemical dimen-
sion, including the hydrogen outflow modeling, sets certain
constraints to the operating point of the system. The physical
dimension can be regarded as the influence of pressure and
temperature on the system.

A. Static modeling

In [1,2] detailed equations are given for the relationship
of voltage and current: V = f(I). More specific explanation
will be given in chapter IV-A. There are analytical models
for PEM as well as alkaline electrolyzers in the electrical
dimension only. Since these models have been investigated
on cell level, neither BoP components and power supply, nor
other dimensions have been considered. However, they have
been tested against experimental data and proven to be slightly
more accurate than previous models.

Detailed research on the hydrogen production rate and
efficiency depending on the power input is presented in
[5]. A multidimensional system level study is provided in
[15], it investigates the influence of the operation profile
on temperature and pressure in the system, and vice versa,
to suggest the optimal membrane thickness and temperature
and pressure level. This work also includes verification of
the model by several experiments. However, the electrical
dimension is understudied, there is no information on the
dynamic properties of the system. Concerning the power
supply units for electrolysis systems, [17] gives an overview of
state-of-the-art power converter systems and future solutions
to supply water electrolyzers.

B. Dynamic modeling

Covering the physical and the electrical dimension, [10]
investigates a combined steady-state electrical and dynamic
thermal model of a PEM electrolysis system. A similar ap-
proach, with experimental validation and a dynamic hydrogen
production sub-model, can be found in [7]. Experimental
studies on the electrical dynamic characteristic of an alkaline
electrolyzer are conducted in [14], where also the depen-
dency on the temperature is explicitly stressed. A complete
one-dimensional dynamic model on system level has been
presented in [9] showing the chemical dimension only. It

features relatively high time constants of the changes in water
concentration and temperature following a change in the stack
current. Multidimensional modeling on system level, with
special focus on the physical dimension, is presented in [12]. It
has been developed using the Bond Graph method and follows
a multiphysics system modeling approach to investigate the
dynamic properties of the system with a time step of 1 s.

TABLE I: State of the art

Static Static Dynamic Dynamic Dynamic
cell system cell system multidimensional

[1] x
[2] x
[5] x
[7] x
[9] x

[10] x
[12] x
[14] x
[15] x
[17] x

Summarizing the state of the art in Table I, it is noticeable
that only a few models take the whole system into account and
there is only few literature available on multidimensional elec-
trolysis system dynamic modeling, especially for the electrical
dimension.

IV. MODEL DEVELOPMENT

The electrolysis system model can, as well as the system it-
self, be divided into several units which are operating indepen-
dently, while still sharing common interfaces and influencing
each other. Besides the simplification and easier readability of
the model, the possibility of simulating the units with different
time constants is a main advantage of this approach. For each
sub-model, the electrical, chemical and physical dimension
should be considered, as far as necessary.
Since the aim of this paper is to propose a system level
model for real-time simulation, a compromise between high
simulation precision on the one hand and simpleness for lower
computational effort one the other hand will be outlined.

A. Cell and stack modeling

Electrolysis stacks are usually modeled as simple cells, the
series connection of them is reproduced by multiplication of
the parameters. This approach yields a sufficient precision for
simulation, while neglecting the aging process of single cells,
which can often be random. For electrolysis cell modeling in
the electrical dimension, two approaches have been followed
in recent research: one is building an electrical equivalent
circuit out of capacitances and resistances, the other approach
is to model the stack in form of a voltage source, based on
electrochemical phenomena.

a) Electrical equivalent circuit: The Randles-Warburg
(RW) cell, consisting of the Randles circuit and a simplified
Warburg impedance, is expected to be an adequate model for
the impedance of galvanic and electrolytic cells [11]. Together
with the standard electrode potential Vrev, it provides an



equivalent circuit to model the electrical cell dynamics of an
electrolysis cell. This circuit, which is composed of several
resistive and capacitive elements, is shown in Fig. 2.

Fig. 2: Randles-Warburg equivalent circuit, adapted from [11]

In this figure, Rm represents the ohmic losses, which are
mainly influenced by the membrane, Cdl relates to the cell’s
electrical double layer and Rct is the charge transfer resistance
representing the activation losses. The simplified Warburg
impedance is considered as a model for the concentration
losses within the electrolyzer. It is calculated from two RC
elements accounting for anode and cathode with Rd, Cd being
diffusion resistance and diffusion capacitance and r1, c1, r2, c2
being dimensionless Warburg coefficients. All of these values
are considered constant parameters that can be obtained from
a single cell using the current interruption method [13]. To
sum up, the RW circuit is a simple but sufficient approach
to model the dynamic behavior of an electrolytic cell. It is
suitable for alkaline as well as PEM electrolyzers.
However, due to the fact that the parameters are fitted to
match experimental data, they might be accurate for a certain
range of cell current, but they are only accurate for a small
range of cell temperature and pressure. The dependency of
the electrical performance on physical ambient conditions is
neglected in the standard Randles-Warburg equivalent circuit
approach. Furthermore, there is no information available on
the hydrogen production or the heat dissipation.

b) Electrochemical model: From the analytical perspec-
tive, the electrolytic cell may be modeled as a voltage source in
the electrical dimension. Interdependencies with the chemical
and physical dimension can be simulated using defined inter-
faces, for example for temperature change, power dissipation
or gas concentration. The following electrochemical model has
been adapted from [2] for an alkaline water electrolyzer. The
voltage of the source is the sum of four overvoltages related
to processes and features of the cell.

V = Voc + Vact + Vcon + Vohm (1)

In the equation (1), Voc is the open-circuit voltage, Vact ist the
activation overvoltage, Vcon is the concentration overvoltage
and Vohm is the ohmic overvoltage. These four components
will be explained in the following. The open-circuit (or equi-
librium) voltage is lower for rising temperature and higher for
rising pressure. It can be obtained from the Nernst equation:

Voc = Vrev+(T−Tref )·
∆S0

nF
+
R∗T

2F
·ln

(
pH2

· √pO2

aH2O,KOH

)
(2)

Vrev = 1.229 V
Tref = 25 °C
∆S0

nF = −0.9 · 10−3 J
mol·K

This equation includes the reversible cell voltage Vrev and
adds temperature-dependent and pressure-dependent terms.
Tref is the reference temperature for Vrev at atmospheric
pressure and ∆S0

nF is the standard state entropy change. R∗

denotes the universal gas constant and F the Faraday constant.
The partial pressures of hydrogen and oxygen pH2

, pO2
and

the water activity in the alkaline solution aH2O,KOH are
influencing factors from the chemical dimension. They have
been adapted from [3,4] and are influenced by the product gas
pressure, the molar concentration of the alkaline solution and
the temperature. The activation overvoltages of anode (3) and
cathode (4) are calculated separately by adapting the Butler-
Volmer equation and then summed up (5).

V an
act =

R∗ · T
αan · F

· ln
(

i

ian0 (1−Θan)

)
(3)

V cat
act =

R∗ · T
αcat · F

· ln
(

i

icat0 (1−Θcat)

)
(4)

Vact = V an
act + V cat

act (5)

In these equations, the parameter α is the charge transfer
coefficient of the electrode, Θ is its bubble coverage modeled
in the chemical dimension [2] and i0 is the effective exchange
current density. It is calculated from several cell-specific
parameters and the ambient temperature as follows:

i0 = γM · e−
∆GC
R∗ ·

(
1
T − 1

Tref

)
· i0,ref (6)

The concentration (or diffusion) overvoltage Vcon is caused by
a decreasing concentration of the reactants near the electrode’s
reactive surface due to the reactions taking place. It is math-
ematically described by the following equation (7) featuring
the actual molar concentrations at the electrodes Cel and a
reference value C0 for the non-reactive state.

Vcon =
R∗ · T
4 · F

· ln
Can

O2,el

Can
O2,0

+
R∗ · T
2 · F

· ln
Ccat

H2,el

Ccat
H2,0

(7)

The molar concentration values are calculated in the chemical
dimension and are directly or indirectly influenced by temper-
ature, pressure and cell current [2].
The ohmic overvoltage Vohm is a product of the cell current
and its resistance. It is thereby almost only influenced by the
cell’s geometry and materials.

Vohm = I ·Rcell = I · (Re +Rel +Rs) (8)

The cell resistance is the sum (8) of the resistances of the
electrodes Re, the electrolyte Rel and the separator membrane
Rs. Besides the cell’s geometry and materials, the electrodes’
and the electrolyte’s resistance is also temperature-sensitive,
and the resistance of the electrolyte increases with the bubble
coverage of the electrodes. Summarizing the electrochemical
modeling approach, the steady-state characteristics according
to (1)-(8) are visualized in Fig. 3.



Fig. 3: Voltage-current characteristics of an alkaline cell [2]

Comparing the two presented cell and stack modeling
approaches, the one-dimensional dynamic model on the one
hand and the multi-dimensional static model on the other
hand, a combination of both the models seems appropriate.
The proposed circuit follows the electrochemical description
of the alkaline electrolysis cell and is shown in Fig. 4. It
features a voltage source providing the open source voltage, a
Warbung impedance as well as a variable ohmic resistance.
Concentration phenomena have been neglected, since they
have only little impact on the cell voltage for the feasible
current densities in alkaline electrolyzers.

Fig. 4: Dynamic equivalent circuit approach

The equivalent circuit, which is presented here, integrates
the calculations, including the dependencies, for the open-
circuit voltage (2) and the ohmic overvoltage (8) from the
electrochemical model [2]. The activation voltages, divided by
the cell current, result in the activation resistances Ract used
in the Warburg elements. The capacitance values are fitted to
match a certain time constant. After all, a stimulation of the
system by means of inflow current causes a voltage response.

B. Power supply modeling

Several requirements may be raised towards the power
supply and the control of electrolyzers. On one hand, there is
the DC power control following a given setpoint for hydrogen
production. On the other hand, there are the grid frequency
ancillary services which can also be integrated into a water
electrolysis system. For power electronics modeling, there
are several possibilities. Assuming that the time constants
of the electrolytic cell and the period of the grid frequency
are much slower than the switching period of the converters,

the state-space average model appears beneficial in terms of
computational efficiency. The stack model, made of a simple
multiplication of the dynamic cell equivalent circuit model, is
directly connected to the converter model.
Regarding the control, a double-loop PI controller composed
of an inner current controller and an outer power controller
can fulfil the requirement of active power supply following
a given set-point. For grid frequency support, a decoupled
reactive power controller will be added to the control system.

C. Hydrogen production model

Since the production of hydrogen in an electrolysis stack is
proportional to the stack current in steady state operation, its
static modeling follows the equation (9) below, showing the
mass flow.

ṁH2

[
kg

h

]
= 1.8

[
kg · s
g · h

]
I[A] ·MH2

[
g

mol

]
F
[
A·s
mol

] (9)

I is the stack current, MH2 is the molar mass of hydrogen
and F is the Faraday constant. For dynamic modeling, the
stack current is replaced by the cathode current Icat from the
equivalent circuit in Fig. 4.

D. Thermal management

The temperature management of an electrolysis system
can be considered as a simple controller with a large time
constant to keep the stack temperature at a constant level. To
do so, the fluid circulating through the stack can either be
(electrically) heated or cooled down by a heat exchanger. For
each electrolyzer, there is a thermoneutral point, where neither
heating nor cooling power is needed [10].

E. Balance of plant modeling

BoP components in an electrolysis system are auxiliary
power consumers with low dynamics. They are mostly pumps
that are either in constant operation, such as the recirculation
pumps for the alkaline solution, or approximately proportional
to the system power, such as the pumps for the recooling
circuit. Furthermore, especially for PEM electrolysis systems,
there is a stack heating system, which is only active at low
current densities, when the power dissipation is lower than the
thermal loss.

V. MODEL ANALYSIS

For the analysis of the proposed model, realistic use cases
have to be defined. These should be, as mentioned earlier,
the variable production of hydrogen depending on the avail-
ability of renewable electricity and the frequency control
and ancillary services to the power grid. The first scenario
requires a higher-level control sending power setpoints to the
electrolysis system. These setpoints are the reference value
for the controller in Fig. 5, which controls the duty cycle
for the buck converter powering the electrolysis stack. The
second scenario is no longer realisable with a passive grid-
side converter. An appropriate solution would be the IGBT
based Active Front End converter with a decoupled active and



Fig. 5: Double-loop PI control for given power setpoint [18]

reactive power control. The active power control is keeping
the DC-link voltage constant, the reactive power control is
providing grid voltage support following the Q(U) character-
istics. For the buck converter connected to the electrolysis
stack, a similar control as shown in Fig. 5 can be applied,
with the power reference following the P(f) characteristics
for grid frequency support. In both scenarios, the electrolysis
system would operate at a certain default power point, with
the possibility to increase or decrease its power when needed.
For further analysis, this default power point is set to 70 % of
the maximum power. It is assumed that the controller requires
a power decrease from 70 % to 60 % of the rated power. The
reason could be a weak grid or lower availability of renewable
energies. For the model analysis, a commercially available
alkaline electrolysis system with a rated power of 48 kW is
simulated. In this paper, only a short time period is analyzed,
therefore the influence of temperature changes is not visible.

For the given power decrease scenario, the hydrogen pro-
duction rate response on system level is analyzed. Reviewing
the graphs in Fig. 6, it is obvious that the electrolytic stack is
the element with the slowest time constant.

Fig. 6: power decrease and hydrogen production response

Since the lab-size electrolysis system is not operative yet, it
has not been possible to validate the presented model with own
experimental data. For the fitting of the parameters and the
validation of the electrolysis system model, this paper relies
on data already available in published literature.

VI. CONCLUSIONS

This paper presents an approach for static and dynamic
modeling of electrolysis systems in a multidimensional extent.
Besides the electrical behavior for given and constant ambient

conditions, this model also covers interactions with the chem-
ical and physical dimension. Furthermore, the system level
scope allows realistic experiments and the integration into a
real-time smart grid simulation environment.

Further research should focus on the adjustment of the
model and its parameters, especially in the physical dimension
concerning heat transfer processes in the system. To optimize
the slow time constants of the electrolysis system and make it
more suitable for grid frequency support applications, it could
be coupled with a secondary, faster energy storage system to
form a hybrid energy storage plant. Together with dynamic
models of storage tanks and fuel cell systems, hydrogen-based
energy storage plants can be simulated in real time.
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