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HIGHLIGHTS

e Proposition of heat-up efficiency to evaluate start-up procedures energetically.
e Thermal parameters for electrolysis systems with up to 1 MW are presented.
o Efficiency when only using heating is always lower than partial-load heat-up.

e Introduction of a new dimensionless heat-up number for electrolyzers.
e Dimensionless heat-up number enables general estimation of time constants.
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Dynamically-operated water electrolyzers enable the production of green hydrogen for cross-sector applications
while simultaneously stabilizing power grids. In this study, the start-up phase of polymer electrolyte membrane
(PEM) water electrolyzers is investigated in the context of intermittent renewable energy sources. During the
start-up of the electrolysis system, the temperature increases, which directly influences hydrogen production
efficiency. Experiments on a 100 kW, electrolyzer, combined with simulations of electrolyzers with up to
1 MW,, were used to analyze the start-up phase and assess its implications for operators and system designers. It

is shown that part-load start-up at intermediate cell voltages of 1.80 V yields the highest efficiencies of 74.0 %puy
compared to heat-up using resistive electrical heating elements, which reaches maximum efficiencies of 60.9
%tnav. The results further indicate that large-scale electrolyzers with electrical heaters may serve as flexible sinks
in electrical grids for durations of up to 15 min.

1. Introduction

Energy storage technologies constitute valuable tools for overcoming
the critical problems facing energy systems with large shares of
renewable energy sources (RES). Currently, the main large-scale energy
storage technology is pumped hydro power (PHS). The storage of sur-
plus energy for potential use is efficient and well established, but eligible
land for the further deployment of this technology is limited [1].
Additionally, PHS is unable to offer the highly dynamic responses
necessary for frequency containment grid services, although advanced
PHS plants carry the potential for increased flexibility [2]. High-
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frequency voltage control services can also be provided by flywheels
[3] and supercapacitor storage [4], but the low energy density of these
technologies limits their large-scale application. In compressed air en-
ergy storage (CAES), surplus electricity is used to pump air into under-
ground reservoirs such as salt caverns, aquifers, or depleted natural gas
reservoirs. re-electrification is then achieved by expanding the gas in
turbines [5]. The limited availability of suitable storage cavities hinders
the widespread application of the CAES technology, however [5]. Bat-
tery storage is a rapidly expanding field with potential for smart man-
agement of distributed storage, such as for battery-electric vehicles or
stationary systems [6]. Power-to-gas (PtG) technologies aim to produce
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gaseous platform energy carriers, such as methane, ammonia, or other
synthetic fuels, using excess electricity. Hydrogen from water electrol-
ysis is the principal feedstock of PtG processes, especially with limited
CO., storage capacities, and could account for up to 50 % of future
electricity demand [7]. Although PtG may currently not be
economically-profitable, the future development of electricity prices
may change this situation [8]. With its potential for seasonal storage,
PtG could contribute to 5 % of annual energy demand by storing excess
electricity during the summer for covering winter peak demands [9].

Water electrolysis has the potential to serve as a central link in the
energy field. The principal water electrolysis technologies are alkaline,
acidic, and solid oxide [10]. Polymeric electrolyte membrane (PEM)
electrolyzers can be operated under intermittent and variable loads
typical for power from RES and electrochemically produce hydrogen
from water and electricity. Hydrogen can then be stored on a large scale,
for example in salt caverns. The flexibility of PEM electrolyzers can help
to substantially reduce the greenhouse gas emissions of the trans-
portation sector when compared to conventional fuels by capturing
transient energy from RES [11]. Hydrogen transport in pipelines can
also be economically-favorable to electricity transport over the grid and
can even support electricity grid expansion processes by reducing grid
congestion and the curtailment of green electricity [12]. Water elec-
trolyzers can increase the profitability of existing renewable energy
systems if their operating times are sufficiently high [13]. Other short-
term business cases lie in the replacement of gray hydrogen from fos-
sil sources to reduce the carbon footprint of industrial processes such as
oil refining [14], metallurgy [15], or fertilizer production [16].
Although the high cost of electrolysis systems has been the main in-
hibitor to the broad application of PEM water electrolyzers thus far, cost
studies indicate that its investment costs approach the level of alkaline
electrolyzers [17]. Innovative process configurations and novel mate-
rials are developed continuously to increase efficiency and lower costs
[18]. The competitive advantages of PEM systems, owing to their higher
flexibility, are expected to cause a shift towards their large-scale usage in
the future [19]. Overall, operating scenarios with repeated on—off cycles
of electrolysis systems due to the inherent dynamics of RES are gaining
importance. Hence, the start-up behavior of PEM electrolyzers is
investigated in this article.

2. Theoretical background
2.1. Polarization of electrolysis cells

Hydrogen can be produced electrochemically by splitting water into
its constituent components of hydrogen and oxygen, as stated in (1):

1
H20—>H2 +502 (l)

Regardless of the electrolyzer technology utilized, the water splitting
reaction requires the reaction enthalpy AH. This property is determined
by the change in the Gibbs energy AG, which must be supplied as
electrical energy, and the product of the temperature and change in
entropy TAS, which can be provided as heat, as specified in (2). Under
standard conditions, the change in reaction enthalpy makes up 285.84
kJ mol~! and the change in Gibbs energy is 237.15 kJ mol ™! [20]:

AH = AG+TAS (2)

Electrochemical reactions proceed if the voltage applied to the cell
exceeds a specific threshold. Cell voltages are also used to evaluate the
inherent efficiency and material requirements of electrochemical de-
vices. They can be calculated from the reaction enthalpy E and Gibbs
enthalpy G using equation (3), where z is the number of transferred
electrons (for water electrolysis z = 2) and F is the Faraday constant
(F = 96485 Asmol ). Inserting the standard reaction enthalpy of the
water splitting in (3) results in the so-called thermoneutral voltage of
1.48 V. This is the minimum voltage that is required to split water if no
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additional heat is provided to the reaction. Inserting the change in Gibbs
energy yields a reversible cell voltage of 1.23 V for splitting liquid water
if heat is drawn from the reaction environment.

E
=F 3

The Nernst voltage defines the required cell voltage of an ideal water
splitting reaction without losses and is given by (4). It encompasses the
influence of temperature on the Nernst voltage through an empirical
expression for the reversible voltage by Harrison et al. [21] and a
pressure-dependent correction term that accounts for changes in ther-
modynamic fugacity and activity if an ideal solution and the Henry law
are assumed to be applicable [22]. Within the logarithmic expression,
the partial pressures of oxygen and hydrogen are normalized to the
reference pressure of 1 bar and the result is exponentiated by the
respective stoichiometric coefficient of each component from (1):

&,( \/P' L) @
2F Po Do

In addition to the thermodynamically-minimal required voltages,
electrolysis cells need further overpotentials # to execute the water
splitting reaction. The cell voltage U is the sum of the Nernst voltage
U,emst» activation overpotential #,., Ohmic overpotential 7, and con-
centration overpotential 7., as given by (5):

Unemsl = Urev(T) +

Ucen = Unernst + Nact T Mohm + Meone )

The activation overpotential provides the necessary kinetic energy
for electrochemical reactions and primarily depends on temperature and
the utilized catalysts. The Butler—Volmer equation (equation (6)) states
the dependency of the current density j from the applied cell over-
potential #n at the electrodes relative to the equilibrium potential.
Cathode and anode have individual exponential terms that contain
separate charge transfer coefficients a,, and a.,. Additionally, the acti-
vation overpotential is proportional to the exchange current density jo:
j=iv [exp (aa"ZF n) - exp( - Gl n) } ®)

RT RT

Assuming a negligible cathode potential, which is valid for PEM
water electrolysis due to the low cathode potential relative to the anode
potential [23], the Butler-Volmer equation can be simplified and rear-
ranged to obtain the current density-dependent Tafel expression in (7).
Often, a charge transfer coefficient of 0.5 is assumed, but other values
have been reported depending on the operating temperature and uti-
lized materials [24].

RT jce]]
-
e = 504 n( i ) ™

Ohmic overpotentials result from the electric current and proton
flow through the polymeric membrane. In (8), the contributions of
electric conductors and contact resistances are contained in Rg and the
ionic resistance of the membrane is described by Ryem(T):

Nobm =Jeet"(Rmem (T) +Ro ) ®

The transport of protons through the membrane during water elec-
trolysis entails ohmic losses that are governed by the protonic conduc-
tance of the membrane. Membrane thickness d,., and temperature-
dependent protonic conductivity omem(T) contribute to the losses, as
stated in (9). Therefore, reducing the membrane thickness, increasing
the protonic conductance, and more temperature-resistant membrane
materials are important fields of research and development in water
electrolysis.

dmem
Rmem(T) = s (T) (9)

Several models have been proposed to describe the proton
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conductivity of Nafion™ membranes in fuel cells and water electro-
lyzers. Of those, the model by Springer et al. [25] has found widespread
application. Although it is easy to apply numerically, membrane hu-
midity is non-trivial to quantify for water electrolysis regimes [26] and a
wide range of values has been utilized in the literature [27]. In this
article, the model by Yadav et al. [28] according to (10) is preferred, as it
uses the thermodynamic activity and temperature of the water that is in
contact with the membrane. For fully hydrated membranes and the
splitting of liquid water, an activity of 1 can be assumed.

(10)

10440-a;'/*
e (T, @) = (0,6877 + aw)exp{ - 7‘”}

RT

Mass transfer overpotentials arise from the suboptimal provision of
water to the electrolysis cell and the incomplete removal of product
gases from the electrodes, resulting in the partial starvation of
electrochemically-active cell sections. Correct cell and stack design, as
well as correct operation, mitigate mass transfer overpotentials — even at
current densities above 10 A cm 2 [29].

2.2. Thermal properties of water electrolyzers

Water electrolyzers are frequently modeled in isothermal conditions
to reduce model complexity. Although this simplification is valid when
studying steady-state operation, temperature-dependent properties are
crucial for dynamic simulations. The first dynamic thermal model for
electrolyzers was presented by Ulleberg [30] in 2003. As conveyed in
(11), this model uses the lumped thermal capacitance Cy, to provide
thermal inertia to the system. The change in temperature further de-
pends on the enthalpy streams entering and exiting the electrolyzer, as
well as the heat balance.

cm‘fl—f = hi+Y 0, an
i J

The thermal capacitance of a subsystem is composed of the products
of the respective masses of its constituent materials and their heat ca-
pacities, as given in (12). Subsystems are aggregated to the entire system
based on the rules for capacitors in electrical circuits [31].

Co = ka Cok 12)
%

Heat losses to ambient are represented by thermal resistances, which
consist of the contributions of the surfaces with convective heat transfer
coefficients, as per (13). The equivalent resistance of the entire system is
composed analogously to the treatment of ohmic resistances in electrical
circuits.

Rin = Z (@Sms) - 13)

1

Using the equivalent thermal resistance, the heat losses Q,, are
calculated from the temperature difference between the interior of the
water electrolyzer T and ambient temperature T,,, using (14). This
simplified approach allows for an intuitive model that includes transient
thermal system responses.

. 1
Oloss = thh (T - Tnmb) 14

Multiplication of the thermal capacitance and the thermal resistance
of a system yields the thermal time constant 7y, (15). The thermal time
constant describes the time a system requires for its temperature to drop
by 36.8 % of the initial temperature due to convective heat losses with
no further heat input [31].

T = Cin'Rin (15)

The thermal time constant offers a temporal description of the
thermal system’s behavior and combines information on heat capacity
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and losses.
3. Materials and methods
3.1. Experimental investigation of electrolyzer start-up

The experiments for this study were performed using a fully in-
house-developed and constructed electrolyzer with a maximum elec-
trical power draw of 100 kWe. Hydrogen production at 50 bar with
equal or differential pressures is possible. For the presented experi-
ments, the gas pressure on the hydrogen side was 6 bar and 5 bar on the
oxygen side, which are required on the reference test station due to
minimum pressure demands of the installed hydrogen in oxygen gas
sensor. These pressure levels are furthermore interesting for industrial
applications, since hydrogen production at intermediate pressure can
save compression stages and still offers reasonable cell efficiencies [32].
To achieve the power rating, two identical electrolysis stacks were
electrically-connected in parallel, encompassing 27 cells each with a
geometric area of 300 cm? The utilized membrane electrode assembly
consisted of a Nafion™ 117 membrane, iridium catalyst (2.6 mg cm™?)
on the anode side, and a platinum catalyst on the cathode side (0.9 mg
cm~2). A 100 kW, insulated-gate bipolar transistor DC power supply
(aixcon PowerSystems) provided electric power to the stacks. Electric
cartridge heaters (Tiirk + Hillinger) provided up to 4 kWi, of heat to the
anodic and cathodic water cycles. Plate heat exchangers (AlphaLaval),
each with 18 kWy, ratings, supplied cooling to the electrolyzer.

3.1.1. Heat-up experiments

At the 100 kW test station, a heat-up from 25 °C to 75 °C was
investigated. Stack heat-up was quantified with the arithmetic mean
temperature at the outlets of the electrolysis stacks. Different heat-up
strategies can be employed during electrolyzer start-up to achieve the
operating temperature. In low-temperature water electrolysis, heat can
be supplied by three main strategies: electrical resistance heating, waste
heat from the electrochemical water splitting reaction, or a combination
of both. Experiments were performed to identify the most efficient
approach and determine the typical heat-up ramps of water electro-
lyzers. Table 1 provides an overview of the studied strategies and their
experimental parameters.

Firstly, heat-up solely via cartridge heating was investigated. Sec-
ondly, potentiostatic part-load operation at 1.80 V was used, once with
and once without the 4 kWy, heating. By defining the permissible cell
voltage during heat-up, accelerated cell degradation can be reduced
[33]. 1.80 V was selected for the potentiostatic experiments since it is a
likely cell voltage for favorable electrolyzer start-up. At this voltage, the
heat input is substantial compared to lower voltages while still main-
taining a sufficient hydrogen production efficiency. Thirdly, two sepa-
rate galvanostatic strategies were tested, in which the applied current
density was increased at predefined temperatures. All galvanostatic
strategies included additional electric heating. The two-step galvano-
static strategy starts with electric heating to 40 °C, at which a current

Table 1
Parameters of the investigated heat-up strategies for the 100 kW -test station.
Strategy Operating Heating Temperature
parameter power range
Heating only 0,00 Vv 4 kW, 25°C-75°C
Potentiostatic 1,80V 0 kW, 25°C-75°C
1,80 V 4 kW, 25°C-75°C
Galvanostatic 0,0Acm 2 4 kW, 25°C
two steps 0,5A cm 2 4 KW 40°C
1,0Acm ™2 4 kW, 60 °C-75°C
Galvanostatic 0,0Acm 2 4 kW, 25°C
three steps 0,5A cm 2 4 KW 40°C
1,0 Acm 2 4 kW, 50°C
1,5Acm™> 4 kW 60 °C-75°C
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density of 0.50 A cm™2 was applied. After reaching 60 °C, the current
density was increased to 1.50 A cm™2. The three-step strategy started
identically with heat-up to 40 °C by the heating cartridges and respec-
tive current density steps of 0.50 A cm ™2, 1.00 A cm ™2, and 1.50 A cm ™2
at 40 °C, 50 °C, and 60 °C.

Heat-up with fixed heat input is the basic benchmark since the heat
input can be fully controlled. Galvanostatic operation with limited
current density steps represents the manual operation of electrolyzers
during accelerated heat-up by increasing the applied current density in
discrete steps at specific temperatures. The two separated galvanostatic
strategies have been analyzed to show the influence of additional steps
on the heat-up. Furthermore, the potentiostatic strategy represents the
same basic idea of increasing the current density with temperature, but
with an infinite number of steps.

3.1.2. Polarization experiments

During the start-up process of water electrolyzers that include part
load operation, electrochemical and thermal properties change with the
cell temperature. In particular, the exchange current density and charge
transfer coefficient, as defined in (16), must be determined to obtain
simulation parameters. Therefore, polarization curves at operating
temperatures between 25 °C and 75 °C were measured in the reference
electrolyzer. The gas pressures were 6 bar on the cathode side and 5 bar
on the anode one, with a water recirculation rate of 15.75 1 min~! on
both sides. Each current density point was held constant for at least 30
min after the operating temperatures stabilized and the mean cell
voltage was determined.

EP
io(T) = i ref- — A 16
lo( ) Ip, fexp< RT> (16)
E(X
ay(T) = aO.ref'exp< ,F;) a7

Arrhenius-type temperature-dependent expressions for the exchange
current density and charge transfer coefficient were assumed, as stated
in (16) and (17). For the exchange current density, this assumption was
reported in [34] using an activation energy EiA" of 40 kJ mol ! from [35].
From the cell polarization data, individual values at each temperature
were determined using the least square regression method. The results
were consistent with an Arrhenius-type temperature dependency for the
charge transfer coefficient, with an activation energy E4 of 3.4 kJ mol L.

3.2. Energetic comparison of start-up strategies

Hydrogen production in part-load operation during heat-up must be
considered to enable a comparison of heat-up strategies that purely rely
on electrical heating. Therefore, the energy expenditure for heating
Eheat—up and for the hydrogen production Eg peq—up must be quantified.
Accordingly, the total energy demand is given by (18). The time integral
over the momentary heating input from ty t0 thea—up Yi€lds Epgheat—ups
(19), where t; is the beginning of the experiment, when the stack tem-
perature is 25 °C and tycy—yp is the time at which the stack temperature
reaches its operating level, here 75 °C. Similarly, the energy for elec-
trolysis Eejpea—up iS calculated in (20) from the stack voltage Ug,x and
current I, and added up for both stacks of the test station. As either
voltage or current change during the investigated start-up strategies, the
time integrals provide full information during heat-up. Correspondingly,
the mass of produced hydrogen my, hea—vp is determined through the
time integral of the momentary hydrogen mass flow rate my, (t), (21).
Subsequent multiplication of m, heai—up With the lower heating value
(LHV) of hydrogen LHVy, . yields its energy content. From the total
energy demand for start-up Epcq—up, the energy in the storable hydrogen
produced Ejy, peai—up, and the heat-up duration Atey—up, the mean heat
input Qe can be quantified, (22). This value enables a comparison of
the thermal aspects of different heat-up strategies.
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Eheat—up = Eht.heat—up + Eel,heat—up (18)

heat—up
Entneat up — / Our (1) (19)

to

heat—up Mstacks
Eeheat—up = /tol (Zjl Ustackj(t)'lstackj(t))dt (20)

heat—up
EH2 Jheat—up — / mH: (t)dtLHVHZ wt = MY, heat—up 'LHVI'Iz wt (21)
o
Qmea“ _ Eheat—uzt_ EHZ Jheat—up (22)
heat—up

The influence of the heat-up strategy diminishes with operation
duration, and it cannot be compared absolutely. Selecting a fixed
quantity for the relative comparison, however, enables a measure of the
heat-up efficiency to be made, which is especially valuable in the case of
repeated start—stop cycles. The maximum amount of produced hydrogen
during all start-up strategies my, .. is determined and the residual my, e
between this reference quantum and the respective hydrogen produc-
tion my, pear—up is separately calculated for each strategy using (23). Based
on the hydrogen residual, the required energy E,., to produce the full
hydrogen quantum under nominal conditions is calculated, (24).
Thereby, the start-up phase consists of the heat-up phase and residual
production phase. Furthermore, the time for this residual production ¢
is determined by the hydrogen mass flow at nominal conditions mu, nom,
(25). The total start-up time t,,, then consists of the heat-up time and the

duration needed to produce the hydrogen residuum, (26).
My, res = MH, max — MH, heat—up (23)

_ mHz res LHVHZ wt

Es = @4
”nom

tres = My, res /mHz,nom (25)

total = thent—up +res (26)

The nominal operating conditions were 1.80 V (1.75 Acm™?) at
75 °C, 6 bar cathodic gas pressure, 5 bar anodic gas pressure, and a
recirculation rate of 15.75 1 min~!. The electrolyzer efficiency under
these conditions 7,,,, based on the lower heating value was found to be
68.3 % v at a hydrogen production of 0.76 kg h™?.

mHz ,max 'LHVHE.WQ

= 27
’Iheatfup Ehcal—up + Ercs ( )

In addition to these absolute values, the dimensionless start-up ef-
ficiency can be defined by utilizing (27), which describes the amount of
energy required to produce the hydrogen reference quantum and the
energy for heat-up and electrolysis operation.

Cy-AT
E= W=7

. (28)
Tth 'Qmean
AT =Tyom —To 29
S theat—up
t =— (30)
Tth

Finally, a new dimensionless number is presented to combine the
energetical and temporal evaluation of heat-up strategy for different
electrolysis systems. This heat-up number E is defined by (28) and sets
the stored thermal energy in the electrolyzer in proportion to the heat
injected during heat-up. Depending on the starting temperature T, and
nominal operating temperature T,,, the rise of temperature AT during
heat-up is given by (29). From the heat-up time and thermal time con-
stant, the dimensionless heat-up time is calculated from (30). The
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dimensionless heat-up number and heat-up time can be used to evaluate
how effective the start-up strategies are.

3.3. Simulation of electrolyzer start-up

3.3.1. Simulation equations

Electrolyzer heat-up was simulated in a MATLAB-Simulink using a
simplified thermal model based on (11) and experimentally-determined
parameters. The heat balance of water electrolyzers during heat-up is
composed of heating and cooling effects, (31). Overvoltages during
electrolysis cause Joule heating Qqy, which is proportional to the
applied current and the difference between the cell voltage U, and
thermoneutral voltage Uy, (32). Temperature and pressure influence the
thermo-neutral voltage, which is considered by implementing the data
from [36] into the simulation model. If the electrolyzer contains resis-
tive heating elements, a controlled heat input Qu can be achieved. In
this case, a separation of heat-up and electrolysis operation is possible,
whereby the electrolyzer effectively acts as a heat sink. During elec-
trolysis, the saturation of the product gases with water vapor induces a
cooling effect Qvap that is temperature- and pressure-dependent, as
described in (33). The operating temperature influences the saturation
pressure of water vapor in the gases and the heat of vaporization that
causes the cooling effect. The gas pressures on the cathode and anode
sides determines the loading of the gas streams for a fixed relative hu-
midity ¢. For the simulations reported in this article, full saturation of
the gas streams is assumed (¢ = ¢ = ¢** = 1). Species balances for the
anode and cathode compartments yield the gas flow rates for hydrogen
and oxygen, which are given by (34) and (35). Convective heat losses to
ambient are simulated from (14) with a constant ambient temperature of
25 °C.

ZQj = Q()V + QHT - Qvap - Qloss (31
J

Q()V = Istack(Uccll - Uth (T)) (32)
. T T

QVaP = ﬂHz p‘“‘ps‘ﬂzo ( ) + hoz y pSYHZO ( ) Ahvap,HzO (T) (33)

Es = Psno(T) B —Pono(T)

The permeation of hydrogen and oxygen through the electrolytic
membrane causes deviations from the ideal gas production rates ac-
cording to Faraday’s law. The first term on the right side of (34) rep-
resents Faraday’s law and the other terms consider the permeative losses
of hydrogen. Permeation is determined by the permeability of the spe-
cies through Nafion™ membranes, which was investigated thoroughly
for fuel cell and electrolysis applications [37]. The recombination of
permeated oxygen from the anode compartment to water on the
platinum-based catalyst on the cathode side leads to additional
hydrogen losses. Permeated hydrogen, however, does not react at the
iridium-based catalyst at the anode, resulting in the oxygen production
rate given by (35). Permeability increases with temperature and varies
with the respective species. Thicker membranes reduce gas permeation,
and the partial pressure of the species drive their crossover.

. Reen Zicell 'ACell p;—;“ PS’;
=—=— Py (T 2 —2Po, (T 34
TR T . @9
g A cat
o, — ncell.lzclg cell —Po,(T) dez (35)
Pt =p™ = Pono(T) (36)
Po, =P —Psn,o(T) 37)

The partial pressure of hydrogen is given by (36) from the total
pressure on the cathode minus the saturation pressure of water at the
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cell temperature. On the anode side, the oxygen partial pressure is
approximated in the same way, neglecting the partial pressure of
permeated hydrogen, as per (37). This assumption is valid given that the
hydrogen content in the anodic gas streams is typically kept below 2 vol
% for safety reasons [38].

3.3.2. Simulation parameters

3.3.2.1. Electrochemical parameters. Fig. 1 a) illustrates the polarization
curves of the reference electrolyzer in this study for temperatures be-
tween 25 °C and 75 °C. Cell voltages at a fixed current density decrease
with increasing temperature due to the lower protonic transport resis-
tance of the electrolytic membrane, better kinetics, and lower reversible
cell voltage. The data points in Fig. 1 a) represent the measurement data
points and lines given by the simulated cell polarization, based on the
extracted electrochemical cell parameters from Fig. 1 b). Although a
temperature-independent Ohmic cell resistance of 7 mQ was deter-
mined, the charge transfer coefficient and exchange current density
were found to be temperature-dependent. The exchange current density
exhibits a stronger temperature dependency than the charge transfer
coefficient and increases almost tenfold, from 7.1e10~ A cm ™2 at 25 °C
t0 7.00107% A cm ™2 at 75 °C. Meanwhile, the charge transfer coefficient
changes from 0.386 to 0.469 in the same temperature interval, which is
in good agreement with the frequently assumed value of 0.50 at tem-
peratures of around 80 °C.

These electrochemical parameters were then used to predict the
polarization of electrolysis cells with thinner membranes of 50 pm.
Based on these state-of-the-art electrolysis cells, stacks for electrolysis
systems with nominal electrical power uptakes of up to 1 MW, were
designed. Table 2 provides an overview of the parameters that were used
during the scale-up process. Up to a nominal stack power of 400 kWy|,
parameters from existing electrolyzers at the IEK-14 were used. Scaling
further to 1 MW¢, the cell area was extrapolated to 3000 cm? to include
potential economies of scale benefits during cell and stack
manufacturing. Nominal operating conditions were assumed to be 75 °C,
6 bar gas pressure on the cathode side, and 5 bar on the anode side.
Nominal cell voltages and current densities determined the number of
cells for each stack and are listed in Table 2.

In addition to the cells of the reference electrolyzer of this study,
which uses conservative Nafion™ 117 membranes with a thickness of
200 pm, the same design was modeled with 50 pm membranes to
facilitate comparison with the other simulations. Furthermore, heating
powers were defined for each electrolyzer in such a way that the heating
would be sufficient to maintain a cell temperature of 80 °C.

3.3.2.2. Thermal parameters. Heat-up simulations for electrolyzers at
different scales require detailed thermal parameters. Typical PEM
electrolysis stacks consist of multiple repetition units that are made of
stainless steel, titanium, copper, and polymers. Endplates, bipolar
plates, and peripheral components such as pipes and gas-water sepa-
rator tanks are usually manufactured from stainless steel. Polymers are
used for electrical insulation of the cell frames to prevent electrical
shortcuts. The weight-specific heat capacities for these materials are
listed in Table 3. Heat transfer mainly occurs through either the stainless
steel of endplates and peripherals or through the polymeric interfaces of
the stacks. The associated heat transfer coefficients for stainless steel and
polymeric surfaces were determined in the test station based on the
methodology of [39] and are assumed to be 21 W m 2K ™! and 2.1 W
m 2K}, respectively.

The lumped thermal capacity and resistances of electrolysis stacks
and systems were then derived from existing electrolyzers up to elec-
trical power ratings of 400 kW,,. Additionally, electrolyzers with nom-
inal power ratings of 750 kW, and 1MW, were designed by
extrapolating the components. With respect to the cell and stack com-
ponents, the dimensions and masses were scaled according to the cell
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Fig. 1. Electrolysis cell polarization model for
Nafion™ 117 membranes at 6 bar pressure on the

cathode side, 5 bar on the anode side with temper-
atures between 25 °C and 75 °C: a) Polarization
curves with experimental values (dots) and simu-
lated values (lines); b) charge transfer coefficients
(blue) and exchange current densities (red) fitted to
the experimental data. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Table 2

Scale-up parameters used for the simulation of electrolyzers with power ratings between 5 kW, and 1 MW. *For the simulations of the 100 kW electrolyzer, 50 pm
membranes were assumed to facilitate comparison with the other systems, whereas the reference test station used 200 pm membranes.

Nominal power Membrane thickness Cell area Number of cells Current density Cell voltage Heating

kWe; pm cm? - Acm™2 \4 kW

5 50 100 8 3.50 1.79 2

50 200* / 50 300 27 3.00* / 3.50 2.06* / 1.79 4

400 50 1056 73 3.00 1.75 12

750 50 2220 64 3.00 1.75 18

1000 50 3000 53 3.50 1.79 25

ble 3 resistances of smaller stacks are higher, with 377.7 K kw lats kW and
Table

Heat capacities and heat transfer coefficients of the materials constituting
electrolysis stack and system components.

Material Heat Source  Heat transfer Components
capacity coefficient
Jkg 1 K! Wm2K! -
Stainless 500 [40] 21.00 Endplates, bipolar
steel plates, peripherals
Copper 385 [41] - Current collectors
Polymer 1250 [42] 2.10 Frames, insulation
Water 4185 [43] - Stack, peripherals

area and number of cells from Table 2. Peripheral system components
were designed by maintaining the geometric similarity. The results of
the scale-up process regarding the masses of stack and peripheral com-
ponents and their respective thermal surfaces are listed in Table 4. Aside
from the dry mass, the water contained within of the components con-
tributes significantly to the lumped heat capacity.

Fig. 2 a) illustrates the thermal parameters for the cell stacks. Up to
nominal power ratings of 400 kW, a linear relationship between the
nominal power and lumped thermal capacity is observed. The thermal
capacitance of the electrolysis stacks, including the water content, in-
creases from 16.2 kJ K™! for a 5kW, stack to 421.0 kJ K! for a
400 kW, one. At higher scales, the thermal capacitance increases less
steeply and makes up 752.0 kJ K~! for the 1 MW, stack, including the
water content. Dissipative heat losses increase with the scale, which
decrease the thermal resistances of bigger stacks. Although the thermal

Table 4

159.2 K kW™ at 50 kW, the resulting heat losses relative to the heat
production within the electrolytic cells are nonetheless higher than in
larger stacks. Accordingly, maintaining high operating temperatures is
much more challenging in smaller electrolysis stacks that tend to cool
down faster than larger ones, as the relationship between the mass,
power density, and thermal surfaces changes. Although the thermal
resistance decreases to 31.9 KkW ' at 1 MW, the electrochemical heat
production exceeds these heat losses under nominal conditions, making
cooling a difficult thermal management operation.

The thermal properties of the stack and the balance of plant amount
to the thermal properties of the total electrolysis system, as depicted in
Fig. 2 b). All peripheral components scale with the nominal power rating
of the electrolyzer, increasing the thermal capacity almost linearly from
51.6 kJ K ' at 5 kW to 1434.3 kJ K ' at 400 kW, and to 2848.6 kJ K
at 750 kWei. With 4407.5kJ K1, the 1 MW system lies slightly over the
linear trend of the other systems, which is caused by the water content of
the peripheral components such as pipes and gas-water separator ves-
sels. Qualitatively, the thermal resistances of the systems develop
similarly to the stacks, decreasing with scale due to their larger thermal
surfaces, especially of the peripherals. Quantitatively, the thermal re-
sistances are lower, ranging from 39.7 K kwlats KWy, to 5.0 K kW ™!
at 400 kW, to 2.3 KkW ™! at 1 MW

3.3.3. Simulation configurations

In section 4.2.1, electrolyzer heat-up with constant heat-input is
simulated for a 400 kW¢] system with heating powers between 12 kW,
and 80 kWy,. In section 4.2.2 heat-up with constant heat input is

Masses and thermal surfaces of the materials for electrolysis stacks and peripheral components of electrolyzers with power ratings between 5 kW, and 1 MW.

Stacks Peripherals

Puom mik ik, ko mi St Sifhe i e s,
kW kg kg kg kg m? m? kg kg m?

5 23.8 2.1 0.3 0.8 0.11 0.05 52.5 8.1 0.98
50 80.0 6.7 3.5 5.2 0.25 0.16 191.1 74.1 3.47
400 500.0 19.0 48.7 33.3 0.72 0.56 755.0 226.8 8.52
750 763.1 23.2 92.4 43.7 1.04 0.62 1426.3 505.4 13.77
1000 942.1 45.6 123.6 48.2 1.28 0.60 2252.4 835.9 19.21
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Fig. 2. Thermal capacities (blue) and thermal resistances (red) of electrolyzers with power ratings between 5 kW, and 1 MW, used in the simulations for: a)
electrolysis stacks in dry state (light blue) and including the water content (dark blue); and b) the balance of plant (BoP), stacks, and total system. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

analyzed firstly for heating powers with the benchmark ratings from
Table 2, which represents a heating that is primed to maintain the
operating temperature, and then heating powers that amount to 20 % of
the electrical power rating of the electrolyzer. This considerable heating
power represents the application of electrolysis systems as flexible heat
sinks, such as in power-to-heat use cases. Additionally, in section 4.2.2,
start-up with variable heat-input is considered for two strategies. Firstly,
potentiostatic heat-up at 1.80 V cell voltage without additional heating
is examined. Secondly, potentiostatic heat-up at 1.80 V, including
additional heating with the benchmark heating powers from Table 2, is
simulated to consider applications in which fast heat-up is paramount.
For the sake of comparison, all simulations assume electrolyzers with 50
pm membranes, including the 100 kW, system, which contrasts with the
200 pm membranes used in the reference experiments in section 4.1.

To generate general conclusions regarding electrolyzer heat-up ef-
ficiency, potentiostatic part-load start-up with cell voltages between
1.70 V and 2.00 V and heat-up using solely resistive electrical heating
were simulated for all systems. These general results are discussed in
section 4.2.3.

4. Results and discussion
4.1. Experiments on the test station

4.1.1. Comparison of heat-up strategies

The different strategies for accelerated heat-up of electrolyzers to
75 °C stated in Table 1 have been tested and compared energetically.
The temperatures during heat-up are presented in Fig. 3 a). Heat-up
using solely the additional heating is slowest with a total duration of

160 min. A gradual deceleration of the heat-up progression can be
observed when the electrolyzer approaches its equilibrium temperature
at the given heat input. Part-load operation substantially shortens the
heat-up phase in the galvanostatic cases, resulting in 77 and 59 min for
the 2- and 3-step strategies, respectively. Accordingly, increasing the
number of steps accelerates electrolyzer heat-up, which can be
explained by the greater input of heat from electrochemical dissipation.
The deceleration effect, observed for the heating only case, can be
compensated by the increased heat input and the temperature devel-
opment is near linear. Operating the electrolyzers in potentiostatic mode
with variable, increasing current density represents the limiting case
with an infinite number of steps within the temperature range from 25 to
75 °C. The potentiostatic case at 1.80 V mean cell voltage without
additional heating leads to a heat-up duration of 86 min and is thus only
marginally faster than the 3-step case. Adding the additional heating to
the potentiostatic operation results in the fastest heat-up of 53 min.
Compared to the heating only case, this equals a 67 % faster start-up to
nominal operating conditions.

The fastest heat-up duration may be interesting for some use cases,
where the activation time is of the highest importance, but the indi-
vidual efficiencies of the strategies should also be considered.
Comparing the efficiencies based on the amount of energy to produce a
fixed quantity of hydrogen after activation, as introduced through
equations (18) to (21), can be performed. The results of the efficiency
calculations can be seen in Fig. 3 b). In addition to the efficiencies, the
production time until 1 kg of hydrogen is produced for each case is also
depicted. Heating for only heat-up is the slowest case, taking a total of
239 min at the lowest efficiency of 56.1 %. Continued heat losses to
ambient during heat-up also contribute to this. The galvanostatic 3-step

a) b)

75 Efficiency / % uy
1) 0% 20% 40% 60% 80% 100%
°\ 65 | — T T T

. - . . -
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g— 45 === Potentiostatic without heating ' P Tlg?;::gn
o —@— Galvanostatic, 2 step with heating Galvanostatic, 2-step P Nafion™-117
35 —a— Galvanostatic, 3 step with heating
—a—Heating only Heating only
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Fig. 3. Experimental comparison of different heat-up strategies from 25 °C to 75 °C temperatures at the 100 kW, test station: a) temperature development over time;
b) heat-up durations (dark blue), H, residuum production times (light blue), and heat-up effficiencies (red points). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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case is not only faster than the 2-step one but also more efficient, at 64.3
%. Although potentiostatic heat-up with additional heating is much
faster with respect to temperature, it takes almost as long to produce the
first kilogram of hydrogen as potentiostatic heating without additional
heating. Overall, the case of potentiostatic heat-up without additional
heating has the highest efficiency of all investigated strategies, with
69.1 %. This efficiency is even higher than that of the nominal operating
point because the efficiency of PEM electrolysis cells is higher at inter-
mediate cell voltages.

Overall, the experiments show that amongst the tested heat-up
procedures, potentiostatic heat-up is the most beneficial with respect
to efficiency and ease of application. If the priority is on bringing the
system to temperature as rapidly as possible, additional heat input from
heating elements can be used. Otherwise, potentiostatic heat-up and the
exploitation of electrochemical heat dissipation is more efficient and
offers comparable hydrogen production rates.

4.1.2. Validation of the simulation model

Validation experiments were performed to test the agreement be-
tween the start-up behavior of the reference electrolyzer and the simu-
lation model. Fig. 4 a) shows the results for heat-up experiments solely
using the heating elements of 4 kWy, and potentiostatic heat-up with a
cell voltage of 1.85 V and additional heating of 4 kWy,. For both cases,
the simulation results match the experimental data sufficiently well.
Based on the area below the temperature curves, an accuracy of 99.3 %
was achieved. In plots of temperature over time, the integral below the
plot is proportional to the thermal energy within the system.

In Fig. 4 a), the temperature curves exhibit slightly different curva-
tures, with the model overestimating the temperature by less than 1 K.
Overall, the heat-up duration until 75 °C is predicted accurately is 162
min. In Fig. 4 b), the simulated temperature curve crosses the experi-
mental curve after 36 min due to different curvatures. The predicted
heat-up duration is 50 min, which is 5 min less than the measured time.
Those differences occur due to deviations in the last 15 min of the ex-
periments. These can be explained due to the influences of the temper-
ature and power supply control that become apparent in periodic ripples
of the temperature curve. Overall, the simulation model accurately
predicts the heat-up process of the reference electrolyzer and can be
used to examine other systems at various power scales.

4.2. Simulation of electrolyzer heat-up

Simulations of electrolyzer start-up at different scales were con-
ducted to investigate this process with respect to different strategies.
Firstly, a constant heat input by electrical heating was analyzed in a 400
kW, system. Secondly, part-load operation and heating-based start-up
strategies were compared regarding the heat-up times from 25 °C to
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75 °C and the electrical energy required. Lastly, the dimensionless
description of electrolyzer heat-up from (28) was applied to the gathered
data.

4.2.1. Heat-up with constant heat input

Electrolyzers with an additional electrical heating may be brought to
operating temperature without producing hydrogen. Appropriately
dimensioning the heating is essential for obtaining efficient and
economical electrolysis systems. Fig. 5a) shows the results of simula-
tions for a 400 kW, electrolyzer and electrical heating powers from
12 kW to 80 kWy,. At a heating power of 12 kWyy, the temperature plot
exhibits a pronounced curvature with a decreasing heat-up rate near
75 °C. This occurs because the thermal equilibrium at this heat input lies
at 80 °C and the heat-up rate decreases near this temperature. Accord-
ingly, the temperature plots straighten with increasing heating power
and their curvature lessens, as can be observed in Fig. 5 a).

From these simulations, the heat-up times from 25 °C to 75 °C and
the energy demand for heat-up can be determined. In Fig. 5b), both
quantities are plotted over the heating power for the 400 kW system.
The heat-up time decreases from 157 min with a heating of 12 kWy,, to
59 min with 24 kWy,, and 16 min with 80 kWy,. At the same time, the
energy demand for heat-up decreases with increasing heating power.
Although heating with 12 kWy, requires 31.40 kWh of electricity for
heat-up, the 20 kWy, heating requires 24.67 kWh and a heating with
80 kWi, uses 21.33 kWh. Shorter heat-up durations entail less aggre-
gated heat losses, thus reducing the energy demand for heat-up.
Although the linear heat-up ramps at high heat inputs further reduce
the heat-up duration, the required energy demand diminishes less
severely. This is due to the fixed quantity of thermal energy stored in the
system, which depends on the heat capacity and remains unchanged by
the heat-up procedure.

4.2.2. Start-up with variable heat input

The start-up procedures of water electrolyzers with power ratings of
up to 1 MWg are now compared using the simulation model and pa-
rameters presented in this article. In Fig. 6 a), the depicted data points
represent the heat-up durations for four different start-up strategies.

As Fig. 6 a) shows, the heat-up of the electrolyzers was slowest when
using the benchmark heating powers. With 162 and 157 min, respec-
tively, the systems with 100 kW¢) and 400 kW, have similar heat-up
durations. In comparison, electrolyzers with 750 kW and 1 MWy
require 273 and 294 min, respectively, to reach 75 °C. When equipped
with electrical resistance heating elements amounting to 20 %pom, the
electrolyzers take between 16 and 22 min to reach the set temperature.
Thus, the installation of significant heating elements can qualify the use
of electrolyzers as highly flexible heat sinks. In conjunction with sub-
sequent hydrogen production, this power-to-heat application may
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Fig. 4. Validation of the heat-up simulation model (blue) using experimental data from the 100 kW, test station (red) for: a) heat-up using only the 4 kW, heating;
b) heat-up in part-load operation at 1.85 V cell voltage and additional 4 kW, heating. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Simulated heat-up for electrolyzers with power ratings between 5 kW and 1 MW, using various start-up strategies and the benchmark heating powers from

Table 2: a) heat-up times; b) heat-up efficiencies.

synergize well in existing installations. Similar heat-up durations result
from potentiostatic part-load start-up, where they range from 16 to 22
min without additional heating. With benchmark heating powers, heat-
up takes between 29 and 39 min for electrolyzers of up to 750 kW and
52 min for a 1 MW, system. These part-load cases suggest that the
effective start-up of electrolyzers can be achieved if intermediate cell
voltages of 1.80 V are immediately required. Limiting the cell voltage
during start-up also reduces degradation stresses on the stack compo-
nents and electrolysis cells.

Table 5 lists the reference hydrogen quanta used for calculating the
heat-up efficiency during start-up. These maximum hydrogen produc-
tion masses were all obtained for the potentiostatic heat-up at 1.80 V cell
voltage. At this cell voltage, the compromise between heat dissipation
and hydrogen production efficiency is favorable.

Regarding the heat-up efficiencies at different scales as defined by
(27), Fig. 6 b) conveys several conclusions. Firstly, potentiostatic heat-
up at 1.80 V yields the highest heat-up efficiencies between 70.7 %y
and 74.0 %yy, followed by potentiostatic heat-up, plus additional
heating with efficiencies ranging from 67.6 %pgy to 70.7 %;pyy. Sec-
ondly, if using solely resistive electrical heating power for heat-up, the
higher power ratings of the heating increase the heat-up efficiency.

Table 5
Reference hydrogen quanta obtained as the maximum hydrogen production
during heat-up from 25 °C to 75 °C at 1.80 V constant cell voltage.

Ppom / kWe 5 100 400 750 1000

My, max/ Kg 0.15 0.73 2.81 5.57 9.61

Hence, the strategy where the heating rating equals 20 % of the power
rating of the electrolyzer results in significantly higher heat-up effi-
ciencies of between 58.5 %yy and 60.9 %pyy. In comparison, the
strategy with the benchmark heating only reaches heat-up efficiencies
from 54.4 %y to 56.4 %rny. Thirdly, electrolyzers with power ratings
of 400 kW, and more exhibit approximately linear or similar behavior
regarding their heat-up efficiencies and the 100 kW system deviates
from that apart from the case with larger electrical heating. This effect is
caused by the relative dissipative heat losses that are not compensated
for by electrochemical heat production in smaller systems. Lastly, the
tendency for decreasing heat-up efficiency with scale from 400 kWe;
upwards is mainly due to the decreasing nominal electrolytical effi-
ciency based on the nominal operating points of the electrolyzers and
increasing heat losses.

Fig. 7 a) depicts the simulated energy demands for the various heat-
up strategies. Potentiostatic heat-up at 1.80 V requires the most energy,
of up to 434 kWh, for the 1 MWy electrolyzer. Slightly less electrical
energy is required with potentiostatic heat-up and additional heating as
the shorter heat-up phase in these cases means lower aggregated heat
losses and faster reaching of the nominal operating point. With the
increasing power rating of the electrolyzer, the difference between
potentiostatic heat-up with and without additional heating increases.
This relates to similar behaviors of the heat-up durations, as is apparent
in Fig. 7 a), that are caused by the increasing thermal capacity of the
entire electrolysis system with scale in Fig. 2b). Heat-up based on
electrical heating elements requires significantly less energy, as the
energy for hydrogen production is not included. Furthermore, the
necessary energy demand reduces with increasing heat input, as
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Fig. 7. Simulated heat-up for electrolyzers with power ratings between 5 kW and 1 MW, using various start-up strategies and the benchmark heating powers from

Table 2: a) total electrical energy demand; b) heat input during heat-up.

demonstrated by the plots of the heating-based strategies in Fig. 7 a).
Regardless of the applied start-up strategy, the thermal energy stored
within the system is determined by its thermal masses. Heat losses to
ambient, however, accumulate during heat-up and lead to different total
amounts of required heat. Hence, in Fig. 7 b), heat-up with heating
ratings of 20 % of the electrical power rating of the electrolyzer, which
represents the highest heat input of all the strategies considered in this
study, requires by far the lowest amount of heat. Inversely, heating with
the benchmark heating ratings requires more heat than all other heat-up
scenarios. This is due to the low heat input and long heat-up process in
that case. For electrolyzers with power ratings of up to750 kW,
potentiostatic heat-up at 1.80 V without additional heating involves
similar heat demands as the benchmark heating case, although the heat-
up efficiency is much higher, as previously discussed. Using additional
heating during potentiostatic heat-up at 1.80 V shortens the heat-up
duration and reduces the heat demand. This effect becomes more pro-
nounced for electrolyzers with power ratings greater than 400 kW.

4.2.3. Dimensionless comparison

All of the results presented can be compared on a dimensionless basis
by using the concept of the heat-up number and dimensionless heat-up
time, as introduced by (28) and (30). Every data point in Fig. 8 repre-
sents the results of a simulation run, with the benefit of allowing the
comparison of different electrolyzers at all scales in one plot. Further
analysis of the respective parameters pertaining to the data points shows
clustering of the efficiencies of certain heat-up strategies. The dashed
lines and annotations in Fig. 8 represent the different clusters and
highlight the utilized start-up case.
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Fig. 8. Dimensionless comparison of the simulation results for heat-up times
(blue) and heat-up efficiencies (red) of electrolyzers with up to 1 MWel using
50 pm Nafion™ membranes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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The dimensionless heat-up number and heat-up times approximately
follow a linear relationship (RZ = 0.958), especially for low heat-up
numbers, which characterize cases of high heat inputs. This observa-
tion is consistent with the results for various heat inputs — for example in
Fig. 5 —where high heat input yields constant heat-up rates, whereas low
heat inputs cause curved temperature plots with decreasing heat-up
rates. As the heat-up number essentially linearizes the heat-up phase
of electrolyzers, the accuracy of prediction is therefore better for high
heat inputs.

InFig. 5, a linear relationship between the heating-based heat-up and
heat-up number (R? = 0.926) is apparent. With an increasing heat-up
number, the heat-up efficiency decreases, indicating favorable effi-
ciency at low heat-up numbers, which results from high heat inputs. This
is congruent with other results presented herein. Extrapolating the
linear approximation for the heating-only case to a heat-up number of
zero, a maximum heat-up efficiency of 61 %pyy can be estimated. In all
cases, part-load start-up yields higher efficiencies than heating-only. At
a 1.80 V cell voltage, without further heating, the highest heat-up effi-
ciency of 74.0 %y is reached. Lower voltages result in decreased ef-
ficiency, with 1.90 V without heating, as in the case of 1.70 V with
additional heating. At 2.0 V, the efficiency decreases further,
approaching that of the heating-based strategies. This is due to the
decreased cell efficiency during start-up.

5. Conclusions

From the findings of this study, several conclusions can be drawn for
the start-up phase of PEM water electrolyzers. These should also be
applicable to other low-temperature electrolysis technologies such as
alkaline or anion exchange electrolyzers. A framework for the fair en-
ergetic comparison of heat-up processes was laid, including the defini-
tion of the heat-up efficiency, dimensionless heat-up number, and heat-
up time. A simulation model for electrolyzer start-up was developed and
experimentally-validated in a 100 kW, PEM electrolyzer. From experi-
ments and simulations, it was concluded that part-load heat-up is the
most efficient, reaching maximum efficiencies of up to 74.0 %yyy at
1.80 V. For operators of electrolyzers, this means that they should limit
the cell voltage during heat-up - if possible — to maximize hydrogen
production during this phase and further mitigate accelerated cell
degradation at higher cell potentials. In comparison, heat-up using only
electrical resistive heating is less efficient, at only up to 61 %puy.
However, heat-up efficiency increases with heating power by reducing
aggregating heat losses to ambient. Moreover, promising use cases of
electrolyzers might arise if they are equipped with heating elements to
qualify them as heat sinks in electricity grids with temporary over-
production of up to 15 min.
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z

Greek symbols
a

@
c

T
Subscripts
0

act

amb

an
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(¢
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ov

activity -

thermal capacitance kJ/K ™!
thermal capacity kJ/mol ™! K™!
thickness mm

energy J

Faraday number As/mol !
Gibbs energy kJ/mol !
enthalpy kJ/mol !

current A

current density A cm™

2

lower heating value kJ kg™
mass kg

amount of substance mol
number of cells -

pressure Pa

permeability mol cm ! Pa~1 571
heat kJ

universal gas constant kJ/mol ! K1
Ohmic resistance Q

entropy kJ/K

surface m?

temperature K

time s

voltage V

number of electrons -
Meaning Unit

charge transfer coefficient -
heat transfer coefficient kJ m-2 K-1
efficiency %

overpotential V

relative humidity %
protonic conductivity S cm-1
time constant s

Meaning

at standard conditions
activation

ambient

anode

cathode

electric

hydrogen

heating

membrane

nominal

oxygen

Ohmic

Ideal ohmic

overvoltage
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ref reference
res residual
rev reversible
th thermal
vap vapor
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wt gravimetric
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