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Abstract

Electrolysis systems are the key technology to produce
hydrogen from renewable energy sources. The modeling
and simulation of proton exchange membrane (PEM) elec-
trolyzers and the connected power grid present challenges
due to highly fluctuating capacities in the available elec-
trical power. Our study focuses on the modeling of the
electrolyzer and its balance of plant with varying power
supply resulting from renewable energy sources. The bal-
ance of plant contains a water supply system, the electrical
power supply and processes for treating the produced hy-
drogen, in particular drying. The electrolyzer model is
validated using steady-state and dynamic data from the
literature and it is shown that the developed model accu-
rately represents those measurement results. Furthermore,
we implement an empirical degradation model to assess
the effects of different use-cases on the efficiency of the
electrolyzer.

Keywords: PEM electrolysis, hydrogen, dynamic simula-
tion, two-phase flow, degradation

1 Introduction

A water electrolyzer is a device that is used to split wa-
ter into hydrogen and oxygen using electrical energy. The
production of hydrogen is essential for the chemical indus-
try, because it is the feedstock of many processes. More-
over, hydrogen is also widely discussed as a future energy
carrier (Hancke, Holm, and Ulleberg 2022; Hou and Yang
2024). To produce hydrogen in a sustainable way, the
combination of electrolyzer and renewable energy sources
is the key (Hou and Yang 2024; Reimann, Kohlenbach,
and Rontzsch 2023). The operation characteristics of re-
newable energy sources, such as wind energy farms and
photovoltaics, are inherently dynamic. Therefore, an elec-
trolyzer connected to a power grid with a large share of re-
newable energy sources should be able to handle dynamic
capacities.

There are various water electrolyzer technologies on
the market, each with specific properties. Our study fo-
cuses on proton exchange membrane (PEM) electrolyzers
because of the following arguments. This type of elec-
trolyzer is able to operate dynamically due to its low tem-
perature requirements. As well, low operating tempera-
tures allow for a fast start-up. A further advantage of the
PEM electrolyzer is that it can be operated at high pres-

sures and therefore reduces the power required to com-
press hydrogen for storage applications (Hancke, Holm,
and Ulleberg 2022).

To assess the performance of different electrolyzers or
design an electrolzyer for a specific application, detailed
simulation models are needed. Electrolyzers are generally
operated in combination with other systems of various en-
gineering disciplines. Therefore, the use of Modelica as
a modeling language is ideal as many Modelica libraries
focusing on the modeling of energy system are available
and can be used to investigate future energy systems.

PEM electrolyzer models with different levels of detail
have been published in the literature (Engel et al. 2025;
Hancke, Holm, and Ulleberg 2022; Reimann, Kohlen-
bach, and Rontzsch 2023; Krenz et al. 2024). A novelty of
our approach presented in this work is that we combine a
detailed physics-based electrolyzer system model with an
empirical degradation model published by (Schofield et al.
2025).

In the current study, an electrolyzer is investigated un-
der steady-state and dynamic operating conditions. To as-
sess the effects of fluctuating power supply on the effi-
ciency and degradation of an electrolyzer, the electrolyzer
is connected to a wind turbine as a power supply and me-
teorological data are used to generate operation profiles.
The combination of an electrolyzer with a renewable en-
ergy source is arguably a relevant use case for hydrogen
production in the future.

In the following section, the working principle and the
main features of the PEM electrolyzer are introduced. The
third section discusses the function and modeling of the
specific components selected to build the electrolyzer sys-
tem model. In the fourth section, we focus on the simula-
tion of steady-state and dynamic operation and study the
predicted degradation. The results obtained are compared
with data from the literature.

2 PEM Electrolyzer Model for System
Simulations

The PEM electrolyzer model discussed in this
study was developed using the commercially avail-

able Modelica libraries TIL, TILMedia and the
TIL3_Addon_HydrogenEnergySystems each in ver-
sion 2025.1 (TLK-Thermo GmbH 2024). Dymola

2024x is used as modeling and simulation environment
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Figure 1. Structure of the stack model divided into fuel and ox-
idant channels and a membrane electrode assembly. Turquoise
lines represent mass transfer. Dashed lines symbolize diffusive
mass transfer and full lines convective mass transport. Heat
transfer is marked by red lines and electrical current by blue
lines.

(Dassault Systemes SE 2024). A novelty of our approach
is to combine a physics-based model with an empirical
degradation model to assess the effects of degradation
in realistic operating scenarios. The electrolyzer model
is divided into three subdomains representing the fuel
channel, the membrane electrode assembly (MEA) and
the oxidant channel, as shown in Fig. 1. To calculate
spatially resolved results, the model is divided into
smaller discretization elements in the flow direction, but
keeping the structure given in the figure. This way, the
local formation and transport of product gases and water
can be observed. To simulate a full stack consisting of
multiple cells, one representative cell is simulated in
detail and the results scaled-up by multiplying the results
of the single cell by the number of cells in the stack, as
described by (Tang 2016) for a fuel cell.

2.1 Electrochemical Foundation and Balances

To describe the operation of an electrolyzer, we start by
introducing the relevant balance equation, and then we de-
rive the most important metrics of the electrolyzer. On the
oxidant side of the electrolyzer, water is supplied to the
stack oxidant port A, as shown in Fig. 1. As typical for
PEM electrolyzers, water is supplied to the anode chan-
nels of the electrolyzer only. Because the membrane is
permeable to water, water is transported towards the cath-
ode, as described in the next section. On the anode elec-
trode water is split up into protons and oxygen:

1
Anode: H,O —2H" 4+2e + 502 (1)

On the cathode, protons and electrons form hydrogen
molecules:

Cathode : 2H" +2e” — H, 2)
In summary, the overall reaction reads:
1
H,O — H; + 502 3)

The products and water leave the system at the fuel port B
and oxidant port B. Heat can be removed using a heat port.
In the electrolyzer, a two-phase flow is typical since the
water is supplied in liquid state and the products are gases.
To split water into oxygen and hydrogen, electrical power
must be supplied to the electrolyzer. The calculation of
the required electrical power is described in the following
paragraph. In the model, the current is supplied directly to
the MEA as shown in Fig. 1.

To derive the minimal power required for the electrol-
ysis, a steady-state operation is assumed in the following
equations, but the model is formulated for dynamic op-
eration. The following mass balance holds for the elec-
trolyzer:

“4)

mHgO,in - mHgO.,out - mHz,out - mOz,out =0

The first law of thermodynamics for the electrolyzer
reads:

HHQO.in - HHzoﬁom - HH2 - 1“'102 +0+P=0 (®)]

The second law of thermodynamics is stated as follows:

SH,0,in — SH,0,0u — S, — S0, + % = Sprod (6)
We assume an isobaric and isothermal reaction, so that the
reactants and products have the same pressure and temper-
ature.

Combing the first and the second law results in a new
equation:

GHQO,in - GHZO,out - GH2 - GOZ +P= TSprod @)
Here, the relation for the Gibbs free energy is used:
G=H-TS ®)

A special relation holds when no entropy is produced:
The minimum work needed to split a water molecule is
given by the Gibbs free energy of the reaction AGg:

AGg = AHg — TASg &)
It is the difference of the reaction enthalpy AHg and the
product of the cell temperature 7 and reaction entropy

ASg. The terms of the equation are explained below. The
Gibbs free energy of the reaction can be directly linked
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to the voltage between the electrodes using the number of
transferred electrons z and the Faraday constant F':

AGgr

Urev = - F

(10)
The Gibbs free energy of the reaction depends on the tem-
perature, the pressure and the composition of reactants
supplied to the electrolyzer.

Another important voltage, the so-called thermoneutral
voltage, can be derived from the reaction enthalpy:

(an

Urn = F

When operated at this voltage an adiabatic electrolyzer
will operate at constant temperature (Bernt 2019), assum-
ing no temperature gradients in the electrolyzer. Other-
wise, the reversible heat of the reaction leads to a change
in the cell temperature. The reversible heat is calculated
using the electrical current and the thermoneutral and re-
versible voltages:

Qrev :I(Urev_UTN) (12)

In addition to the reversible heat, the losses occurring in
an operating cell produce irreversible heat flows. Those
losses are directly related to the entropy production rates,
as presented by (Struchtrup 2014). The major losses to be
considered in an electrolyzer cell are activation, Ohmic,
and mass transfer losses and are introduced in the follow-
ing section.

2.2 Electrochemical Transport Models

In the following, the transport in the MEA is presented.
The water content Aw represents the amount of water in
the membrane according to (Springer, Zawodzinski, and
Gottesfeld 1991). In the electrolyzer, the membrane is al-
ways equilibrated with liquid water on the oxidant side
and therefore water content is assumed to be constant ac-
cording to (Springer, Zawodzinski, and Gottesfeld 1991):

Aw =22 (13)

The proton conductivity of the membrane is directly af-
fected by its water content and is modeled as stated by
(Springer, Zawodzinski, and Gottesfeld 1991):

11

mem = (0.51 ~0.32 1268K [ ——— — —
Omem = (0.5139Aw — 0.3 6)exp< 68 (3031( T))
(14)

Using the proton conductivity Opem, the membrane
thickness Omem and the active area A, the electrical resis-
tance of the proton conduction can be calculated:

5mem
GmemA

Runem = 15)
The irreversible voltage loss is then calculated by the fol-
lowing relation:

AUohm = Rmem/ (16)

The activation loss is calculated using a Tafel equation
with the parameters crossover current density ix and the
exchange current density ip:

RT <i+ ix)
——log -
azF )

Since the losses on the fuel side are comparatively small,
they are neglected and only the oxidant side is considered.

Furthermore, the mass transfer losses are accounted
for employing a limiting current density of i = 6 A /cm?

(Crespi et al. 2023):
RT ( i >
—log | - -
ozF ip —1

The degradation of electrolzyer cells during operation is
a current topic of research and of great importance when
addressing economic viability questions. In the literature,
different models for catalyst and membrane degradation
can be found. A major drawback of the currently pub-
lished models is their high computational demand. There-
fore, an empirical model fitted by (Schofield et al. 2025)
is implemented in the electrolyzer model.

AUger = A7

AUconc =

(18)

dAUges | 30uV/h if0<i<1A/cm?
dt |30(uVem®*)/(A%h)[i(t)]> otherwise
19)
The data used for the calibration of the degradation
model originate from accelerated stress tests and, there-
fore, might overpredict the rate of degradation under real
operating conditions.
The cell voltage is then calculated using the losses AU
introduced before and the reversible cell voltage Uley:

Ucell = Urey + AUohm + AUqet + AUconc + AUdeg (20)

With the cell voltage, the heat release from the reaction
can be calculated:

Q = I(Ucen — Urn)

The main functions of the membrane in the electrolyzer
are proton conduction, electric insulation and separation
of the species. However, a real membrane is not fully im-
permeable to the species in the electrolyzer. Therefore,
both the produced gases and water can partially travel
through the membrane. The transport of the produced
gases is driven by a partial pressure difference, while the
transport of water occurs due to an absolute pressure gra-
dient and because of electro-osmotic drag (EOD).

The permeation is modeled with the following equation
and using parameters published by (Ahluwalia and Wang
2007) :

2D

: KiA
Ndrag,i = S
mem

Api (22)

For the calculation of the EOD, a constant drag coefficient
€eop = 2.5 1s used (Ma et al. 2021). The water transfer is
then calculated using the electric current:

geop!
F

AEOD = (23)

DOI
10.3384/ecp218413

Proceedings of the 16 International Modelica&FMI Conference
September 8-10, 2025, Lucerne, Switzerland

415



Dynamic Simulation of a PEM Electrolysis System

The heat produced by the reaction is transported to the
fluid channels as described in the next section.

2.3  Fluid Channels

Fluid channels are required to supply the anode with water
and remove reaction products from the electrolyzer. The
channels are connected to both sides of the MEA as shown
in Fig. 1. The electrochemical reaction produces gaseous
products that mix with liquid water on the anode side.
Therefore, it is necessary to consider two-phase flow char-
acteristics when modeling the flow inside the fluid chan-
nels. In this study, we use a phase-separate modeling ap-
proach that allows us to model a thermal and chemical
non-equilibrium of the gas and liquid phases. The rele-
vant equations for describing the flow in the electrolyzer
are outlined below.

First, the most important quantities of the two-phase
flow are introduced. The void fraction is defined as the
volume ratio of gas and total volume:

Ve
£=—= 24
7 (24)
The overall volume is the sum of the volumes occupied by
gas and liquid phases:
V=V, +V (25)
The mass balance for the gas phase, denoted by the in-
dex g, is given by the following relation:

av

WV - Pgﬁ = Mg in + Mg our +Hipc + ZmMT,g,i (26)

Here, the time derivative of the liquid volume is given by

4V, _gdTmy | 1 dm o
dt dt p; p; dt

with 8 being the isobaric expansion coefficient. Using a
smooth limiter, it is always guaranteed that small amounts
of liquid and gas phase are present in each control volume
to avoid singularity.

Using an explicit formulation of time derivative of the
density avoids symbolic manipulation of the equation sys-
tem and thereby simplifies the solution (Richter 2008):

dp _(dp\ dh (dp\ dp_ (dp\ d&
dt (dh)zh5 ar <dp)hé ar t <d§>p,h a
For the liquid phase the mass balance reads:
dm . . ) )
dftl = 11y jn + 1My o — 1MpC + MMT,1 (29)

Both equations are explicitly coupled by a possible phase
change given by the common term ripc.

For the pressure calculation, a mechanical equilibrium
of both phases is assumed:

Pg=Di (30)

The pressure is derived from the gas phase. The momen-
tum balance is formulated in steady-state.
The gas phase consists of a mixture of hydrogen, oxy-
gen and water vapor.
dg; , )
mg?? = (éi,in - éi)mg,in + (gi,out - gi)mg,out 31)

+ (écondensedj - gi)mPC + &imMT,g,i

Here, the mass fraction vector ﬁcondensedyi contains zeros
except for a one at the position representing water. Since
the liquid phase consists of water as one pure species in the
model only, no explicit formulation of the species balance
is required for the liquid.

The energy balance is formulated for each phase sepa-
rately. However, for the current study, a thermal equilib-
rium is assumed:

T, =T, (32)
For the gas phase, the energy balance reads:
dhy , ) ,
mg? = (hg,in - hg)mg,in + (hg,out - hg)mg,out + (hl - hg)mPC
. - dp
+ Z(hi,MT — hg)tiyrgi+0+ SVE
(33)
The liquid phase energy balance is as follows:
dhy . ) .
m— = (ha,in — Py in + (M owr — Pty o — (hy — hg)ritpc
+ (hmr — )it g+ Q
(34)

The heat transfer from fluid to membrane and the bipo-
lar plate is calculated using a temperature difference and a
fixed heat transfer coefficient:

0 = aAAT 35)

For the forced convection a constant heat transfer coef-
ficient of & = 2000W/(m?K) is used, reflecting that the
exact geometry of the channels in the bipolar plate is un-
known. Furthermore, the heat loss to the environment
is calculated using the stack surface area and the heat
transfer correlations for free convection from the litera-
ture (Klan and Thess 2013). The heat transfer area was
calculated according to (Tjarks 2017).

Analogously to heat transfer, the mass transfer pro-
cesses are calculated using a mass transfer coefficient and
a concentration difference.

it = BAAc (36)

The interface mass transfer of water is driven by a con-
centration difference between actual and saturated state:

titpc = BpcA(Csat — ) 37

To simplify the calculation, an ideal transport can be as-
sumed, whereby the concentration ¢ and the saturation
concentration cgy are set equal. Due to intense mixing,
the produced gases are typically saturated with water.
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3 Electrolyzer System Model

The modeled electrolyzer system is shown in Fig. 2.
To produce hydrogen of defined quality in a PEM elec-
trolyzer, a water supply system, an electrical connection
to a power supply, and a hydrogen treatment system are
necessary. The modeled hydrogen treatment system con-
sists of two drying stages, thermal drying and adsorptive
drying, followed by a compressor. In the following, the
subsystems and their specifications are discussed in detail.

Stack

An electrolyzer previously analyzed in the literature
(Crespi et al. 2023) is modeled and simulated in this work.
A summary of the most relevant stack parameters is given
in Table 1. Two separators are directly connected to the
stack to remove liquid water from the gas flows on fuel
and oxidant side. On the oxidant side, the removed water
is fed to the liquid loop again. The oxygen produced by
the electrolyzer is released to the environment. On the fuel
side, further treatment of the liquid water was not mod-
eled. However, the produced hydrogen gas, which is typ-
ically moisture-laden, undergoes further treatment in the
subsequent steps.

Table 1. Parameters of the modeled electrolyzer stack.

Quantity Symbol Unit Value
Nominal Current I A 410
Nominal Power Py kW 60
Number of cells ne 1 65
Active Area AMEA cm? 214
Membrane Thickness  Omem mm 0.322

Thermal Capacity Cstack kJ/K 155.0

Water Supply and Cooling Loop

The water supply system circulates water in the cathode
loop and feeds to the electrolyzer to replace water con-

al. 2018) using the TIL Adsorption Library (TLK Energy
GmbH 2024). The TSA system consists of two adsorbers
that are operated alternately. Both adsorbers are filled with
Zeolith as an adsorbent (Tjarks et al. 2018). When hy-
drogen is produced, one adsorber is used to remove water
from the fuel gas. The adsorption process is driven by
a gradient in the chemical potential of water in the fuel
gas and adsorbed water. During operation, water accu-
mulates in the adsorber until it reaches a defined loading
state. When this loading state is reached, the adsorbers are
switched and the adsorber that was in the drying operation
is then regenerated using a recirculation system. In the
recirculation loop, hydrogen is heated up to 160 °C then
enters the adsorber and gets humidified inside. A blower
is used to recirculate hydrogen with a defined flow rate.
The water is removed from the hydrogen after leaving the
adsorber by lowering the temperature of hydrogen below
its saturation point using the environment or a cooling cir-
cuit as the heat sink. To switch between the two adsorbers,

eight control valves are utilized.

After the purification stages, hydrogen is compressed
to a defined level. This step is necessary to increase the
volumetric energy density of hydrogen.

While the electrolyzer is modeled in detail as described
above, the pumps and compressors are modeled with
constant efficiencies. For the heat exchangers, a finite-
volume-approach was employed (Richter 2008). The heat
transfer coefficients are assumed to be constant. In addi-
tion, a constant separation efficiency is assumed in the wa-
ter separator models shown in Fig. 2. All efficiencies and
other significant parameters are summarized in Table 2.
The pressure levels and the nominal coolant flow rate are

adjusted according to (Crespi et al. 2023).

Table 2. Parameters of the component models in the electrolyzer

sumed by the electrochemical reaction. In addition, the System.
circulated water is employed for the thermal management
of the electrolyzer. Therefore, a chiller is integrated into ~ Quantity Symbol  Unit Value
the water loop that can reject heat to a cooling circuit. In Compressor Efficiency Neompisen 1 07
addition, a storage tank is included to buffer water con-  Recirculation Blower i iqel:" 1 0.4
sumption and act as a thermal capacity. To refill water Pump Efficiency Pel" KW  0.97
a pump is modeled. The supply water is assumed to be Separator Efficiency Tep 1 0.99
deionized. Hydrogen Storage Pressure  p bar 200
Hydrogen Treatment System Cathode Pressure p bar 30
The purification unit consists of two different drying pro- Anode Pressure p bar 33
. Volume Tank Vv L 200

cesses. In the first step, water is removed from the pro- . )

. Nominal Coolant Flow Rate  ri1 kg/s  0.63
duced hydrogen by lowering its temperature below the .

. ; . Heat Transfer Resistance

saturation point using a heat exchanger connected to a Chill R K/'W 0001
cooling circuit. In order to fulfill the typically strict re- et th ’

. . . . Condenser o K/W  0.003
quirements for the hydrogen purity, an adsorptive drying Heat R K/W 0003
process is implemented downstream of the thermal dry- cater th :
ing process. In this study, a temperature swing adsorp-
tion (TSA) system is modeled as suggested by (Tjarks et
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Figure 2. Electrolyzer with its main supply and hydrogen purification systems. Gas connections are colored in orange, liquid in
blue, two-phase flow in turquoise and electrical current in dark blue. Heat flows are represented by red lines.

4 Steady-State and Dynamic Opera-
tion of PEM Electrolyzer

This section provides an overview of the simulation results
obtained with the proposed model. First, steady-state op-
eration and calibration of the stack are discussed. Next,
dynamic operation scenarios are investigated. Finally, the
degradation of the stack during dynamic operation is ex-
plored.

4.1 Steady-State Operation

Data from the literature data published by Crespi et
al. (2023) is used to calibrate and validate the model dis-
cussed in the previous section. The operating conditions
are given in Table 2. First, the geometry of the model is
adjusted according to the data given in the paper of Crespi
et al. (2023) also shown in Table 1. Next, a calibration
is performed using steady-state measurement data of the
same publication recorded at different operating temper-
atures and current densities. Data used to validate the
model are not used in the fitting process.

The exchange current density ip = 1.05 x 1077 A /cm?,
the effective membrane thickness Omem eff = 455 um and
the crossover current density iy = 0.02A/cm? have been
used in a fitting process to obtain an accurate represen-
tation of the electrolyzer data published by Crespi et
al. (2023) . Only data for an operating temperature of
50 °C were used for the fitting. The other part of the data,
at operating temperatures of 45 °C and 60 °C, were used
for validation.

In Fig. 3, the results of the calibration and validation can
be found. Overall, the model accurately reflects the mea-
surement data. The highest deviation between the mea-
surement and the simulations is observed for small cur-
rent densities. The mean absolute deviation is 0.013 V for
all simulated operating points. The maximum deviation
between simulation and measurement is 0.035V .

91 4 ® exp4s ® ‘
: # sim45 ‘
@® exp50 8
2:07 #8 sim 50
® exp60 1
1.9 8 “

sim GOs.‘

,f"
?

Cell voltage in V
—_
e
1

—_
~
|

—_
)]
1

T T T
0.5 1.0 1.5
Current density in A/cm?

0.0 2.0

Figure 3. Comparison of measured and simulated voltages at
different temperatures and current densities. The other operating
conditions are set according to Table 2.

4.2 Dynamic Operation

One application of a PEM electrolyzer is the direct con-
nection to a renewable energy source, such as a wind farm.
Renewable energy sources such as wind and photovoltaics
are highly fluctuating due to the weather conditions at the
location of the electrolyzer. The aim of this section is to
investigate whether the developed model can accurately
simulate the response of the electrolyzer to a time-varying
power supply. First, the calibration of the thermal capacity
of the cooling circuit is conducted. Next, the gas volumes
on the fuel side are calibrated and the pressure build-up in-
vestigated. Finally, the dynamic operation is studied with
regard to efficiency, safety and degradation of the elec-
trolyzer.

Warm-Up of the Electrolyzer

For an electrolyzer connected to a renewable and weather-
dependent energy source, it is important to see how fast it
can reach the desired operating temperature and produce
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Figure 4. Comparison of simulated and measured temperatures
during start-up and operation of the electrolyzer with varying
current input with an average of I = 188 A.

hydrogen with high efficiency. In the work of Crespi et
al. (2023), the warm-up of an electrolyzer system under
given power capacity profiles is shown. The heat pro-
duced in the electrochemical reaction is utilized to warm
up the electrolyzer from ambient temperature. The mea-
surements are shown in Fig. 4. A mean current of 188 A is
supplied to the electrolyzer. During warm-up the pump in
the cooling circuit is deactivated so that no heat is drawn
from the system. The amount of heat produced by the re-
action depends on the voltage of the cell and thereby on
the current supplied to the electrolyzer. The warm-up sce-
nario measured by Crespi et al. (2023) is used in this study
to calibrate the model parameters. The adjusted parameter
is the water mass in the cooling circuit.

The results of the measurement and the simulation with
different parameter values for the water mass are shown
in Fig. 4. A steady-state is reached after about 1100s.
In the electrolyzer simulation results, it becomes obvious
that the mass of water has a significant influence on the
warm-up process due to the high heat capacity of water.
The water mass in the liquid loop is adjusted to 50 kg in
the calibration process.

The simulation of another warm-up cycle is shown in
Fig. 5. Compared to the warm-up shown in Fig. 4, the
average current supplied to the electrolyzer is 211 A. A
quasi-steady-state temperature is reached after approxi-
mately 800 s after the start-up, both in simulation and mea-
surement. In addition to the temperature curve, a compar-
ison of the simulated and measured cathode pressures is
shown over time. A total volume of 9.5 L was assumed for

—— simulation
—— measurement

55 4

Temperature in °C

30 1

25 1

20 4

15 1

Pressure in bar

10 1

—— simulation
——— measurement

350 —— input
300 A
250 A

200 A

Current in A

150

100 -

50 A

200 400 600 800
Time in s

o A

T
1000

Figure 5. Comparison of simulated and measured temperatures
during start-up and operation of the electrolyzer with varying
current input with an average of I =211 A. Simulated and mea-
sured pressure build-up are also shown.

the gas on the fuel side of the electrolyzer. The pressure
build-up is predicted to be more uniform by the simulation
model than in the measurement. In the curve representing
the measurement, different slopes are visible that cannot
be linked to the input of the current density. In particu-
lar, the pressure plateau at the beginning of the recorded
data does not appear to be in agreement with the input
current. However, quasi-steady-state of the cathode pres-
sure is reached in measurement and simulation after about
240 s.

Electrolyzer Connected to a Wind Turbine

As future energy systems become more dynamic, flexibil-
ity in operation is crucial to adapt to fluctuating demands
and decentralized production.

In order to operate the electrolyzer model with a dy-
namic electrical power supply, the scenario of a wind tur-
bine is selected. Therefore, a power supply profile is cre-
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ated on the basis of wind data from the DWD for Braun-
schweig (German Meteorological Service (DWD) 2025).
The hourly data indicate the wind speed at ground level.
For the calculation of the electrical power generation by
the wind turbine, a simplified approach is employed based
on (Heier 2022). The wind turbine has a hub height of
45 m and a rotor diameter of 44 m. Using the sim-
plified model, the hourly electrical power supply from
the wind turbine to an electrolyzer is calculated for one
week in March 2023. The ambient temperature is set to
T.mb = 8°C, which is the average for this month.

Table 3. Electrolysis system simulation results for a week of
operation in March 2023 for an electrolyzer with and without
grid connection.

Quantity Symbol Unit Value
With Grid Connection

Hydrogen Produced my, kg 83.51
Electrical Energy Eq kWh 4534.9
Consumption

Average Efficiency n 1 0.6138
Without Grid

Connection

Hydrogen Produced my, kg 79.9
Electrical Energy Eq kWh 4367.59
Consumption

Average Efficiency n 1 0.6097

To study the effect of different operation strategies, we
analyzed two scenarios in terms of the efficiency that can
be achieved and the amount of hydrogen that can be pro-
duced. For the first scenario, a grid connection of the
electrolyzer is assumed. If the available power from the
wind turbine falls below 5 kW, it is assumed that the elec-
trolyzer operates at a minimum power that is supplied by
the electrical grid. This power is the minimum to keep the
electrolyzer at operating temperature. In the second sce-
nario with no grid connection, the electrolyzer is turned
off if the available electrical power from the wind turbine
falls below a 1 kW threshold. As a result, the electrolyzer
temperature decreases due to heat losses to the cold envi-
ronment. In both scenarios, the maximum power is limited
to 60 kW.

The simulation results of both operation scenarios are
plotted in Fig. 6. In the figure, the stack temperature, the
hydrogen production rate, and the power supply are plot-
ted against time. In the stack temperature, differences are
visible in the times when no electrical power is available
from the wind turbine. Large temperature decreases can
be seen during times when no power is supplied by the
wind turbine. The grid-connected electrolyzer remains at
an operating temperature of roughly 50 °C due to the ad-
ditional power supplied by the grid. In both hydrogen pro-
duction and in the power supply, the effect of the grid con-
nection is shown as an offset when there is no electricity

from the wind turbine.

To calculate the efficiency of the system, the hydrogen
production rate is integrated and multiplied by the lower
heating value (LHV) of hydrogen LHVy, = 120MJ /kg.
The result is then divided by the time integral of electrical
power consumed by the stack, pumps, blower and com-
pressor. This yields the efficiency of the system:

my, LHV
= (38)
el

The integral results of the calculated scenarios are sum-
marized in Table 3. Due to the energy supplied by the
grid, which is used when no electricity is available from
the wind turbine, the hydrogen production of the grid-
connected electrolyzer system is about 4.5 % higher than
the electrolyzer without a grid connection. For the same
reason, the electrical energy consumption of the grid-
connected system is also higher. Moreover, the efficiency
of the grid-connected system is higher. This is because hy-
drogen production at low current densities is very efficient
and on the other hand the grid-connected electrolyzer ben-
efits from higher operating temperatures, where operation
is slightly more efficient.

Furthermore, the simulated results of the hydrogen con-
centration on the oxidant side were monitored to check if
the flammability limit of hydrogen in oxygen is exceeded
at certain operating points. The hydrogen concentration
on the oxidant side depends on the permeation and the re-
circulation rate. It could be observed in the simulation
results that the hydrogen concentrations on the anode are
higher for the electrolyzer without a grid connection. In
the case of the electrolyzer without grid connection, the
flammability limit is exceeded at times when the power is
reduced rapidly. As a result, countermeasures would have
to be taken. For the grid-connected electrolyzer, the limit
is never exceeded. Generally, for an accurate description
of the transient accumulation of hydrogen during opera-
tion, the model needs further parameters, such as volumes
of components and materials.

The simulation times for both the grid-connected and
the non-connected electrolyzer scenario shown in Fig. 6
are about 75 s on a laptop equipped with an Intel 17-1360P
processor.

Prediction of the Degradation in the Electrolyzer

An empirical degradation model (eq. 19) published for
the PEM electrolyzer was implemented in the electrolyzer
model. To assess the degradation predicted by the empiri-
cal model, the simulation of the electrolyzer connected to
the wind turbine was conducted again, but for the entire
period of March 2023. The grid-connected electrolyzer
was selected due to its higher efficiency.

After one month of simulated operation, the voltage of
an average single cell in the electrolyzer stack increased
by approximately 0.045 V. Extrapolating this result over a
period of the year would result in an increase of voltage
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Figure 6. Simulation results of a 60 kW electrolyzer connected

to a wind turbine with and without connection to the electric grid.

The operating temperature, hydrogen production and power input of both scenarios are compared for the first week of March 2023.

by 0.54 V per single cell. When comparing this extrapo-
lated result to the operating voltages published by (Crespi
et al. 2023), the increase of voltage due to degradation
would lower the efficiency drastically. In comparison to
irreversible degradation results published by (Krenz et al.
2024), the degradation rates reported here for the elec-
trolyzer model are high and result from the fact that ir-
reversible and reversible degradation are not separated in
the model. More detailed degradation models are reported
in the literature and might help to improve the predictions
(Rakousky 2016; Krenz et al. 2024).

The obtained result also demonstrates how important
dynamic physics-based simulation models are to check the
plausibility of calculated degradation results and to verify
degradation models developed using lab-scale electrolyz-
ers. In particular, the ability of physics-based simulation
models to study realistic operating scenarios in short time
frames makes them invaluable.

5 Conclusion and Outlook

In this study, a newly developed electrolyzer model was
presented and investigated under steady-state and dynamic
operating conditions. The dynamic model was validated
for steady-state operating and dynamic scenarios using
measurement data.

First, the model was parametrized according to Crespi
et al. (2023) and then unknown parameters were fitted

to measurement data of the same publication. The fitted
model agrees well with the measured polarization curve
for three different operating temperatures. Next, the dy-
namic response of the electrolyzer model was adjusted by
fitting the liquid mass and the gas volume of the fuel to
measurement data. Again, a good agreement of the mea-
surements and simulation is achieved. In both investigated
operation points, the simulated stack temperatures match
the measurements accurately. Furthermore, the pressure
build-up in the cathode volume of the stack is predicted
accurately by the simulation model.

In the last step, a dynamic load profile was generated
based on real-world wind data. Two operating scenarios
for the generated load profile were analyzed, one with and
another without grid connection of the electrolyzer. The
efficiency of grid-connected electrolyzer is higher than
that of the standalone electrolyzer. The difference can be
attributed to the operating phases with relatively low load,
where the efficiency of hydrogen production is high. Fur-
thermore, it was found that the hydrogen accumulation in
the electrolyzer not connected to the grid is problematic
in phases with low power supply. Finally, the degrada-
tion rate under dynamic load conditions was investigated,
again using the load profile of the wind turbine. Here, an
overprediction of the degradation rate by the implemented
model was identified using the system simulation. In the
future, more detailed degradation models, such as the one
proposed in (Krenz et al. 2024), could be implemented.
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Nomenclature

Abbreviations
MEA Membrane Electrode Assembly
PEM Proton Exchange Membrane
TSA Temperature Swing Adsorption

Latin Symbols

NI SN L IROTT I IR e T T QQTAs >

Area, m?

Concentration, mol/(m?)
Heat capacity, J/K

Faraday Constant, C/mol
Gibbs free energy, J

Gibbs free energy flow rate, W
Specific enthalpy, J/kg
Enthalpy J

Enthalpy flow W

Current Density, A/ cm?
Current, A

Molar mass, kg/mol

Number, dimensionless

Mass flow rate, kg /s

Molar flow rate, mol/s
Pressure, Pa

Power, W

Heat Flow Rate, W

Heat transfer resistance, K/W
Entropy, J/K

Entropy Flow Rate, W /K

0, Oxygen
perm Permeation
R Reaction
rev Reversible
sat Saturation
TN Thermoneutral
x Crossover
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