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HIGHLIGHTS

o Critical review of the water electrolyzer polarisation curve modelling is conducted.

e Open source MATLAB toolbox for automated parametrization of models is presented.
e Measured alkaline and PEM water electrolyzer data is used to verify fit accuracy.

e Data sets of variable quality are used to verify fitting robustness.

ARTICLE INFO

Article history:

Received 14 April 2022

Received in revised form

8 June 2022

Accepted 10 July 2022

Available online 2 September 2022

Keywords:

Water electrolyzer modelling
PEM water electrolysis
Alkaline water electrolysis

ABSTRACT

A comprehensive literature review of current water electrolyzer modelling research was
conducted and presented models critically evaluated. Based on the literature review this
paper presents an open-source MATLAB toolbox for water electrolyzer polarisation curve
parametrization and modelling. The modelling capabilities of the tooling were verified
using measured PEM and alkaline water electrolyzer polarisation data. As real-world
measurement data is rarely ideal, tests were also conducted using suboptimal data, first
with data sets that have a low number of measurement points and secondly with data sets
that have low or high current densities missing. The tooling is shown to work with a wide
variety of use cases and provides an automated method for modelling and parametrization
of electrolyzer polarisation curves.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

Hydrogen LLC. This is an open access article under the CC BY license (http://creativecommons.org/
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- implemented to replace old fossil fuel-based generation fa-
Introduction

cilities. However, CO,-free power generation would limit en-
ergy sources mainly to wind and solar, which are by their

Hydrogen is likely to play a major role in future energy sys-
tems in limiting the increase in global mean temperature, in
accordance with the Paris Agreement, below 1.5 °C compared
to pre-industrial levels [1]. In the energy transition, large
amounts of CO,-free power generation have to be
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nature intermittent. Intermittency of power production can
lead to an imbalance between generation and consumption,
which means that flexible consumption is needed for times of
overproduction and effective energy storage solutions for
times of underproduction. Water electrolyzer produced
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Nomenclature

Variables

ax Activity of reagent X
Electron transfer coefficient

a Tafel slope

A Active surface area

Cx Reagent X concentration

Cx,0 Reagent X concentration in reference working
conditions

) Electrolyte layer thickness

AG Gibbs free energy change

MF Faraday efficiency

j Current density

jo Exchange current density

j; Constant base exchange current density value

jg Multiplier depicting the change in jo

Jr Limiting current density

A Membrane water content

m Molality

M Molarity

Ny, Generation rate of hydrogen

Ne Number of electrons transferred in a unit
electrochemical reaction

vx Stoichiometric coefficient of reagent X

() General chemical species oxidized in the reaction

Px Partial pressure of reagent X

Bso Saturated vapor pressure in pure water

Pl Saturated water vapor pressure in electrolyte

p° Standard reference pressure of 1 bar

Te Electric area specific resistance

R General chemical species reduced in the reaction
T Ionic area specific resistance

0 Material resistivity

7 Material conductivity

T Temperature (in kelvin)

Uact Activation overpotential

Ucen Cell voltage

Ucon Concentration overpotential

Ulstsira Ohmic overpotential

Uoev Open circuit voltage

u° Temperature-dependent reference voltage
w Mass fraction

Subscript

a Anode

c Cathode

Acronyms

AWE Alkaline Water Electrolyzer

ocv Open Circuit Voltage

PEM Proton Exchange Membrane
PEMWE PEM Water Electrolyzer

SEC Specific Energy Consumption

Constants
F Faraday's constant
R Universal gas constant

hydrogen is considered one of the most promising options for
overcoming both problems. Water electrolyzers could convert
the produced electricity to chemical energy in the form of
hydrogen, which can then be transformed back to electricity
with a fuel cell. Hydrogen can be used in many applications
and can play a important role in the energy transition by
indirectly electrifying sectors of society where direct electri-
fication is unlikely to be feasible in the near future. Renewable
energy production is possible in all parts of the world and
when combined with a sustainable energy storage solution
can enable an increase in energy self-sufficiency and a
reduction in reliance on imported fossil fuels.

Electrolyzer research and development makes extensive
use of modelling to explore electrolysis phenomena and
examine the sizing, energy management, control analysis,
and optimisation of electrolyzer plants. Consequently, various
models of varying degrees of complexity have been produced
for a wide range of different applications of water electrolyzer
research. In recent years, a number of valuable reviews of
electrolyzer modelling have been published. For example, the
reviews focusing on the proton exchange membrane water
electrolyzer (PEMWE) by Falcao et al. [2] and Herndndez-
Gdémez et al. [3]. For low-temperature water electrolysis sys-
tem modelling in general, the work by Olivier et al. [4], pro-
vides a very complete review with each model classified
according to criteria such as modelling approach and included

overpotentials. Furthermore, recent review by Gambou et al.
[5] concentrated on the electrical domain of alkaline water
electrolysis modelling. They noted that static models are well
developed but dynamic modelling has not seen same kind of
attention. Although these publications present a good over-
view of the landscape of water electrolyzer modelling, the
scope of these publications does not include rigorous evalu-
ation of the fundamentals of the modelling equations. A
modelling review where the theoretical background of the
equations is critically assessed is missing from the literature.

Electrolyzer modelling is currently divided into three
different approaches: analytical, empirical or semi-empirical,
and mechanistic approaches. Analytical models can be used
to determine the effect of the main variables on electrolyzer
performance, using simplifications to simulate a fairly accu-
rate polarisation curve [2]. Research using an analytical
approach has tended to focus on PEMWE modelling. For
example Abdin et al. [6] presented a linked modular mathe-
matical model. The model was constructed using modular
models for the anode, cathode, membrane, and cell voltage. In
addition to prediction of the equilibrium electrolyzer cell
performance, the model can also be used to study control
strategies and to understand the contribution of various in-
ternal components to cell voltage. In a recent PEMWE
modelling publication Correa et al. [7] presented a lumped
dynamic model focusing on the cathode side to predict the
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electrolyzer performance. They found out that temperature
increase mainly affects the ohmic overpotential while
increasing the cathode pressure leads to rise in the cathode
activation overpotential. Choi et al. [8] conducted an analysis
of PEMWE using a simple model based on Butler-Volmer ki-
netics. The model can be used to analyse the individual re-
sistances of each electrolysis process step in the membrane
and electrode unit and to predict overpotentials with different
electrocatalysts. Garcia-Valverde et al. [9] proposed a model
for simulating the electrochemical, thermal, and H, output
flow behaviours. They noted that the electrochemical model
could be extrapolated for any PEMWE based on knowledge of
the activation energy of the water oxidation reaction for the
anode electrocatalyst and the energy for proton transport in
the PEM. Few analytical models are available for alkaline
water electrolyzer (AWE) modelling. One such model is the
multiphysics-based approach for modelling and design of
AWE presented by Hammoudi et al. [10]. The model includes
characterisation based on structural and operational param-
eters, which allows it to describe a range of AWE. A similar
model has also been developed by Henao et al. [11] whose
model focuses on separately modeling the physical effects
taking place in the electrolyzer cell.

Empirical models use measurements from an electrolyzer
to determine the equation parameters used in the models.
The main disadvantage of empirical models is that they are
usually limited to the specific electrolyzer design used for
model design and the operation conditions studied. The work
by Koponen et al. [12] presented a semi-empirical model that
could be used to study the effect of power quality on the
specific energy consumption of a PEMWE. Dale et al. [13]
modelled a 6 kW PEMWE using semi-empirical equations.
They included a temperature and pressure dependant Nernst
potential and emphasised the importance of the temperature
dependency for achieving accurate results. The work by
Ulleberg et al. [14] has been widely used in empirical methods-
based AWE modelling. The model is based on a combination
of heat transfer theory, fundamental thermodynamics, and
empirical electrochemical relationships. The model can be
used to predict various system parameters such as cell
voltage, efficiency, and hydrogen production. Recent dynamic
energy and mass balance model for industrial scale alkaline
water electrolyzer has been published by Sakas et al. [15]. The
model was verified with measurement data from a similarly
sized industrial plant. Based on their modelling, shunt cur-
rents were observed to be the main contributor for the low
faradaic efficiency of the studied plant.

Mechanistic models use differential and algebraic equa-
tions derived from electrochemical phenomena occurring in
the electrolyzer. These models require extensive calculations
to produce very accurate predictions of the polarisation curve
and the flux concentration of multiple species in the electro-
lyzer. Due to the number of calculations needed, simulation
times are, however, significantly slower than those of
analytical or empirical models. Bree et al. [16] developed a
mechanistic dynamic model for comparing different cell
setups. Overpotentials caused by ohmic losses and mass
transport limitations were included to show their effect at
high current densities, and gas bubble formation was taken
into account via geometrical considerations and experimental

data. The work notes that one major limitation for PEM cells is
the formation of bubbles and proposes that a higher gas
diffusion layer porosity and change from a liquid to gaseous
inlet stream could be a solution. Onda et al. [17] used
measured overpotentials to make a two-dimensional simu-
lation, which was used to predict the performance of a large-
scale PEMWE. Additionally, by using the model, it was possible
to show that the potential used for water electrolysis stays
constant along the water flow direction. Chanderis et al. [18]
created a 1D PEMWE model that incorporated chemical
degradation of the membrane for degradation studies. The
model was used to capture the effects of temperature and
current density on the degradation rates. A fluid dynamic
based model was presented by Ma et al. [19] including an
ANSYS based tool for using it. They noted that the benefit of
fluid dynamic based model is the ability to model phase,
current, and temperature distributions in an operating elec-
trolysis cell which are difficult or impossible to measure.

In this work, we take a critical look at modelling and
parametrization of water electrolyzers. A literature review is
conducted in which the theory behind each model is evalu-
ated and limitations listed. Based on this theoretical founda-
tion, we develop a novel open-source modelling and
parametrization tool for AWE and PEMWE. The tool allows
models found in these literature sources to be easily combined
together and also incorporates checking for model limitations
that can affect the accuracy of the results. Implementation of
additional models is made easy by design.

For parametrization of the models, the tool includes easy to
use curve fitting for polarisation curve fits. Curve fittings are
usually used to obtain values for model parameters that are
difficult to measure or calculate analytically. Currently, most
modelling tools such as MATLAB provide very generic fitting
functionality, and a lot of setup work is consequently required
before they can be used for water electrolyzer model param-
etrization. Our tool thus provides ready-made functions for
parametrization of water electrolyzer polarisation curves,
significantly reducing the time required for this repetitive
task. Additionally, error bound calculations for each fitted
parameter and for the resulting curve are also included when
parametrization is performed.

The performance of the tooling is verified with data from a
PEMWE at the Forschungszentrum Jiilich, Germany and with
an AWE at LUT University, Finland.

The novelty of this research is the critical literature review
of the most popular water electrolyzer models, where the
theoretical background is evaluated, and the limitations are
listed and the automized parametrization tool is developed
based on the literature review. The tool can automatically
parametrize water electrolyzer models, using polarisation
curve data, that are widely used in the literature based on
measurement results. Confidence interval is also automati-
cally calculated for each parameter value. All this function-
ality is packaged into an open source MATLAB toolbox that
can meet the demands of research and industry alike.

This paper is composed of five sections. A critical literature
review on PEMWE and alkaline modelling is presented in
Section 2. A description of the modelling library is given
in Section 3. The verification of the tool for parameterizing the
polarisation curve of a water electrolyzer is presented in
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Section 4. Finally, Section 5 concludes the study by summa-
rizing key aspects of the work.

Theory

The principle underlying water electrolysis is that electro-
chemical reactions break water molecules to form hydrogen
at the cathode and oxygen at the anode. The overall reaction is
the same for all water electrolysis technologies:

H,0()= 70,(g) + Ha(g), &)

but the different technologies differ in their half-cell electrode
reactions. For PEM electrolysis, the half reactions are [20]:

2H"(aq) + 2e” =H,(g), and 2

H,0(1)= %oz(g) +2H"(aq) + 26 (3)

for the cathode and the anode, respectively. The correspond-
ing half reactions for AWE, on the other hand, are [20]:

2H,0(1) + 2 e" =H,(g) +2 OH (aq), and (4)

20H (aq)= % 0,(g) + H,0(1) + 2e™. (5)

The production rate of hydrogen molecules in water elec-
trolysis, ny,, is directly proportional to the current density j
and current efficiency #g, also known as Faraday efficiency.
The relationship is portrayed in Faraday's law of electrolysis:
i, = e ©
where A is the active surface area, n. is the number of elec-
trons involved in the creation of one molecule of hydrogen,
which in the case of water electrolysis is two, and F is the
Faraday constant. Based on Eq. (1) the current efficiency for an
ideal system can be assumed to equal unity, as there are no
obvious side reactions that consume current in the process. In
real-world water electrolyzer systems, however, gas crossover
phenomena and stray currents reduce the current efficiency.

Voltage analysis of the system is required when assessing
the total energy efficiency of the electrolysis process. In elec-
trolytic hydrogen production, the cell voltage Uy is the sum
of the open circuit voltage U,cy, also known as the Nernst

potential or reversible potential, and additional
overpotentials:
Ucel = Uocv + Uohm + Uact + Ucom (7)

where Ugnm is the overpotential caused by ohmic losses, Uact
the activation overpotential and U, the concentration
overpotential resulting from mass transport phenomena [21].
Building a comprehensive modelling tool requires imple-
mentation and understanding of each voltage component.

Open circuit voltage

The open circuit voltage (OCV) U,y is the lowest potential
level that facilitates the electrolysis process. The OCV

describes the thermodynamics of the electrochemical re-
actions [20] and is related to the Gibbs free energy change AG
of the reaction:
AG
Uocv =% 8
n.F (8)
The Gibbs free energy change is dependent on the envi-
ronment, specifically, on the temperature T and activity of the
reacting species «», which is why the OCV is often presented
with the Nernst equation:

Vo,

RT “op

Uocv =U"+— nHkﬂVORk . (9)
neF HI”RII

Eq. (9) is valid for a generic electrochemical reaction in a
reversible system:

Zl/o‘a Ok + nee- ‘iZVRI R], (10)
k 1

where O represents the oxidized species, R is the reduced
species in the reaction, vx is the stoichiometric coefficient, and
«x the activity of the specific species X. U° in Eq. (9) is a
temperature-dependent reference voltage for the reaction in
standard pressure and reagent concentrations, whereas non-
standard reaction conditions are accounted for by the rest of
the equation.

The open circuit voltage for a combined cell can be calcu-
lated from the potentials of the anodic and cathodic half
reactions:

Uocv = Uocv.a - Uocv,c- (11)

Finding the OCV for both half reactions and combining
them according to Eq. (11) will result in a single open circuit
voltage for water electrolysis. For PEMWE, the Nernst equa-
tion for anodic (Eq. (3)) and cathodic (Eq. (2)) half reactions
are:

ﬂl/zﬂz
Uoeva = U, + fTIn 2272 and (12)
@H,0
o 42 4
Uoeve = U, +fTIn "B, (13)

@H,

respectively. To simplify the equations, the following short-
ened symboling is defined and used from Eq. (12) onward:

R

f = (1)

In PEMWE, the reaction at the cathode is a hydrogen evo-
lution reaction (HER), Eq. (2), whose standard potential U, =
0 by definition. Therefore, the unified reversible potential of
water electrolysis, defined as U = U, — U,, can be simplified to
U = U, for PEMWE [22]. Applying Eq. (12) and Eq. (13) to Eq. (11),
we find the Nernst equation for the total electrolysis reaction
to be:

1/2
@H, %0,

Uoew = U° +fTIn (15)

@H,0

Exactly the same result can be derived for AWE, although
the anodic and cathodic half reactions differ. Difference in the
half reactions leads to different standard potentials for U,U,
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Table 1 — Standard potentials of the water electrolysis
half-cell reactions for both PEMWE and AWE [23].

PEMWE AWE
Cathode (U°) ov Eq. (2) -0.8277 V Eq. (4)
Anode (U,°) 1.229 V Eq. (3) 0.401V Eq. (5)

and U; (see Table 1). However, the unified reversible potential
U° is equal regardless of the technology.

Reversible potential

The standard reversible potential U° for the electrolytic water
splitting reaction can be determined using common, experi-
mental formulae. LeRoy et al. [24] derived a widely used
approximation, Eq. (16), from experimentally determined
temperature-dependent reaction enthalpy wusing the
Gibbs—Helmholtz equation. Linear approximations have also
been used, for example, Schalenbach et al. [22] applied an
experimental linear approximation, borrowed from fuel cell
research [25] to electrolyzers. Schalenbach [26] later proposed
an updated equation Eq. (18) which, nevertheless, was still
based on linear approximation. Hammoudi et al. [10] proposed
a polynomial approximation derived from the
Gibbs—Helmholtz thermodynamic relation between the
enthalpy and the Gibbs free energy. Equations from Dale et al.
[13] and from da Costa Lopes [27] are also included in the tool.

U°=1.5184—-1.5421x 10T +9.523 x 10 °TInT+9.84 x 10"4T*(V)

(16)
U° = 1.229V — (0.000846 VK~1)(T — 298.15) (17)
1 -1+1-1 5 -1
U= [( —159.6 ] mol *K!)T + 2.8472 x 10° J mol ]
neF
(18)

U° = 1.50342V — (9.956 x 10* VK )T + (2.5 x 10”7 VK 2)T2
(19)

U° = 1.5241 — 1.2261 x 1073T + 1.1858 x 10°TIn T + 5.6692
x1077T*(V) (20)

U° = 1.449V — (6.139 x 10~* VK )T — (4.592 x 107 VK 1)T?
+(1.46 x 107° VK H)T? (21)

The results of equations (16—21) differ only slightly in the
usual operating temperature range of PEMWE, as shown in
Fig. 1, making them all equally valid.

Species activity

The activity «x for an ideal gas can be expressed as the ratio of
its partial pressure px to a standard, reference pressure
p° = 1bar. The reference pressure is the pressure at which the
standard reversible potential U° is defined [28]:

bx
= (22)

Activity «n,o for pure liquid water at the electrodes in PEM
water electrolysis can be expressed as unity [28]. Water ac-
tivity in the electrolyte solution for AWE, on the other hand,
can be calculated as the fraction of saturated water vapor
pressure in contact with the electrolyte pgy «1(T, m) compared
to the saturated vapor pressure in pure water pgy(T):

psv.el(T7 m)
psv(T)

With the assumptions that the gas mixtures within the
system are ideal, that there is no gas crossover, and that the
saturated water vapor pressure is only a function of temper-
ature, the partial pressures of the gasses can be calculated
using Dalton's law from the measured pressure p, for the
anode and p. for the cathode by subtracting the water vapor
pressure [29]:

(23)

@H,0.el =

Pu, = Pe — Psv(T), (24)

bPo, =Pa — pSV(T)- (25)

In AWE, the gases on the two electrodes can be assumed to
be at equal pressure p for which reason the following applies:

Py, = Po, =P — Psver(T, m). (26)
Now Eq. (15) can be modified to the forms:

(Pc = psv(T)) (Pa — pSV(T))l/z
p32

Uoey = U° + fTIn for PEMWE, and

(27)

(P = psv, a(T, m))B/ZPSV(T)
Uoey = U° +fTln = for AWE. 28
ocv f p 3/2psv. o (T7 m) ( )
The saturated water vapor pressure for pure water can be
calculated from the Antoine equation:

B

A 2
T+C @)

logy,pse(T) =
where parameters A, B and C are given for different temper-
ature ranges in Table 2. Another option is to use an experi-
mental equation obtained by J. Balej [31]:

3343.93
T

log,,psv(T) = 35.4462 — —10.9 log,, T +4.1645 x 107°T.

(30)

The result from these two methods are nearly indistin-

guishable within the temperature range of 0 °C—100 °C.

Alkaline electrolyte vapor pressure pgy «l(T, m), is determined
from the vapor pressure of pure water ps,(T) by [31]:

Psvel(T,m) = 10°pgy (T)". (31)

Parameters a and b depend on the electrolyte type and its
molality m:


https://doi.org/10.1016/j.ijhydene.2022.07.085
https://doi.org/10.1016/j.ijhydene.2022.07.085

31990

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 31985—32003

a={ —0.01508 m — 1.6788 x 107> m? + 2.25887 x 107> m?,
—0.010986m — 1.461 x 1073 m? + 2.03528 x 10> m?,

b { 1-1.2062 x 1073 m + 5.6024 x 10™*m? — 7.8228 x 10°°*m®,

1—-1.34141 x 103 m + 7.07241 x 10~*m? — 9.5362 x 10" m?,

The unit of pressure has to be bar for these given param-
eters to work.

Activation overpotential

Activation overpotential accounts for the energy losses due to
charge transfer kinetics in water electrolysis. It represents the
voltage needed to overcome the reaction energy barriers to
initiate a sufficiently high reaction rate in the wanted direc-
tion. The activation overpotential at each electrode-
electrolyte interface is implicitly defined by the
Butler—Volmer (B—V) equation, with a common assumption
that the rate-determining step in the reaction is a one-step,
single-electron transfer process [32]:

exp <}x—_;Uact,C> —exp ( - (]-}T—aC)Uact,c> ] , (34)

where jo . is the exchange current density and a. € [0, 1] the
so-called electron transfer coefficient [33]. The subscript c is
used here to signify that the equation is for the half reaction at
the cathode, but the same equation is used for the reaction at
the anode.

In Eq. (34), the forward reaction is accounted for by the first
exponential term and the backward reaction by the second
exponential term. Exchange current density j, is dependent on
the properties of the catalyst layer and temperature with an
Arrhenius-type relation [8,32,34—36], and jo should therefore,
in practice, be experimentally defined for each setup. Electron

j = jO.c

1.26
Source:
— Leroy
— Schalenbach 2
124} Hammoudi
— Schalenbach 1
Dale
1.22 + da Costa Lopes
Zz
] 1.2+
1.18 +
1.16 L L L L L
280 300 320 340 360
T (K)

(a) Definite values

for KOH

2
for KOH (32
for KOH

for NaOH. (33)

transfer coefficient « is reaction and temperature-dependent
and describes the balance between the forward and backward
rates of the reaction. For simplicity, « is commonly assumed to
be 0.5, but the validity of this assumption, especially for the
oxygen evolution reaction at the anode, is questionable [29].
Therefore, other values for « are also used in the literature to
match experimental data. The effect of variation of « and j, on
the activation overpotential is depicted in Fig. 2.

Since the full B—V equation must be solved implicitly for the
activation overpotential, a variety of explicit approximations
have been utilized in the literature, namely the Tafel equation
and hyperbolic sine approximation. The presented approxi-
mations come with their own range of applicability, which has
to be understood to minimize modelling inaccuracies.

Tafel equation

A common approximation of the Butler—Volmer equation is
the Tafel equation. By assuming operation far from kinetic
equilibrium, which means that U, in Eq. (34) is either much

Table 2 — Parameters for Antoine equation in four
temperature ranges [30].

Temperature range [K] A B C
273 ... 304 5.40221 1836.675 —31.737
304 ...334 5.20389 1733.926 39,485
334 ... 363 5.0768 1659.793 —45.854
363 ... 374 508354  1663.125 45622
5
Source:
4t — Leroy
— Schalenbach 2
3t Hammoudi
— Schalenbach 1
2+ Dale

da Costa Lopes|

'
—
T

'
()
T

Usey difference to Leroy et al., (mV)

'
w
T

1 1 L 1

280 300 320 340 360
T (K)

(b) Absolute differences to Leroy et al. [24]

IS

Fig. 1 — Comparison between different approximations of reversible potential as a function of temperature. The equations
for each approximation are as follows: Leroy Eq. (16), Schalenbach 1 Eq. (17), Schalenbach 2 Eq. (18), Hammoudi Eq. (19), Dale

Eq. (20), and Da Costa Eq. (21).
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(b) Butler—Volmer equation for variable values

of jo with o= 0.6 picked to illustrate a case

where B—V equation doesn’t result in odd sym-

metry in the resulting curve.

Fig. 2 — Behaviour of the Butler—Volmer equation as a function of parameters (a) « and (b) jo. To maintain non-

dimensionality of the x-axis in the figure (b), the effective change in the value of j, is separated to a multiplier j| used as the

variable (jo = j;jg).

greater or much smaller than 0, one of the exponent terms can
be assumed to be insignificant. For example, if positive voltage
and current signs are defined for the electrolytic reaction and
Uact > 0, Eq. (34) for the cathode can be simplified to the Tafel
equation:

j = jO.c exp (}XT‘C-Uact.c> ':’Uact,c = acln -L»

0.c

(35)

with a parameter called the Tafel slope, which is defined as
ac = fT/a.. The same equation is valid for the anode. As the
Tafel equation requires an assumption of high enough acti-
vation overpotential, it can be considered valid only when
j/jo >4 [32]. Comparison between the Butler—Volmer equation
and the Tafel equation is presented in Fig. 3.

10 ¢
5F
&~
S
< 0
=
5E
—— Buttler-Volmer
—— Tafel equation for positive current
Tafel equation for negative current|
-10 . [ . .
-10 -5 0 5 10

J/jo

Fig. 3 — Tafel equation compared to Butler—Volmer
equation with « = 0.5.

Hyperbolic sine approximation

Another approximation approach found in the literature
[8,37,38] to modify the Butler—Volmer equation into a
closed form for U is to use the definition of the hyper-
bolic sine:

exp(x) — exp(-x)

inh x —
sinh x 5

(36)

Approximation is done similarly for both the anode and
cathode, but here we again use the cathode as an example.

The approximation is based on the assumption that a. = 1/
2, which has been found to be accurate at least for hydrogen
evolution and the hydrogen oxidation reaction pair [39] but
not so for oxygen evolution and oxygen reduction reactions
[29]. With this assumption, the Butler—Volmer equation Eq.
(34) can be modified to the form:

. L 1
)= 2)O.cSlnh (ﬁUact.c) )

using the definition in Eq. (36). The activation overpotential is
now solvable:

(37)

s )
Usacte = 2f T arsinh—+—.
t, f 2}07':

(38)

Despite the fact that the hyperbolic sine approximation
is derived only for the case a. = 1/2, some authors use a
variable «. together with the hyperbolic sine approximation
[38,40]:
.

] 0,c

Uacte :f—rarsinh (39)
Qc
Visual analysis of the validity of this approximation,
shown in Fig. 4 illustrates that when the value of « differs from
1/2 the approximation diverges from the Butler—Volmer
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Fig. 4 — Comparison between the hyperbolic sine
approximation and the Butler—Volmer equation for three

values of a. The Butler—Volmer equation is shown with a
dashed line.

equation, especially at low current densities. The difference
between the B—V equation and the hyperbolic sine approxi-
mation is, however, much less than between the B—V equa-
tion and the Tafel approximation, Fig. 3, making the
hyperbolic sine approximation more suitable for lower cur-
rent densities. If the current is reversed, the hyperbolic sine
approximation diverges drastically from the B—V equation.
The hyperbolic sine approximation is, therefore, valid only for
one-directional reactions. In electrolysis research it is in any
case preferable to keep the reactions in one direction only
with high enough currents as this minimizes the safety issues
caused by gas crossover phenomena, which enables the use of
either of the approximations presented.

Combined electrodes and the accuracy of the Butler—Volmer
equation

Thus far, the activation phenomena have been presented for
individual electrodes only. However, the same approximative
equations are often used for the combined activation over-
potentials of the anode and the cathode [38,41—43]:

Uact = Uact‘c + Uact‘a~ (40)

Using Egs. (35), (38) and (39) for the combined activation
overpotential voltage leads to equations:

Ust —alnl, (41)
Jo
Uset = 2fT arsinh-, and (42)
2}0
ST
Uget = Earsmhﬂ, (43)

respectively. When a fit is made to experimental results for
which the electrode overpotentials have not been measured
separately, only single, combined values for « and j, can be

obtained. As discussed by Noren and Hoffman [32], however,
the approach of combining the electrode overpotentials, and
modelling them with single parameter values for « and jo will
lead to a loss of physical meaning of the fit parameters. The
predictive capability of such models is, therefore, question-
able outside the exact systems that they were measured from.

The validity of the B—V equation for modelling water
electrolysis has, furthermore been questioned from a micro-
kinetic point of view. Shinagawa et al. [44] reason that as the
rate-determining step may differ between the forward and
backward reactions, the kinetics of the reaction cannot simply
be presented by the B—V equation. However, as the equation
has been used with adequate accuracy to describe the exper-
imental U-I behaviour of electrolytic cells, it is widely used in
modelling the kinetics in the macro regime. Using the B—V
equation regardless of its possible unsuitability for water
electrolysis modelling may lead to further loss of physical
meaning for the parameters.

Ohmic overpotential

The ohmic overpotential can be calculated based on Ohm's
law:

Uohm = Tj. (44)

The total area-specific resistance of the cell r consists of
resistance over multiple serially connected regions, from
which the electronic and ionic area-specific resistances,
marked with r. and r;, respectively, are simple to separate:

Uohm = (Te + Ti)j-, (45)

Both r. and r; can be generally calculated by integrating
material resistivity p over the current conduction path:

r= /Olp(x) dx. (46)

Calculating the integral in Eq. (46) for the electronic
area specific resistance r is often challenging. The current
path is comprised of multiple separate materials in series,
such as bipolar plates and porous transport layers, and
their interfaces, whose properties can vary significantly
having a measurable impact on their resistivity. Thus, the
most convenient way is to determine the electronic
resistance from polarisation curve measurements as a fit
parameter.

The ionic area specific resistance, r;, is generally more
significant than that of the electronic conductors (re) [45]. The
ionic conduction path within the electrolyzer cell is shorter
and more uniform than the electronic path, and thus the ionic
area-specific resistance is often simplified by assuming con-
stant resistivity. This assumption leads to a simple solution
for Eq. (46) [8]:

i= 47
=2 (47)

where the conduction path is depicted by the electrolyte layer
thickness ¢, and the conductivity of the material ¢ through
which the ions traverse, being the reciprocal of resistivity p, is
often used instead of resistivity.
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Marangio et al. [40] proposed a more complete equation for
the ionic resistance across a PEM electrolyte membrane,
which is derived from an equation for the electric potential
gradient across the membrane by Bernardi et al. [46]. How-
ever, Marangio et al. [40] showed, that the decrease in accu-
racy when using the simplified equation Eq. (47) is very small
in current range of 0 A—2 A, while requiring fewer parameters.

For PEMWE the distance ¢ is represented by the membrane
thickness, and its conductivity ¢ can be experimentally deter-
mined or calculated from an experimentally determined equa-
tion. One experimental equation is proposed by Springer et al.
[47], where the membrane conductivity can be determined
based on the temperature and water content of the membrane:

1 1
g =0.005139 1 — 0.0326 exp {1268 (ﬁ — T) } . (48)

Here, 1is the water content (ratio of water molecules to the
charge (SO;") sites in the Nafion® membrane) and T is tem-
perature in kelvin.

In AWE, ¢ is determined from fits done to experiment data.
For KOH, Gilliam et al. [48] presented the following equation
applicable in the 0 °C—100 °C temperature range, where the
conductivity is presented as a function of molarity M and
temperature T:

o= —2.041M —0.0028 M? +0.005332 MT +207.2 (M / T)
+0.001043 M® — 3 x 1077 M?T?. (49)

A second widely used conductivity equation for KOH was
presented by See et al. [49] for the —15 °C to 100 °C temperature
range in which conductivity is a function of mass fraction w
and temperature T:

o= 27.9844803w — 0.009241294 T — 1.49660371 x 10~* T?
—0.0905209551 Tw + 2.59087043 x 10~* (T?w°¢%)
+6.96648518 x 10~* (T/w) — 2898.15658 (w/T).

(50)

For NaOH LeBideau et al. [50] developed a fit based on data
from Zaytsev et al. [51] using the least square method:

0 =—457+1.02T+3.20 x 103 w® — 2.99 x 10° w? + 7.84
x 102 w. (51)

Their fit has a quite small temperature range of 25°C—50°C
limiting its use cases.

Concentration overpotential

The concentration overpotential results from the mass
transport limitations at the electrodes, and it is significant
mostly at high cell currents. For AWE, high enough current
density has a distinguishable effect on the water concentra-
tion at the electrode surfaces compared to the bulk electrolyte,
decreasing the water concentration at the cathode and
increasing it at the anode, according to Egs. (4) and (5),
respectively. Dissimilar changes in the electrolyte concentra-
tions between the electrodes, and locally rising oxygen and
hydrogen partial pressures have an effect on the respective
species activity, which in turn increases the open circuit
voltage of the half reactions.

For PEMWE, the reaction takes place at the membrane-
electrode interface, and all the reactant and product mass
flows have to be transported through the porous electrode.
There is a flow resistance for the mass flow going through the
electrode which increases with increasing flow. Flow through
the porous electrode is a diffusion phenomenon which can be
described by Fick's law as only two-component mixtures are
present in the water electrolysis process. Product transport
limitations cause most of the overpotential as H, and O, have
to be removed as fast as they are produced or their concen-
tration increases, which slows down the reaction kinetics [40].
In addition, the creation of oxygen bubbles on the anode re-
duces the active surface area available for the reaction.

These mass transport issues are represented in the con-
centration overpotential U, Which can be estimated using

the Nernst equation formulized with the reagent
concentrations:
CY?Cy
Ucon = lenl/;iﬂ (52)
0,,0~H2,0

where Cx( represents the concentration of reagent X at the
membrane-electrode interface in a reference working condi-
tion and Cx is the concentration after mass transfer has
occurred [40].

For PEMWE an alternative way to model the concentration
overpotential is to add a current limiting term to the anodic
activation overpotential [9]:

fro B
Uact, 0= . " 1n Joa

01—
JLa

(53)

where ¢, is the anode side electron transfer coefficient, j, is
the anode side current density, joa is the exchange current
density, and j., is the current limiting term. The current
limiting term is added to the anode side as the oxygen bubbles
would block the electrode surface at high current densities.
For PEMWE the cathode reaction is not dependent on liquid
water as a reagent at the reaction site, which implies that
bubble formation is not an issue there.

The concentration overpotential can be separated from the
activation potential to its own term:

Ucon = J;Iln (1 - ’) . (54)

)L.a

Alternatively, the same equation has been used by some
authors without the electron transfer coefficient [41]:

Ucon = —fTIn (1 - }i> (55)
L
The form of Eq. (55) is more useful with combined-
electrode models where the separate anodic electron trans-
fer coefficient «, is unknown.

Consideration of the constant reversible potential offset

The theory presented from Section 2.1 to Section 2.4 provides
equations for calculating the polarisation curve with four
parameters that have to be fitted from an experimental
polarisation curve: electron transfer coefficient «, exchange
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Fig. 5 — Effect of different fitting parameters on the resulting polarisation curve. The images for « and j, include a magnified
view of the low current densities. In each of the figures the parameter values that are not variable are « = 0.4,
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current density j,, area specific resistance r, and limiting
current density j;. These four parameters all have a distinct
effect on the polarisation curve, as can be seen from Fig. 5,
which enables the use of a curve fit for finding their values. A
fifth fitting parameter sometimes used in the literature is a
voltage offset, implemented as a variable standard reversible
potential U° [38]. This is a tempting approach, as such a
parameter can indicate whether unwanted electrochemical
reactions are occurring inside the cell. However, if the Butler-
Volmer equation, Eq. (34), is rearranged into the following
form:

.)—* = exp <f£TUact + In JI)) — exp (a—_anct + In )(;)1 (56)
Jo fT

by defining j, = j,ji where j; represents the original exchange
current density, and j| stands for a multiplier change in its
value, it can be noted that change in the exchange current
density jo affects the activation overpotential in a similar way
as if there was an offset of voltage. The described effect is

most pronounced if « = 0.5 or if the operational point is far
enough from equilibrium to reduce one of the exponent
terms.

Fig. 5b shows clearly the resemblance between the effects
on the polarisation curve caused by changing the exchange
current density and adding a potential offset. The same ef-
fect can also be noted in Fig. 2b. Including a potential offset
as an additional fitting parameter is, therefore, prone to
degrade the fitting performance of the exchange current
density. In this study, implementation of the potential offset
was, thus, abandoned because of the observed overlapping
effects.

Simulation software methodology

A water electrolyzer modelling tool was developed with ca-
pabilities to model and parameterize measured polarisation
curves for PEMWE and AWE. All the potentials presented
in Section 2 are modelled in the simulation tooling. Multiple
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different models for overpotentials and for reversible poten-
tial are available, which can be selected depending on the
measurement data at hand, while also taking into account
other limitations and needs. Currently available models are
listed in Table 3. Expanding the modelling library with new
models is easy, and the tool has been designed to be very
flexible, allowing users to add models of interest in to the
tooling with minimal work. A simplified flow chart of the
modelling tool is shown in Fig. 6.

Each voltage component is separated into its own module,
which can then be combined as the user requires. The com-
bined voltage equation can then be used in either the
parametrization or modelling part of the tool. To perform the
parameter fitting, the user has to provide a set of measured
voltage and current value pairs and also common variables

such as temperature and pressure, and electrolyte molality in
the case of AWE, which have been kept constant for the sys-
tem. Polarisation curve parameters, like the resistance of the
cells, are usually difficult to measure directly from the system
or are difficult to solve, like the electron transfer coefficient.
Because of the difficulty of obtaining the parameters with
other methods, curve fitting is generally used. Once the pa-
rameters have been obtained, they can be used in the
modelling part of the tool to calculate the voltage of the water
electrolyzer at different currents.

Fitting

In the modelling tool, fitting is implemented using standard
fitting functions found in MATLAB. Fitting is used because

Table 3 — Models available in the tooling for PEMWE where the first model of each category is the default model.

Term Model number Electrolyzer type Reference Equation
Standard reversible potential 1 [12] (18)
2 [24] (16)
3 [13] (20)
4 [10] (19)
5 [25] 17)
6 [27] (21)
Pressure correction for OCV = Alkaline = (28)
- PEM - (27)
Activation overpotential 1 = (43)
2 = (42)
3 = (42)
Ohmic overpotential 1 = (44)
2 8] (45)
Conductivity 2.1 Alkaline [48] (49)
2.2 Alkaline [49] (50)
2.3 PEM [47] (48)
Concentration overpotential 1 [41] (55)
2 [40] (52)
Nernst Activation Ohmic Concentration
¢ ¢ P Input variables:
D -1
Measured variables:
-U > Fit U-I < > Model U-|
-1 Common variables:
- Temperature + |Output variables:
- Pressures A U
- Molality
- etc.
Parameters:
-
>- Jo
-R
- etc.

Fig. 6 — Simplified flow chart of the modelling tool.
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some parameters that are necessary for the models such as
the resistance and electron transfer coefficient are difficult to
obtain by means of measurements or calculations. For such
parameters, curve fitting presents a good method to find
suitable values that enable modelling of the system.

The tool includes an abstraction layer for standard MAT-
LAB fitting functions to simplify the process of parameterizing
water electrolyzer polarisation curves. The end user has to
only provide the measured voltage, current, and common
parameters such as temperature and pressure measured from
the system, after which the fitting function can be called to do
the curve fitting for the rest of the parameters. Error bounds
are automatically calculated for each fitted parameter.

Two common fitting methods were implemented in the
modelling tool, Non-linear Least Squares Error regression
(NLLSE) and Particle Swarm Optimisation (PSO) based mini-
mization. The minimization is performed on the sum of
squared residuals of the fitted curve. NLLSE is very commonly
used for estimation calculations, as it can be used with a wide
variety of functions. PSO, on the other hand, is a method
which iteratively tries to minimize the given objective func-
tion, by having a population of candidate solutions which are
moved in the given search space towards the optimal solution
[52]. The starting position of the particles is completely
random, which can result in some random variation in the
fitting result. In initial tests, NLLSE was noticed to produce bad
fitting results for certain data sets, which prompted the
addition of PSO as an option to reduce the number of cases
where no good fit can be found. Comparing the methods
highlights the strengths and weaknesses of both approaches.
For easy comparison of results, error bounds are automati-
cally calculated. In the case of NLLSE MATLAB Curve Fitting
Toolbox is used, which calculates the error bounds based on
Jacobian of the fitted values. For PSO the error bounds are
calculated using the Markov Chain Monte Carlo method. The

Water electrolyzer parametrization

Measurement data for validation and parametrization were
obtained from a PEMWE test system located in the For-
schungszentrum Jilich, Germany and from an AWE system at
LUT University, Finland.

The membrane electrode assembly for the PEMWE was
fabricated in Jilich using a similar decal process to that pre-
sented by Stahler et al. [54]. A FuelCon electrolyzer test rig
(C1000-LT) was used for the measurements. Simplified P&I
diagram of the test setup is presented in Fig. 7. The voltage
was measured with a GN840B sensor from HBM and the cur-
rent with a DC current transducer Flux CT600 from CAENels.
Specifications of the PEMWE are listed in Table 4.

AWE measurements were conducted using an electrolyzer
stack made by Light Bridge Inc. Further specifications are
given in Table 5. For the electrolyte NaOH was used as that
was readily available. Because the test results were used only
to verify the fitting performance of the tool, the efficiency of
the water electrolyzer was not critical. Simplified P&I diagram
of the AWE test setup is shown in Fig. 8. Voltage and current

Table 4 — PEMWE system specifications.

Manufacturer: Forschungszentrum Jiilich, IEK-14
Membrane: Nafion 117

Number cells: 1

Nominal voltage: 2V

Nominal current: 36 A

Nominal power: 72 W

Active area 17.64 cm?

Electrode cathode: Pt, 0.39 mg cm 2

Electrode anode: Ir, 2.19 mg cm 2

Porous transport
layer (PTL), cathode:

Toray paper

. . PTL, anode Sintered titanium, coated with
Markov Chain Monte Carlo error bounds are calculated with a iridium
library created by M. Laine [53].
Water
condenser Gas cooler
02 H2
PSU
Gas separator
tank
+ | o lon
Heater % § Exchange
g k] Resin
H,0 © H,0
Pump

Fig. 7 — Simplified P&I diagram of the PEM test setup. Diagram is modified from the one presented in Koponen et al. [12],

where the same system configuration was previously used.
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Table 5 — AWE system specifications.

Manufacturer: Light Bridge
Electrolyte: 20 wt% NaOH
Number cells: 10

Nominal voltage: 20V
Nominal current: 17.5A
Nominal power: 350 W

Active area: 152 cm?

Separator:
Electrodes:

Porous polymer
Nickel based compound

were measured with a Hioki PW6001 power analyser using a
CT6863-05 current probe.

Polarisation curves were measured for both electrolyzers
and environmental variables such as temperature were noted.
This approach allows accurate modelling of both systems
using the modelling tool developed. Both data sets include
measurement data starting from low current densities, where
activation overpotentials are dominant, and from the linear
operation zone, which is dominated by the ohmic over-
potentials. In both the PEMWE and the AWE, the current
densities were not high enough for concentration over-
potentials to have a significant effect.

Measurement conditions were controlled for temperature
change. The PEMWE was kept at constant 75 °C, whereas the
measurements for the alkaline system were conducted at
both 30 °C and 60 °C. The alkaline system also had continuous
temperature measurement, which provided the temperature
data at each current step. Both systems were operated at
ambient pressure.

In the validation tests measured current and voltage were
loaded into the modelling tool, which was set up to use the
default equations presented in Table 3. For the alkaline system,
the measured temperature data was also used to improve
fitting accuracy. Both NLLSE and PSO were tested to see the
performance difference between the implementations.

Simulations were conducted to verify that the tooling
works as expected and to explore the effects of different
quality data on the fitting results. Results for fitting are pre-
sented in Fig. 9 for the PEMWE and in Fig. 10 for the AWE.

For the PEMWE system, the measured current-voltage data
could be fitted almost perfectly with both the NLLSE and the
PSO method. Fitting results are shown in Fig. 9 and the fitted
parameters are listed in Table 6. As can be noted from the very
high R? value, the tool was able to produce very accurate fits in
both cases. Values for most parameters are also close to each
other; however, the results are not in full agreement with each
other within the confidence bounds. Limiting current density
was omitted from the modelling, as the measurement data did
not contain data for high enough current densities where the
phenomena could be seen.

The measurement data from the AWE system presented
more of a challenge, especially at low temperatures, where
limitations in the models used are most apparent. Results are
presented in Fig. 10 and the fitted parameters listed in Table
7. When performing the fit for measurements at 30 °C, it was
obvious that the lowest measurement point was out of reach
of the simple models provided with the tool. To overcome the
issue and to obtain a sensible fit, the first measurement point
at 30 °C was, therefore, omitted as an outlier. To include such
low current densities more detailed alkaline modelling
should be employed. The number of measured data points
was lower at 60 °C and the current density was not measured
as low as for 30 °C. As the measurements did not include
these very low current densities the fitting accuracy was
greatly improved.

Despite the issue of imperfect models, both fitting methods
performed well with the available data, producing consistent
results within the error margins. As the number of measure-
ments for 60 °C was quite low, the fit accuracy most likely
exhibits phenomena presented in more detail in Section
Measurement data quality.

0, vent Silica dryer
A Gas [:
analyzer
Sample H,
PSU pump
Gas separator Hj vent
tank
+ | o
o | ©
° o)
o =
| =
N, Flush © N, Flush

Heat exchanger
with thermostat

N

Pump

Fig. 8 — Simplified P&I diagram of the Alkaline test setup.
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Fig. 9 — PEMWE current-voltage data fitted using the modelling tool.
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Fig. 10 — Light Bridge AWE current-voltage data fitted using the modelling tool.
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Table 6 — Fit parameters and their standard deviations for
the PEMWE current-voltage data.

Method T r (Qcm?) a (1) jo (1077 A cm™—?)
NLLSE 75°C 0.1853 + 0.0010 0.703 + 0.014 3.0+0.7
PSO 75°C 0.1830 + 0.0007 0.685 + 0.008 41+06

Table 7 — Fit parameters and their standard deviations for
Light Bridge AWE.

Method T 7 (Qcm?) a (1) jo

(10°*Acm?
NLLSE 30°C  0.186 +0.013  0.128 + 0.004 6.4+ 1.0
PSO 30°C 0.17 +0.03 0.122 + 0.006 8+2
NLLSE 60°C 0.13 +0.08 0.11 + 0.02 22 +12
PSO 60°C 0.13 +0.04 0.114 + 0.006 23+5

Measurement data quality

When measuring polarisation curves from real-world water
electrolyzers, the data produced is never ideal. Examination of

=
0o
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5

1.4 1 1 I 1 1 1 1 1 1
0 02 04 06 0.8 1 1.2 14 16 18

Current density, j (A/cm™2)
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=
o

fitting for non-ideal data is thus important to be able to gauge
the performance of the parameterizing capabilities of the tool
and to look at cases where accuracy could be improved by
additional measurements.

First, a sparse data set with a low number of measurement
points was compared to a dense data set to see how much of a
decrease in accuracy can be seen in the fit. Then, testing was
done using data sets with missing low or high current den-
sities. The missing data is generally caused by limitations in
the electrolyzer under test or are a result of the test system
power delivery limiting the polarisation curve measurement
range, thus excluding activation or concentration over-
potential dominated operation areas from the data.

Each test provides the average of the fitting error from a
group of 10 synthetical measurements generated by the
toolbox. Synthetical data was used to determine the limita-
tions of the toolbox, as it provided a simple way to generate
measurement data with a varied number of measurement
points and allowed testing with a wide current density range.
Additionally, using known parameters for the synthetical data
allowed straightforward validation of the fitting accuracy, as
the results from the fits could be compared to the original

1.4 1 1 1 1
0 02 04 06 08 1 1.2 14 16 18

Current density, j (A/cm~?)

(b) 10 data points

L L s L i

O Data
Fit

L

L L i
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Fig. 11 — Fitting performance compared between synthetic data sets of 50, 10 and 5 data points for the NLLSE fitting method.
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values used to generate the data. The data was used to
determine cases where more measurements are necessary to
produce a fit with suitably accurate parameters for modelling.

Fitting performance was tested with three synthetic data
sets of variable measurement density (50, 10 and 5 data points)
to see the performance difference with non-optimal mea-
surement data. Data was synthesized for a PEM water elec-
trolyzer with the following parameters: o = 0.3,
jo=13x10*Acm 2 r=0.1Qcm? and jjj, = 1.65 A cm™2.
Toolbox default models were used both for the open circuit
voltage and for the overpotentials. Temperature was set to
353.15 K, and the cathode and anode pressures were 20 bar
and 2 bar, respectively. Sparser data sets were created by
picking evenly spaced observations from the dense data to
avoid wide difference in their measurement errors.

The fitted polarisation curves are illustrated in Fig. 11 and
the fit parameters, which are averaged over the ten sets are
presented for each fitting method and measurement point
density in Table 8. As the resulting plots from PSO were nearly
identical and not separable from those obtained from NLLSE,
only the latter are presented in the figures. Both fitting
methods work well with both the dense and sparse data sets
as can be seen from the fitted parameters, which show little
difference between the different cases.

As expected, fittings created using the sparser data set
produce more error compared to the results from the dense
data set.

Finally, fitting performance was tested with two synthetic
data sets where low or high current densities were missing.
Operation and measurement range limitations are quite
common in measurement systems, and they can affect the
accuracy of the fittings. The tests were done to show the ef-
fects of such missing data.

The same synthetic data and fitting procedures were used
as in the measurement density tests. The data sets were then
created by considering only the first 3/4 of the measurement
points for low current density measurements, and only the
last 3/4 of the data points for high current density measure-
ments. The fitted polarisation curves are illustrated in Fig. 12
and the fit parameters averaged over the ten sets for each
method and measurement point density are listed in Table 9.
As the resulting plots from the two methods were again non-
separable, only those obtained from NLLSE are presented.

As can be expected, the activation phenomena are better
observed from the low current densities, whereas the limiting
current density is observable only when the measurement
range covers high enough current densities. The electron
transfer coefficient o and exchange current density j, have
higher error bounds with data that has limited range on low
current density, while the accuracy of limiting current density
jum suffers when high current densities are missing. The
resistance value is best evaluated from the middle portion of
the polarisation curve and therefore seems to be unsensitive
to the change in the measurement range.

Table 8 — Fit parameters and their standard deviations for synthetic data sets o

10 and 5 data points. The values are a

mean of the parameters for 10 independent data sets of the respective kind.

Method, n r (Qcm?) a (1) jo(10°* Acm™?) jlim (Acm ™)
true values 0.1 0.3 13 1.65
NLLSE, 50 0.099 + 0.002 0.300 + 0.006 1.31 +0.14 1.65000 + 0.000 07
NLLSE, 10 0.101 + 0.007 0.302 + 0.014 12+ 04 1.650 + 0.003
NLLSE, 5 0.1+0.3 0.3 +0.3 1+7 1.65 + 0.14
PSO, 50 0.099 + 0.002 0.298 + 0.006 1.35+0.15 1.65000 + 0.000 10
PSO, 10 0.101 + 0.004 0.305 + 0.008 13+03 1.650 + 0.002
PSO, 5 0.102 + 0.005 0.305 + 0.008 1.2 +0.2 1.652 + 0.004

1.9 2.05 -

L

0 0.2 0.4 0.6 0.8 1 1.2 14

L L i
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(a) Low NLLSE data
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L

Fig. 12 — Fitting performance compared between data sets which have low or high current densities missing.
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Table 9 — Fit parameters and their standard deviations for synthetic data sets with only the lower or higher three quarters

of the data. The values are a mean of the parameters for 10 independent data sets of the respective kind.

Method, range r (Qcm?) a (1) jo (107* A cm—?) jlim (Acm ™)

true values 0.1 0.3 1.3 1.65

NLLSE, low 0.101 + 0.008 0.298 + 0.007 14 +£02 2+2

NLLSE, high 0.101 + 0.005 0.31 +0.02 1.2 +£0.6 1.65000 + 0.00007

PSO, low 0.099 + 0.007 0.299 + 0.007 14 +0.2 1.7 + 0.6

PSO, high 0.101 + 0.004 0.31 + 0.02 14 + 0.6 1.65000 + 0.00011

- the electron transfer coefficient and the current exchange

Conclusion

A tool for simplifying proton exchange membrane water
electrolyzer (PEMWE) and alkaline water electrolyzer (AWE)
modelling and parametrization was developed in this work.
The aim was to provide a standardized way of modelling
water electrolyzer systems and to provide much simpler
workflow for polarisation curve parameterization. The tooling
was verified with data from a PEMWE provided by For-
schungszentrum Jiilich, Germany, and AWE data from LUT
University, Finland.

Commonly used analytical and empirical water electro-
lyzer voltage models have been gathered and implemented
into an easy-to-use MATLAB toolbox. Multiple models for each
overpotential are included and as this kind of tool is only as
good as the models themselves, considerable emphasis has
been placed on making the tool modular so that adding
additional models is easy. The parameterization component
of the tool implements fitting using the Non-Linear Least
Square Error regression (NLLSE) method and Particle Swarm
Optimisation (PSO). All the code for the tooling is going to be
released as open-source code under a BSD 3-Clause licence
and the toolbox is going to be published in file exchange at
MATLAB Central with the name "Electrolyzer modelling
toolbox".

Results from parametrization of the PEMWE and AWE
showed limitations in the current overpotential models. For
state-of-the-art PEMWE, the parameters obtained via fitting
are well in line with numbers provided in literature and the
resulting fit characterizes the system well. On the other hand,
the activation overpotentials of the AWE could not be fitted
properly due to limitations in the model used. The limitations
in the models caused high error in the fit, and as such the low
current measurement point had to be omitted for 30 °C mea-
surements. Very similar performance was seen from both the
NLLSE and PSO fitting methods.

Looking at the results from non-optimal data sets where
the measurement point density and range was varied, it can
be seen that having a small number of data points does not
seem to affect the resulting fit from PSO significantly, even
with only five evenly spaced data points the error margins for
PSO fitting are close to those provided by fits produced for the
50-point data set. The NLLSE method struggles much more
with low density data sets, which cause parameters to have
higher error margins than the value itself, making this
method very unreliable for low data density fitting. Both
methods performed almost identically when using data that
is missing either low current densities or higher current
densities,. If low current densities have not been measured,

density both have high error margins as the parameters
affect the low current portion of the polarisation curve and
cannot be fitted well when these measurement points are
missing. On the other hand, the limiting current density only
has an effect on high current densities which makes its
parametrization very difficult when high current densities
are fitted.

The tooling works with a wide variety of use cases and
provides a much more straight forward way of modelling and
parameterizing water electrolyzer polarisation curves than is
otherwise available. The included error checking ensures that
the limitations of the different models are taken into account
reducing the number of easily preventable mistakes.

At this point, the model bank only incorporates the most
popular models for calculating the reversible potential and the
overpotentials. Limitations with taking into consideration the
temperature change have already been identified in the acti-
vation and ohmic overpotential models, which limit the pre-
diction capabilities of the models. Additionally more accurate
gas models of the electrolyzer systems which include gas
crossovers need to be implemented in the future. Expanding
the modelling bank with more accurate models is one of the
areas requiring improvement.

Development is also needed to implement models that
consider dynamic behaviour, as this would greatly help
modelling efforts with variable power sources, like renewable
energy. These models demand a significant increase in the
model complexity by requiring solving of ordinary differential
and partial differential equations.

The results in this study show that the tool can be used
with different electrolyzers to perform parametrization and
polarisation curve modelling with accurate results. Limita-
tions in commonly used electrolyzer models presents an op-
portunity for further development to increase accuracy and
expand the use cases of the tool even further.
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