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HIGHLIGHTS

¢ A nominal current density of
1.8 A cm™? seems achievable for
alkaline electrolysis.

e To enable a minimum load of 10%,
the pressure is preferably kept
below 8 bara.

e Gas crossover is mainly driven by
diffusive hydrogen transport.

e Supersaturation at the diaphragm
interface plays an important role.
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ABSTRACT

Advanced zero-gap alkaline electrolyzers can be operated at a significantly higher current
density than traditional alkaline electrolyzers. We have investigated how their perfor-
mance is influenced by diaphragm thickness, temperature and pressure. For this a semi-
empirical current-voltage model has been developed based on experimental data of a 20
Nm?/h electrolyzer. The model was extrapolated to thinner diaphragm thicknesses and
higher temperatures showing that a nominal current density of 1.8 A cm 2 is possible with
a 0.1 mm diaphragm at 100 °C. However, these operating parameters also lead to increased
gas crossover, which limits the ability to operate at low loads. A gas crossover model has
been developed, which shows that crossover is mainly driven by diffusive transport of
hydrogen, caused by a high local supersaturation at the diaphragm surface. To enable a low
minimum load of 10% the operating pressure should be kept below 8 bara.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Green hydrogen produced by water electrolysis is expected to
play a major role in the energy transition, since it can act as a
renewable raw material for the chemical industry, a zero
emission fuel and a renewable replacement of natural gas in
heating applications [1]. Green hydrogen is also a suitable
medium for energy storage and can hence provide a system
solution to couple variable green electricity supply to inflex-
ible electricity demand.

Yet, water electrolysis based on variable electricity supply
also brings new challenges. Using variables loads introduces
the need for a wide operating range with a low minimum load
in combination with sufficient ramp up rates. This contrasts
with the large-scale water electrolysis plants that were oper-
ated in the past, which were typically continuously operated
based on hydropower [2—4]. Additionally, the variable elec-
tricity supply limits the number of operating hours of the
electrolysis plant, making the capital costs weigh heavy on the
total hydrogen costs. Therefore, there is a strong need for a
water electrolysis technology with low capital costs.

Regarding costs, alkaline electrolysis seems to be a well-
positioned water electrolysis technology, since it does not
require expensive noble materials, which is a limitation of
PEM technology, and can be operated at relatively low tem-
peratures hence not requiring high temperature resistant
construction materials such as solid oxide technology [5].
However, a major weakness of non-noble metal alkaline
technology is that it is operated at relatively low current
densities of 0.2—0.6 A cm 2 [6,7], making these electrolyzers
large and heavy compared to other technologies for similar
production rates. This is caused by the “poor” current-voltage
curve of alkaline technology, which primarily results from a
high ohmic resistance [8]. In old alkaline electrolyzers this
high ohmic resistance was almost unavoidable, since only
thick asbestos diaphragms were sufficiently stable in the
strongly alkaline environment [2]. Yet, with the development
of new and thinner diaphragm materials with higher con-
ductivity [9-12], advanced electrode coatings [13—18] and
innovative cell concepts [19,20] it should now be possible to
develop alkaline electrolysis systems that can operate effi-
ciently at significantly higher current densities.

In the discussion on increased current density it is
important to consider that electrolyzer systems are designed
for a certain nominal or maximal current density and corre-
sponding cell potential. The unit operations surrounding the
electrolyzer, such as the power electronics, the gas-liquid
separators and the coolers are designed for operation at this
nominal current density and operation at a higher current
density is typically not possible (some electrolyzer systems on
the market have an “overdrive”, but this implies that the
surrounding unit operations are overdesigned). The nominal
current density is typically selected based on a trade-off be-
tween the capital and operational costs of an electrolyzer. A
lower nominal current density results in a better efficiency of
the plant reducing electricity costs but means that more
electrolyzers are needed to make the same amount of
hydrogen, resulting in higher capital costs. In practice elec-
trolyzer systems typically have a nominal current density

corresponding to an efficiency of 75—80% (based on the higher
heating value of hydrogen) at start-of-life, which corresponds
to a cell potential of 1.85-1.97 V [7].

The flexibility requirements imposed by the variable elec-
tricity supply also have significant implications for the elec-
trolysis technology. Ramp rates are generally sufficiently fast,
but the minimum load, which is the lowest load or current
density at which an electrolyzer can be safely operated, can be
a major limitation. For alkaline electrolyzers this minimum
load varies from 10 to 40% [6] and is primarily determined by
the volume fraction of hydrogen in oxygen (HTO). Above 4%
hydrogen in oxygen the mixture is explosive [21,22] and
therefore a maximum of 2% for HTO has been agreed upon in
the International Standard on hydrogen production using
water electrolysis [23]. This means that at 2% HTO an emer-
gency stop needs to be initiated. Industrial water electrolysis
systems are designed to stay significantly below this value to
avoid frequent emergency stops. Therefore, an alarm value of
1.6% HTO is typically employed. The HTO content results from
hydrogen crossover through the diaphragm and depends on
many factors, including diaphragm properties (porosity, tor-
tuosity and thickness), operating pressure and temperature,
use of separate or combined electrolyte circuits, and current
density [24—28]. At lower current densities, the oxygen pro-
duction rate is lower compared to the hydrogen gas crossover
rate. Therefore, higher values for HTO will be encountered at
lower loads. The minimum load of an electrolyzer system is
the load were the HTO content reaches 1.6%.

When designing a high current density and flexible alka-
line electrolyzer, trade-offs need to be made, since parameters
thatlead to alower ohmic resistance generally lead to a higher
gas crossover. This is the case for a thinner diaphragm and a
temperature increase. When making these trade-offs also
other factors such as total plant costs and material durability
need to be considered. For example, a lower pressure de-
creases gas crossover and hence reduces the minimum load,
but leads to increased downstream compression costs.
Another example is the effect of temperature on the material
lifetime and hence durability of the plant.

A key question is what the optimal operating parameters
are for advanced alkaline systems. One study into this topic
suggests that there is still significant room for optimization of
alkaline technology by reducing diaphragm thickness [29].
However, a limitation in that analysis was the limited avail-
ability of experimental data to validate the model equations,
both with regard to current-voltage curves and gas crossover. A
problem is that most experimental studies only report current-
voltage curves for one temperature and pressure (mostly at-
mospheric). The few studies that have systematically looked at
temperature and pressure dependence [30—33] have been car-
ried out with relatively poor performing alkaline electrolyzers
and as a result do not report any experimental data above
0.4 A cm ™2 With regard to hydrogen gas crossover the amount
of experimental data was even more limited, but fortunately
some recent work has been carried out on the topic [24—27].

In this study we will systematically investigate the optimal
operating conditions for an advanced alkaline electrolyzer
with regard to temperature, pressure and diaphragm thick-
ness. Goal is to determine operating parameters that enable
efficient (80% efficiency corresponding to a cell potential of
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1.85 V) operation at high current densities and at the same
time have a minimum load that is not higher than 10% of the
nominal load. We will carry out this investigation in a tem-
perature range of 60—100 °C, since higher temperatures result
in high corrosion rates and an associated need for expensive
construction materials. The investigated pressure range is
1-50 bara, since higher pressures would result in the need for
thick “rims” of the electrolyzer. Diaphragm thickness is
investigated over a range of 100—500 pm, with thinner di-
aphragms not being investigated for reasons of mechanical
strength. We assume constant diaphragm porosity and tor-
tuosity independent of thickness. With regard to electrolyte
circulation both the option with separated (no mixing of
anolyte and catholyte) and mixed circuits will be investigated.
The KOH concentration in this work is not taking as a variable
and is set at 30 wt%, which is close to the maximum in con-
ductivity [34]. A higher KOH concentration is regarded as un-
desirable due to the increase in corrosion rates limiting
material selection [35].

For our analysis on the optimal operating conditions we
will use both an electrochemical and a gas crossover model.
As abasis for the electrochemical model we will use data from
an advanced alkaline electrolyzer located at the Brandenburg
University of Technology [36,37]. This electrolyzer with a
nominal hydrogen production of 20 Nm?>/h consists of 24 cells
with an electrode area of 0.436 m?, has a maximum operating
temperature of 75 °C and a maximum pressure of 58 bara. It
can be operated at current densities up to 0.72 Acm 2 Ithas a
zero-gap design with perforated nickel electrodes, with an
uncoated anode and a cathode coated with Raney nickel. The
electrolyte is 28 wt% KOH and Zirfon UTP500 is used as dia-
phragm. Systematic experiments have been carried out with
this electrolyzer over a temperature range of 50—70 °C and a
pressure range of 10—55 bara [36]. Our electrochemical model
is less complex than some more extended models [32,38—41],
but still shows good correspondence with the available
experimental data. In this study the model will be used to
predict electrolyzer performance over a wider temperature
range. Data from another study are used to estimate the
dependence of the current-voltage curve on diaphragm
thickness [10]. The gas crossover model is made based on best
available insights on different hydrogen crossover mecha-
nisms, including diffusive, convective and electrolyte mixing.
Parameters in the model are fitted based on available experi-
mental data for Zirfon UTP500 [24—27].

Model description
Current-voltage model

A semi-empirical model has been made for the prediction of
the cell potential E.; as a function of current density, tem-
perature and pressure. It considers contributions from the
equilibrium cell potential E,.,, the combined overpotentials of
anode and cathode 74, ¢, and the ohmic potential drop IR ac-
cording to equation (1).

Ecell = Eveu + Na+c +IR (1)

For the calculation of the equilibrium cell potential E,.,1p
equations (2) and (3) as given by LeRoy were employed [42], in
which the reversible potential (E,ey 1) depends on the abso-
lute pressure po (in bara), the aqueous vapor pressure of the
electrolyte solution py,o (in bar), the vapor pressure of pure
water p°u0 (in bar) and the reversible potential for standard
pressures E°., . The latter can be calculated using equation
(3), where the temperature T is in Kelvin. The vapor pressure
Pu2o for the 30 wt% KOH electrolyte can be found in the
literature [43,44]. R represents the molar gas constant and F is
the Faraday constant.

7 (p p )1.5
0 — PH,0
Ere—E0, + SXpp V0 TH0)

rev 2F
<pH20/ Py o>

E%, =1.5184 — 1.5421:10 3T + 9.523-10 °TInT + 9.84-10 *T?

(3)

Data from the work of Fischer [36] (data shown in Sup-
plementary Information) was analyzed to determine values
for the combined overpotentials and ohmic resistance that a
representative of a state-of-the-art alkaline electrolyzer.
The current-voltage relationships were first individually
fitted according to the procedure described in Ref. [8]. In this
fitting process the Tafel slope, the exchange current density
and the ohmic resistance were used as fitting parameters.
The combined overpotentials depend on the Tafel slope b,
the current density I and the exchange current density I,
according to equation (4). In this equation b is defined
b = a + c in which a is the Tafel slope of the anode and c is
the Tafel slope of the cathode. Iy is a non-linear average of
the anodic and cathodic exchange current densities, ac-
cording to Ip = I ¥%1, %" [8]. The fitted values for the different
operating pressures and temperatures can be found in the
Supplementary Information.

I
Natc =blog 1o 4

As a next step the fitted values were analyzed as a function
of temperature. The Tafel slopes b did show a linear increase
with temperature (see Supplementary information), as one
would expect based on equation (5), which results from the
Butler-Vollmer equation and which includes a factor 2
because b represents the combined Tafel slopes of the anode
and cathode. agy, is the apparent charge transfer coefficient, a
non-linear average of the anodic and cathodic charge transfer
coefficients, according to gy, = 5;‘—:;3 The measured tempera-
ture dependence corresponds to an apparent charge transfer
coefficient of 1.20. This value exceeds the typical value of 0.5,
which suggests that the first electron transfer is neither the
rate-limiting step for hydrogen evolution on Raney-Ni elec-
trodes nor for oxygen evolution on nickel electrodes. This is in
line with the observation that the fitted b values are ~110 mV,
implying that individual Tafel slopes of anode and cathode
must be well below 100 mV, which agrees with previous work
[45,46].

_ 2RTIn10

b = 5)
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The logarithm of the fitted exchange current densities I,
showed a linear dependence with the reverse of the tempera-
ture (see Supplementary information), in line with an
Arrhenius-type dependence, as given by equation (6), in which
ko is a prefactor (a non-linear average of the prefactors for
anodic and cathodic exchange current densities: ko = ko,%/bkofc/b)
and AG is an average of the activation energies of the oxygen
and hydrogen evolution according to AGact = (a4Gqctq + €4Gacto)/
b. From the fitting a value of 29.5 A cm™2 results for k, and
32.4 k] mol ! for 4G, The value of 4G, is relatively low
compared to values reported in literature, which range from 18
to 104 kJ mol~! [38,46]. Combining equations (4)—(6) results in
equation (7) for the dependence of the combined overpotentials
on the temperature and the current density.

—AGqct

Io = koe RT (6)

2RT In 10 I AGu
LT (og g+ — 7
<°g ko +RTln10> ©)

Natc= “ppr_-

The fitted ohmic resistances R showed a strong depen-
dence on temperature, comparable to the temperature
dependence of the resistance of the 28 wt% electrolyte (see
Supplementary Information). The resistance R as a function of
temperature can therefore be predicted reasonably well by
equation (8), in which Rgp-c is the fitted resistance at 60 °C and
Keo-c 1S the solution conductivity at 60 °C. The solution con-
ductivity « can be calculated for different KOH molarities M
with equation (9) [34]. To be able to predict the effect of dia-
phragm thickness d (in mm) a correction factor is included in
equation (8), which is based on two studies in which Zirfon of
two thicknesses were studied [10,25]. It should be noted that
the resistance is not directly proportional to the thickness of
the diaphragm. This can be explained by the observation that
the ohmic resistance significantly exceeds the pure dia-
phragm resistance [8], which suggests that the diaphragm
resistance is not the only contributor to the ohmic resistance
in a zero-gap configuration. For example, the presence of
bubbles is believed to be responsible for a significant extra
resistance outside the diaphragm [47]. Nevertheless, there is
still a high uncertainty in the dependence of resistance on
diaphragm thickness, because it is currently based on only
two diaphragm thicknesses. Moreover, the comparison of the
two diaphragms could potentially be affected by a difference
in tortuosity.

R =Rep-c—— (0.26 + 1.48d) ®)
Keo°C

k= —2.04M — 2.8-103M? + 5.33-103MT + 207¥

+1.04-10°M? — 3-10 " M?T? ©)
Gas crossover model

The hydrogen in oxygen (HTO) can be calculated from the
flux of hydrogen to the anolyte ®y, and the oxygen produc-
tion np, according to equation (10). The hydrogen flux
potentially consists of three contributors, namely &y, 4,
which is hydrogen crossover resulting from hydrogen diffu-
sion through the diaphragm, &y, con, Which is hydrogen

crossover as a result of convective flow of electrolyte with
dissolved hydrogen through the diaphragm, and &y, mix,
which is hydrogen transported into the anolyte compart-
ment by hydrogen dissolved in the incoming electrolyte
stream, according to equation (11).

by, by,

HTO= = 10
No, + Py, &+ Py, (10

(I7H2 = 'I’szdiff + q)Hz‘com) + (I)Hi.mix (11)

The convective movement of solution through the dia-
phragm can arise due to different phenomena. Most impor-
tantly, convection can be induced if a pressure drop over the
diaphragm exists, resulting in electrolyte flow in a particular
direction that either enhances or suppresses hydrogen
crossover. This convective hydrogen flux depends on the
diaphragm permeability K, the dynamic viscosity 7, the
hydrogen solubility Sy, the partial hydrogen pressure at the
membrane interface py, ., and most importantly the differ-
ential pressure difference between catholyte and anolyte 4p
according to equation (12). The permeability of the diaphragm
K strongly depends on pore-size and to less extent on other
separator characteristics as porosity and tortuosity. For the
Zirfon separator with a mean pore size of 150 nm, K is esti-
mated to be 7.5-107® m~2 [25]. For the Zirfon separator it has
been suggested that at differential pressures above 0.01 bar
the convective flux becomes larger than the diffusive flux [48].
For this reason, good pressure control in alkaline systems is of
critical importance. This is normally achieved by connecting
the liquid sides of the anolyte and catholyte gas-liquid sepa-
rators and minimizing the difference in liquid level by pres-
sure control valves. As a result, the convective hydrogen
transport seems to play a limited role in laboratory scale
alkaline electrolyzers. This is also suggested by studies in
which Zirfon is compared to diaphragms and membranes
with significantly smaller pores [25,27]. With equal pressures
on both sides these studies show comparable gas crossover. In
contrast, with the application of a differential pressure of
0.3 bar the crossover through the Zirfon becomes much higher
[27] suggesting that only then the convective flux start to play
an important role (this is explained more in-depth in the
Supplementary Information). Nevertheless, it is less clear if
convective hydrogen transport can also be neglected in in-
dustrial scale electrolyzers, where larger cell areas can
potentially result in larger local Ap differences.

KSHz sz Ap

Hp,conv = nd (12)

Electro-osmotic drag or electro-osmotic flow can poten-
tially also contribute to convective hydrogen transport
through the diaphragm. Both phenomena arise due to move-
ment of ions in the presence of an electric field, which can
drag electro-neutral solvent and dissolved gases along them.
However, they are not believed to have a significant contri-
bution in alkaline electrolysis [24] (this is further explained in
the Supplementary Information).

The hydrogen transport @y, iy resulting from hydrogen
dissolved in the incoming electrolyte stream is only relevant
for systems where anolyte and catholyte streams are mixed
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after the gas-liquid separation, known as combined circuits.
In case of separate anolyte and catholyte streams this @y, yix
can be neglected. In the former case, part of the electrolyte
leaving the cathodic side, which is saturated with hydrogen,
enters the anodic compartment. In this case the hydrogen
transport depends on the anolyte and catholyte flow rates Fgy,
and F.q, according to equation (13). For industrial scale elec-
trolysis systems these electrolyte flow rates are typically equal
(Fano = Feato) and are primarily determined by the allowable
temperature difference over the electrolyzer according to
equation (14), as the electrolyte flow is the main method for
cooling the electrolyzer. In this equation A is the electrode
area, Ep, is the thermoneutral cell potential, Egg,‘l is the cell
potential at end of life (when most heat is generated, in this
work 2.0 V is assumed), C, is the heat capacity of the electro-
lyte (3.07 ] g > K~ for 30 wt% KOH electrolyte at 80 °C [49]), p is
the electrolyte density (1.255 g cm 2 at 80 °C [50]) and AT is the
maximum allowable temperature differences over the cell,
which is typically around 15 °C [13]. In this case the thermo-
neutral cell potential E, includes both the enthalpic voltage
and the effect of the evaporation of water according to equa-
tion (15) [51], in which AHyg, r is the heat of evaporation of
water at the operating temperature (equation (16)). It does not
include the heating of the feedwater (since this is added
outside the electrolyzer) and any heat losses through radia-
tion and convection.

F
=S, (g ) "

1A (2 — En)

Fano + Feato = C,AT) (14)
Epn=1.485 — 1.49-1074(T — 273) — 9.84:1078(T — 273)?

+ 1.5-7(100’3*;;20) % (15)
AHyqp 1 =42.960 +40.762-T — 0.06682-T? (16)

In systems with separated electrolyte circuits and good
differential pressure control, the diffusive flux is the main
driver for crossover through the diaphragm. This diffusive flux
can be calculated using equation (17). In this equation Dy, , is
the effective diffusion coefficient of hydrogen through the
separator. Sy, is the solubility of hydrogen in the electrolyte,
for which we use a value of 0.095 mol m 3 bar~* in 30 wt% KOH
[52,53]. The solubility shows limited temperature dependence
and is therefore taken as temperature independent in our
model (See Supplementary information). py,  is the hydrogen
pressure at the catholyte diaphragm interface, including local
supersaturation. In this equation the hydrogen pressure at the
anode is assumed to small and is therefore not taken into
account.

D S
N depHZ'm (17)
For a porous diaphragm the effective diffusion coefficient
in the diaphragm depends on the diffusion coefficient in
the free electrolyte Dy,, the diaphragm porosity ¢ and the

diaphragm tortuosity factor 72 (not to be confused with the
tortuosity [54]) according to equation (18). Although the
porosity for the diaphragm has been measured to be 55% [25],
it is not possible to directly measure the tortuosity factor.
Therefore, we use the MacMullin number N,,, which is equal
to the tortuosity factor divided by the porosity [55]. Normally
the MacMullin number is used in relation to resistance, where
it gives the ratio between the resistivity of a porous medium
and the resistivity of the pure electrolyte. In a similar way it
can be used for diffusive transport in a porous medium. A
value for the MacMullin number of 3.2 has been suggested
based for Zirfon UTP500 on available experimental data [8].
The diffusion coefficient Dy, has been reported to show an
Arrhenius type dependence as given in equation (19). For a
30 wt% KOH electrolyte the prefactor A in this equation is
4.7-10~* m? s* and the activation energy E, is 19.8 k] mol *
[56].

£ DH
D, o =Dr,* 53 = ¢ -

(18)

Dy, = Aer (19)

The main challenge in estimating the diffusive hydrogen
flux lies in the uncertainty concerning local supersaturation at
the electrode-diaphragm interface in a zero-gap configura-
tion. It is well-known that there can be significant local su-
persaturation in the concentration boundary layer of gas-
evolving electrodes, more than hundred times the solubility
[57—59]. However, it is difficult to say how this translates to a
supersaturation at the electrode-diaphragm interface, since
the concentration boundary layer is relatively thin (order of
ums [60]) and a zero-gap configurations is normally not perfect
“zero-gap”, since only a small part of the electrode material
pushes directly against the membrane. For PEM electrolyzers
large supersaturations that strongly depend on current den-
sity have been reported (8—33 bar A~ cm™?) [61], but for zero-
gap alkaline electrolyzers no correlations are available. A
more in-depth discussion on local supersaturation can be
found in the Supplementary Information.

In this work, available experimental data on hydrogen
crossover through a Zirfon separator have been used to
determine a relation between hydrogen concentration at the
diaphragm-electrode interface and the operating conditions.
It is assumed that the hydrogen is only supersaturated at the
electrodes. As some experimental studies have used larger
separator than electrode areas, diffusion through the sepa-
rator where no electrode is attached to the surface, is modeled
using equilibrium concentration py, ¢q. In total, 43 HTO data
points from four different studies were used for fitting (listed
in Supplementary Information), including data from mixed
and separate electrolyte loops. The assumption has been
made that hydrogen crossover by convection can be neglec-
ted. The hydrogen pressure at the catholyte diaphragm
interface py, m is fitted as a function of the square roots of the
current density and the absolute pressure p, according to
equation (20). The reason for taking the square roots of the
current density and pressure is that the supersaturation not
only depends on the amount of hydrogen generation (directly
proportional to the current density), but also on the available
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bubble area and mass transfer rates (which increase with
current density and decrease with pressure). This is discussed
in more depth in the Supplementary Information. The square
root dependencies also seem to fit well with the experimental
data. Based on a fit of all experimental data with a total R? of
0.994 the value for the constant f was determined to be 25.80
for 30 wt% KOH (More information on the fitting procedure
can be found in the Supplementary Information).

Pr,m =Po — Pryo + fI*°p5° (20)

Table 1 summarizes the parameters that can be used to
describe current-voltage model consisting of equations (1), (2),
(7) and (8) and the gas crossover model consisting of equations
(10) and (13)—(15).

Results and discussion
Comparison of the models to experimental data

Fig. 1 compares the cell potential predicted by the current-
voltage model to the experimental data for different temper-
atures and pressures [36]. The temperature dependence is
described well by the model with higher temperatures leading
to lower cell potentials. This is primarily driven by a lower
ohmic resistance at increased temperature, but also the
overpotentials are slightly lower at increased temperature. For
the pressure dependence the model also gives a reasonable
prediction, although it seems to slightly overpredict pressure
dependence. Pressure dependence is now only included in the
model in the equilibrium potential (equation (2)), but not in
the description of the overpotentials and the ohmic resis-
tance. A lower pressure is expected to lead to increased gas
volume in the electrolyte and an increased electrode surface
coverage [58], both increasing the cell potential. Yet, these
effects are relatively small and still not well understood and
have therefore not been included in the model to reduce its
complexity.

Fig. 2 compares HTO content predicted by the model to a
number experimental data generated by Trinke et al. [24].
Comparison to all other experimental data points is given in
the Supplementary Information, which shows that the model
can accurately predict the experimental data. Hence it is
possible to describe the experimental results with only the
diffusive flux and is therefore another indication that with

Table 1 — Input values for the current-voltage model and
the gas crossover model.

gy 1.20

ko 29.5 A cm?
AGqct 32.4 k] mol~*
Reo-c 0.446 Q cm 2
Npm 3.2

A 47-10*m?s7?t
Eq 19.8 k] mol*
Suo 0.095 mol m >3 bar*
f 25.80

AT 15K

Eel 20V

cell

separated circuits the gas crossover is primarily driven by the
diffusive flux through the diaphragm and not by pressure or
electro-osmotic driven convection. This is also confirmed by
the fact that the model can reasonably predict the OTH con-
tent (see Supplementary Information). However, we should
note that our model is unable to predict available HTO and
OTH data for a thinner diaphragm [25], with our model pre-
dicting significantly higher gas crossover than observed. We
do not yet understand why this is the case. It has been sug-
gested that the thinner diaphragm has a higher tortuosity
suppressing the gas crossover [25], but in our view there is no
reason why the thinner diaphragm should have a much
higher tortuosity given that it has the same porosity as the
thick diaphragm and is produced in a comparable way.
Moreover, a higher tortuosity would also affect diaphragm
conductivity, which is not observed [62].

Model extrapolation to find optimal operating conditions

In this section we use our models to explore how electrolyzer
performance is likely to change with varying temperature,
pressure and diaphragm thickness. We do this in a tempera-
ture range of 60—100 °C, a pressure range of 1-50 bara and a
diaphragm thickness of 0.1-0.5 mm. We realize that espe-
cially regarding temperature this is beyond the range in which
the model has been validated, but we feel that the correlations
we use are sufficiently robust to give a reasonable prediction
up to 100 °C.

Fig. 3 shows the predicted current-voltage curves for
different temperatures and diaphragm thicknesses at an
operational pressure of 10 bara. It shows that both a higher
temperature and a smaller diaphragm thickness improve the
current-voltage curve and therefore enable a higher nominal
current density. Based on the starting point that the nominal
current density corresponds to a cell potential of 1.85 V, the
nominal current density at 60 °C with a 0.5 mm diaphragm is
0.5 A cm™2 At 100 °C with a 0.1 mm diaphragm it is more than
three times as high at 1.7 A cm™2. This much higher current
density is primarily enabled by the lower ohmic resistance
resulting from the higher temperature and reduced dia-
phragm thickness, but also from the reduced overpotentials at
increased temperature. The advantages of a temperature in-
crease have long been recognized in the field of alkaline
electrolysis and have resulted in significant efforts to develop
high temperature alkaline electrolyzers in the past [63—65].
Yet, it should be remarked that this has not proven to be easy
due to material limitations. Therefore, we have chosen not to
explore temperatures above 100 °C.

Fig. 4 shows the HTO content as a function of current
density for temperatures of 60 °C, 80 °C and 100 °C with a
0.5 mm and a 0.1 mm diaphragm at a pressure of 10 bara. It
shows that both decreased diaphragm thickness and
increased temperature lead to increased HTO content. For
60 °C and a 0.5 mm diaphragm the HTO content remains low
even for low current densities, which means that the mini-
mum load is not limited by gas purity. On the other hand, for
100 °C and a 0.1 mm diaphragm the HTO content exceeds
1.6% below 0.4 A cm 2, which means that the minimum
current density is 0.4 A cm~2. Considering that the nominal
current density for these conditions is 1.7 A cm™2 (see previ-
ous paragraph), this implies that the minimum load is ~25%,
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Fig. 2 — HTO content predicted by the gas crossover model
compared to experimental data of Trinke et al. [24].
Conditions: 1 bara, 60 °C, Zirfon UTP500, 32 wt% KOH,
electrode area = 100 cm?, diaphragm area = 227 cm?,
separated electrolyte circuits.

significantly higher than our target value of 10%. Hence, the
combination of 100 °C, 10 bara and a 0.1 mm diaphragm is not
suitable for a flexible alkaline electrolyzer.

As discussed previously, the influence of pressure on the
current-voltage curve is limited. In contrast, pressure does
have alarge influence on the gas crossover. This can be seen in
Fig. 5, which shows the HTO content for a system operating at
100 °C with a 0.1 mm Zirfon diaphragm for different pressures.
At atmospheric pressure the HTO content remains below 1.6%
even at very low current densities. In contrast, at 20 bara the
HTO content is already 1.6% at 0.6 A cm? for separated circuits.
Considering the nominal current density of 1.7 A cm~?, this
implies that for an atmospheric electrolyzer it is easy to meet
the 10% minimum load requirement, but that this require-
ment cannot be met for operation at 10 or 20 bara. Actually,
the maximum allowable operating pressure with separated

B & / '2
Current density / A cm

Fig. 3 — Predicted current-voltages curves for temperatures
of 60 °C, 80 °C and 100 °C with a 0.5 mm and a 0.1 mm
diaphragm. Pressure = 10 bara, 30 wt% KOH.

circuits to enable a minimum load of 10% is 5 bara with a HTO
content of 1.6% at 0.17 A cm 2.

Fig. 5 also shows the effect of the use of a mixed electrolyte
system, in which dissolved hydrogen coming from the cath-
ode compartment enters the anode compartment due to the
mixing of the electrolytes after the gas-liquid separators. As
expected, this electrolyte mixing leads to an increased HTO
content. The effect becomes more pronounced with higher
pressure, due to the increase in the concentration of dissolved
hydrogen with increasing pressure. Nevertheless, even for
high pressures this mixing contribution to the HTO content
remains significantly lower than the diffusive transport. This
contrasts with the conclusions from others [24,26,28], which
argue that electrolyte mixing is the dominant factor in HTO
content even at atmospheric pressure. The reason for this
apparent difference are the much higher flow rates that are
used in laboratory electrolyzers compared to industrial elec-
trolyzers. This is illustrated by the fact that anolyte flow rates
of ~30 I/h were used in the laboratory cells [24,26], whereas to
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cell

keep the temperature difference below 15 °C it can be calcu-
lated with equation (15) that a flow rate of only ~1 V/h is
required (for a 100 cm? electrode at 0.5 Acm ). It is important
to note that the contribution of electrolyte mixing to HTO
content is independent of diaphragm thickness and temper-
ature. This makes that with lower operating temperatures and
higher diaphragm thicknesses the contribution of electrolyte
mixing to the HTO content becomes relatively more important
as diffusive transport decreases.

To find the optimal operating parameters for an alkaline
electrolyzer the contour plots in Figs. 6 and 7 are used.
Fig. 6 shows what nominal current density can be achieved
for different temperatures and diaphragm thicknesses. This

100
) /
S 90 oP 1
S 80}
5
= ‘
S 70 /
Q°
/ N /
60 /
001 002 003 004 0.05

Diaphragm thickness / cm

Fig. 6 — Contour plot of the nominal current density as a
function of temperature and diaphragm thickness for a
zero-gap alkaline electrolyzer with an activated Raney-Ni
cathode. Pressure = 10 bara, 30 wt% KOH. At the nominal
current density the cell potential is 1.85 V.

graph is based on a pressure of 10 bara, but the dependence
of the nominal current density on the pressure is limited and
therefore graphs at other pressures are comparable (shown
in Supplementary information). The highest achievable
current density is 1.8 A cm 2 at a temperature of 100 °C and a
diaphragm thickness of 0.1 mm.

Fig. 7 shows the maximum allowable pressure to enable a
minimum load corresponding to 10% of the nominal current
densities given in Fig. 6. These values are hence based on a
nominal current density at 10 bar, but the values are compa-
rable when nominal current densities at other pressures are
used (see Supplementary information). Fig. 7 shows data for
both separated (left) and mixed systems (middle and right).
The figures for the mixed system are based on either a con-
stant (middle) or variable electrolyte flow rate (right). The
constant flow rate corresponds to a temperature difference
over the electrolyzer of 15 °C at end-of-life. For the variable
flow rate this flow rate is adjusted based on the operating
current density. The latter enables a significantly higher
operating pressure, close to the value of the separated system.

In the discussion on the optimal operating parameters, we
also consider that higher pressures can be regarded as more
attractive, since they reduce compression requirements. They
also reduce the gas hold-up in electrolyzers [66] enabling
increased ramping rates, since ramp rates are limited by the
changes in gas hold-up. On the other hand, higher pressures
do lead to higher stack costs and increase safety risks.
Another consideration is the material choice for the electro-
lyzer and the surrounding unit operations. Up to approxi-
mately 80 °C relatively cheap carbon steel can be used as
construction material if stress relief heat treatment is applied,
but at higher temperatures it is needed to use more expensive
nickel alloys or even pure nickel to avoid stress corrosion
cracking [35,67].
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rate at nominal load.

Based on the above considerations there are three poten-
tially attractive systems. The first is a low-temperature
(60—80 °C) high-pressure system with a thick diaphragm and
separated circuits. Such a system can be operated with a
nominal current density of up to 0.7 A cm 2 and pressures in
the range of 30—50 bara. In this way it is similar to the elec-
trolyzer of the Brandenburg University of Technology that was
used as a basis for the current-voltage model in this work.
Strengths of this system are the high operating pressure,
reducing compression needs, and the relatively cheap con-
struction materials. Weaknesses are the low current density,
higher stack costs and the use of separated circuits, increasing
the complexity of the plant. Overall, these operating condi-
tions seem most suitable for relatively small-scale electro-
lyzer systems, where the capital costs of the compression are
a key cost driver.

The second is a low-temperature (60—80 °C) and low-
pressure system with a thin diaphragm and combined cir-
cuits. Such a system can be operated with a nominal current
density of up to 1.4 A cm™? and a pressure up to 7.5 bara.
Strengths of this system are the high current density, the
relatively cheap construction materials and the ability to use
mixed circuits. Weakness is the relatively low pressure,
increasing compression costs. Overall, these operating condi-
tions seem suitable for the deployment of large-scale electro-
lyzer systems, where the capital costs of the required
compression steps can be kept small due to the good econo-
mies of scale of compression. Operation at this pressure still
avoids the first compression steps, which are the most capital
intensive. Therefore, these operating conditions are signifi-
cantly more attractive than operating at atmospheric pressure.

The third system is a high-temperature (80—100 °C) low-
pressure system with a thin diaphragm and combined cir-
cuits. Such as system can be operated with a nominal current
density of up to 1.8 A cm~2 and a pressure up to 5 bara. This
system is comparable to the previously discussed low tem-
perature system with the difference that the nominal current
density is slightly higher and that more expensive construc-
tion materials will need to be used. Question is whether
the higher nominal current density is enough to compensate
the increased material costs. Nevertheless, there can be

additional reasons to choose this high-performance system:
the higher operating temperatures make it easier to valorize
the generated waste heat and the high current density is
attractive in places where plant footprint is a limitation. This
makes this system potentially attractive for large-scale sys-
tems where waste heat and footprint are important.

Our analysis also shows that certain operating parameters
are unattractive. These include high-pressure systems (>10
bara) with thin diaphragms. These systems can potentially
achieve a high nominal current density, but are limited by
their high minimum load, making them less suitable for
operation with variable renewable electricity supply. At the
same time also high-temperature systems with thick di-
aphragms seem unattractive, since they require the use of
expensive construction materials without being able to reach
high nominal current densities.

We should remark that there are still significant un-
certainties in the modeling. Most problematic is the limited
availability of experimental data for thinner diaphragms,
which causes a significant uncertainty regarding the
dependence of the ohmic cell resistance and gas crossover
on the diaphragm thickness. Other uncertainties include the
extent of local supersaturation, and the role of convective
transport in gas crossover. Therefore, there is a clear need for
more experimental data to optimize these models. Future
optimization could still significantly affect achievable nom-
inal current densities and allowable operating pressures.
Nevertheless, we believe that our more general conclusions
on the optimal operating parameters will still hold.

Conclusion

In this work we have investigated the influence of tempera-
ture, pressure and diaphragm thickness on the performance
of alkaline electrolyzers. Whereas traditional alkaline elec-
trolyzers with non-noble metal catalysts are operated at low
current densities (0.2—0.4 A cm~?), our current-voltage model
shows that it should be possible to operate advanced alkaline
electrolyzers above 1 A cm™2 by applying a zero-gap design,
reducing diaphragm thickness and increasing temperature.
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However, these operating parameters also enhance gas
crossover and can lead to high HTO levels at low load, which is
problematic for intermittent electrolysis systems based on
solar and wind energy. Our gas crossover model shows that
HTO levels at a minimum load of 10% can be kept at an
acceptable level by keeping the operating pressure below 8
bara, also with mixed electrolyte systems. Given that the
relative costs of compression decrease with increasing system
size, operating at these pressure levels seems most attractive
for future large-scale electrolysis plants.
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