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ABSTRACT: Both daily and seasonal fluctuations of renewable
power sources will require large-scale energy storage technologies.
A recently developed integrated battery and electrolyzer system,
called battolyser, fulfills both time-scale requirements. Here, we
develop a macroscopic COMSOL Multiphysics model to quantify
the energetic efficiency of the battolyser prototype that, for the first
time, integrates the functionality of a nickel—iron battery and an
alkaline electrolyzer. The current prototype has a rated capacity of
S Ah, and to develop a larger, enhanced system, it is necessary to
characterize the processes occurring within the battolyser and to
optimize the individual components of the battolyser. Therefore,
there is a need for a model that can provide a fast screening on
how the properties of individual components influence the overall energy efficiency of the battolyser prototype. The model is
validated using experimental results, and new configurations are compared, and the energy efficiency is optimized for the scale-up of
this lab-scale device. Based on the modeling work, we find an optimum electrode thickness for the nickel electrode of 3 and 2.25 mm
for the iron electrode with optimal electrode porosities in the range of void fraction of 0.15—0.35. Additionally, electrolyte
conductivity and the gap thickness are found to have a small effect on the overall efficiency of the device.
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1. INTRODUCTION being a carbon-free fuel with a high mass specific energy
density.”'”"" In addition to being a fuel, hydrogen is also used
as feedstock in the chemical industry, as well as in the refining
industry, food industry, metallurgical industry, and electronics
industry."”

An integrated battery and electrolyzer device, known as the
battolyser, has recently been developed.” The battolyser was
demonstrated as a possible energy storage solution, as its
battery functionality can stabilize short-term electricity
fluctuations while its electrolyzer functionality can stabilize

L long- I fluctuations.”"” Furth he devi
decreases, energy storage technologies will be key for ong-term seasonal fluctuations urthermore, the  device

) . . ; o was shown to be stable for more than 300 cycles."> As can be
developing grids with higher ﬂex1b1htg; and the large-scale seen in Figure 1, the battolyser utilizes two different energy

storage functionalities: a nickel—iron battery and an alkaline
electrolyzer. The nickel—iron battery, also known as the Edison
battery, serves as a short-term energy storage mechanism."*
Electricity can be stored and generated from the materials in
the electrodes via the Ni(OH),/NiOOH and Fe(OH),/Fe

The increasing share of wind and solar energy, together with
COP21 Paris targets set for renewable energy capacity growth,
implies an increase in the variability of future electricity
generation.l’2 Therefore, an electrical grid completely based on
largely intermittent renewable energy sources will require
widespread and efficient energy storage.”® Currently, fossil
fuels provide the buffer capacity necessary to balance this
mismatch between energy supply and demand.”® As the
capacity of renewable energy increases and fossil fuel use

utilization of renewable energy sources.

Batteries are a good option to cover short-term grid
fluctuations because of their dynamics and high round-trip
efficiency, typically around 80%.%” However, because of their
cost, limited cycling rate, self-discharge, and low specific energy
storage capacity (energy stored per unit mass), large-scale,

longer-term storage options are required alongside battery
capacity.”® An alternative solution for long-term energy storage Received: March 12, 2021
is the production of fuels using renewable energy. Hydrogen is Revised:  June 30, 2021
an example of such a fuel that can either be burned in a gas- Accepted:  July 2, 2021
fired internal combustion engine and gas turbine or electro- Published: July 15, 2021
chemically converted in a fuel cell to generate electricity. The

advantages of using hydrogen as an energy carrier include it
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Figure 1. Schematic illustration of the chemical reactions that occur
during charging, overcharging, and discharging of the battolyser.

redox couples.”” When the maximum battery capacity is
reached, the battolyser makes use of the electrocatalytic
properties of Fe and NiOOH for electrochemical hydrogen
and oxygen evolution, and the device then acts as an alkaline
electrolyzer. Thereby, the excess electricity that cannot be
stored in the battery functionality is used to split water
molecules from the electrolyte, generating hydrogen and
oxygen. 15

Because the system operates as both a battery and an
electrolyzer, the capacity limit of this system is not fixed by the
amount of the active battery material. An additional advantage
of using Ni—Fe batteries in the system is that they are very
robust and have a life time of approximately 3000 cycles or 20
years.">'® The total energy efficiency of the system, combining
battergr functionality and hydrogen production, is around
90%."” Moreover, the device can follow electricity fluctuations
typical of renewable energies, such as solar and wind."?

Here, we report on the development of a macroscopic model
that can quantify the energy efficiency of the existing battolyser
prototype. The current battolyser prototype has a rated
capacity of 5 Ah, and to develop a larger, more optimized
system, it is necessary to characterize the processes occurring
within the battolyser and to optimize the individual
components of the battolyser. Therefore, there is a need for
a model that can provide a fast screening on how the
properties of individual components influence the overall
energy efliciency of the battolyser prototype.

Many empirical and semiempirical models have been
proposed to simulate alkaline electrolysis;'”'® however, our
approach integrates thermodynamics, kinetics, and transport
mechanisms to model the performance of the integrated
storage device including details of the specific geometry.
Furthermore, only a handful models of alkaline electrolysis
have been validated experimentally.'”” Many models simulate
the I-V characteristics of different electrochemical cells, but
not many can determine the effect of the geometric cell
parameters on the functionality.'”"”*° The model developed
here is validated using experimental results, and new
configurations and design parameters have been compared
and optimized for the upscaling of this lab-scale device. The
model developed is able to predict the energy efliciency of
different configurations without having to test these config-
urations individually, which is of utmost importance in
upscaling the current battolyser prototype. In addition, the
developed model is to the best of our knowledge the first

model that integrates a battery and electrolyzer functionality
for nickel—iron batteries. A comprehensive model for zinc—
nickel batteries has been recently published.”’ Using the
model, we will give design recommendations that can improve
the device efficiency, taking into account both the battery and
electrolyzer functionalities and the trade-offs inherent for the
optimization. Some of the limitations of the current model
include bubble production and thermal effects, and future
efforts can be made to study these effects.

2. MODELING AND EXPERIMENTAL METHODS

2.1. Model. A one-dimensional (1D) COMSOL Multi-
physics model has been developed to simulate the integration
of battery and electrolyzer functionalities of the battolyser
system. The COMSOL Multiphysics model is a time-
dependent partial differential equation system using a back-
ward differentiation formula (BDF) solver with variable size up
to extremely fine finite elements. This tool was chosen to solve
the governing physical equations detailed here. To describe the
integration of both storage functionalities, a number of aspects
must be taken into account, including

o the diffusion of hydroxide ions from one electrode to
another and the concentration profiles of hydroxide and
potassium ions through the width of the cell,

o the calculation of the cell potential, including the
overpotential of each chemical reaction,

o the electrochemical reactions for the battery function-
ality including the nickel positive electrode and the iron
negative electrode reactions and the determination of
the state of charge of the battery,

e the electrochemical reactions for the electrolyzer
functionality including the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), and

o the bubble production.

These phenomena are all quantified for different time scales,
therefore a time-dependent model that simulates both battery
and electrolyzer functionalities in the x dimension of the
battolyser cell is built.

The COMSOL Multiphysics model is a time-dependent
partial differential equation system using a BDF solver with
variable size extremely fine finite elements. A schematic
representation of the electrochemical cell is presented in
Figure 2. The cell is composed of an iron negative electrode, a
nickel positive electrode (both from Ironcore), and a
polyphenylene sulfide fabric commercial separator (Zirfon
PERL, AGFA). All three components are porous and

Positive Negative
electrode Separator electrode

Current collector

Current collector

Q

Figure 2. Schematic diagram of battolyser cells and their model
representation including the Ni(OH), positive electrode, aqueous
KOH electrolyte, polyphenylene sulfide separator, and Fe(OH),
negative electrode.
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considered to be filled with aqueous liquid 5 M KOH ii=—-0V¢ (3)

electrolyte. A cross section of the battolyser is modeled in one
dimension. Thereby, length and height effects are neglected.
The average particle diameter is considered for solid diffusion.
The model includes effects of the electronic current
conduction in the electrodes and ionic charge transport
through the electrodes, electrolyte, and separator.

This model simulates mass transport in the electrolyte and
within the particles that form the electrodes. A similar model
was developed by Newman and Paxton to describe NiMH
batteries. A similar approach is taken, but secondary reactions
are included to take into account HER/OER production. The
reaction source term includes Butler—Volmer kinetics, both for
the charging/discharging reactions and the gas production
reactions. All the simulations are considered at ambient
temperature and pressure. Thermal effects are not considered
as the current density is relatively low compared to industrial
electrolyzer systems. Therefore, thermal effects due to high
current density effects are assumed to be negligible. Pressure
effects are not considered as the system operates under
atmospheric pressure conditions.

2.1.1. Diffusion and Migration. The transport of species in
the electrolyte is calculated using the Nernst—Planck equation:

N, = =DV¢;, — zu,;Fc Ve, (1)

where N; is the particle flux of species i, D; is the diffusion
coeficient, ¢; is the concentration, z; is the valence, u,; is the
mobility, and F is Faraday’s constant.

Because there is no forced flow, transport is due to diffusion
and migration. An effective ambipolar diftusivity is used for the
electrolyte, which considers the diffusion of both ions in the
electrolyte. The diffusive flow of K" and OH™ is coupled
because of the requirement of electroneutrality on the
movement of the respective ions.

As the electrolyte used is highly concentrated (5—6.5 M
KOH), a concentrated solution model is considered, and
therefore, changes in conductivity and diffusivity in the
electrolyte are concentration-dependent. The electrolyte is
modeled using concentrated solution theory with three mobile
species: K*, OH™, and H,0. Concentrated electrolyte theory
for a binary (1:1) electrolyte is used to describe charge
transport in the electrolyte phase. For a binary electrolyte with
equal valences, electroneutrality stipulates that the concen-
trations of OH™ and K" are taken to be equal at all points in
space.

The effective ionic conductivity and electronic conductivity
are corrected to factor in the tortuosity of a porous electrode
material filled with a liquid electrolyte using the following
expression:

o;eff =0, Esy (2)
where Gseff is the effective conductivity of the solid electrodes
and y is the Bruggeman coefficient set to 1.5 for a packed bed
of spherical particles.”” The diffusion coefficient for the
electrolyte is corrected to take into account tortuosity and
porosity in the same way.

Diffusivity in the electrolyte gap is faster because of bubble
movement. The empiric relationship used to describe the effect
of bubbles in the electrolyte gap is further discussed in a
separate section.

2.1.2. Potential. The electronic current in the solid
electrode particles is determined by Ohm’s law:

where i is the electronic current, o, is the solid conductivity,
and ¢, is the potential difference in the solid. The ionic current
through the liquid electrolyte can be described by:

20,RT
i =—0V, — % 1+ dna ) t, + A \Vin q
F dln ¢ o (4)

where i is the ionic current through the electrolyte, o) is the
conductivity of the liquid electrolyte, ¢, is potential in the
electrolyte, ¢ is the concentration of hydroxide ions in the
electrolyte, ¢, is the initial concentration of hydroxide ions, a is
the activity, R is the universal gas constant, T is temperature,
and F is Faraday’s constant. The total current is:

=i+ i (5)

where is i; the electronic current through the solid electrodes
and i is the ionic current through the electrolyte.
The boundary condition at the grounded electrode is:

=0 (6)

The nickel electrode’s external metal surface is at one
potential, depending on the applied constant current. This
defines whether the battery is charging or discharging by
multiplying the current value with a step function, which
changes from 1 to —1 depending on the time. The iron
electrode is also at a constant potential, equal to zero because it
is considered to be grounded.

The overpotential is calculated as the difference between the
electrode potential, the electrolyte potential, and the standard
electrode potential.

n=¢—¢ - E (7)

where 7 is the overpotential and E° is the standard electrode
potential of the electrode material. The equilibrium potential
of the positive electrode is composition-dependent and based
on experimental data.”” A more accurate description of the
dependence of the equilibrium potential on the state of charge
of the electrode can be found in the Supporting Information,
Figure S1. Ohm’s law is used to describe charge transport in
the electrodes. Diffusion inside the porous electrodes is
modeled by Fickian diffusion, assuming that the particles are
spherical.

Both electrodes are modeled as consisting of spherical
porous particles with uniform size and porosity. Particle size
and porosity are assumed to be independent of the state of
charge of the battery and constant. Each electrode is
considered as a two-phase system consisting of a porous
particle matrix and a liquid electrolyte. Gaseous products are
modeled as dissolved species in the liquid electrolyte. Gas
build-up is therefore not considered in the model, only
dissolved hydrogen and oxygen in the liquid electrolyte, which
is a reasonable assumption for low current density operation.
Bubbles are considered to increase the ambipolar diffusivity
coeflicient of the electrolyte. The reverse reactions for both the
HER and OER are not considered.

2.1.3. Electrochemical Reactions. The following electro-
chemical reactions describe the Faradaic processes occurring at
the electrodes.

On the positive nickel electrode:

Ni(OH), + OH™ < NiOOH + H,0 + ¢~

https://doi.org/10.1021/acs.iecr.1c00990
Ind. Eng. Chem. Res. 2021, 60, 10988—10996
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40H - O, + 2H,0 + 4¢”
On the negative iron electrode:

Fe(OH), + 2e” < Fe + 2 OH"
2H,0 +2e — H, + 2 OH"

During charging, hydroxide ions move from the negative
electrode to the positive electrode. As the battery starts
charging, the catalysts for oxygen evolution and hydrogen
evolution are generated, resulting in oxygen production on the
nickel oxyhydroxide (NiOOH) particles and hydrogen
production on the metallic iron surface. The cell potential
increases during charging, dependent on the state of charge of
the battery. Once fully charged, the device performs solely as
an alkaline electrolyzer.

Chemical reaction rates are derived from the general
Butler—Volmer equation:

]. — jo.(ea“Fn/RT _ e—acFr//RT) (8)
where j is the current density, j, is the exchange current
density, a, is the anodic charge transfer coefficient, a, is the
cathodic charge transfer coefficient,  is the overpotential, F is
Faraday’s constant, R is the universal gas constant, and T is the
temperature.

The model considers transport of species in one direction.
The material balance for species i is given by:

R. =

1

o;

™ + V-(=DV¢; = zu Fe V) ©)
where R; is the reaction rate, ¢; is the concentration of species,
D; is the diffusion coefficient, z; is the number of electrons, u,,
is the mobility, and ¢; is the ionic potential in the liquid
electrolyte.

Chemical reactions are proportional to the electrochemically
active surface area. This is measured from the active material
via Brunauer—Emmett—Teller (BET) measurements and can
be found in the Supporting Information, Section D.

The intercalation reaction is taken into account as a solid
concentration, which can then be used to calculate the state of
charge considering the amount of active material available:

¢
SoC = —

Cs,max

(10)

where ¢, is the average concentration of the reacted species in
the electrode materials and ¢ ,,, is the maximum concen-
tration that can be loaded, which indicates the theoretical
capacity of the battery materials. The exchange current density
of the secondary reactions, HER and OER, is assumed to
increase linearly with the local state of charge (SoC) of the
electrodes. This assumption is made to simulate the different
catalytic activity of the discharged and charged battery
electrode materials. The gaseous products of the electro-
chemical reactions are assumed to remain in the liquid phase.
In reality, because of the low solubility of both O, and H,, only
a small fraction of the gaseous products will dissolve in the
electrolyte while most will bubble out. The products of
charging and discharging electrochemical reactions remain in
the solid phase.

2.1.4. Bubble Effects. Although the gas fraction is not
explicitly calculated, the increased mass transfer due to bubble
movements is simulated as a simple empirical relation. The
effects of bubble break-off and the movement of fluid that

10991

replaces that space are calculated using the Rousar correlation
in a characteristic Sherwood number, Sh,:*>**

Sh, = EReg'SSCO'SGO'S
/4 (11)

For the effect of growth and wake flow, Vogt’s correlation
for low bubble coverage (® smaller than 0.5) is used to
calculate another characteristic Sherwood number, Sh,:**

R
Shy = iRegSscO-“(l - ﬂ_a@fw](l +0)
Js 3 R (12)
where the total effect of the bubbles is calculated as:
Shgpbies = (S + Shy + 1) (13)

The bubble coverage, ©, is calculated using the empirical
relationship developed by Vogt on a flat-plated electrode:*’

I 0.3
0= on1)
A

(14)
where I is the current and A is the geometric area.
The Reynolds and Schmidt numbers are described as:
Re; = Vgas @
A v (1)
v
Sc = —
D (16)

where d, is the characteristic length scale, v is the kinematic
viscosity of the electrolyte, and D is diffusivity, and the gas
volume flux can be defined as:

Yos _ j RT
A zF P (17)

where R, T, F, and P are known, j is the gas evolving current
density, and z is the number of electrons.

Simplifications from Vogt et al.”® and Burdyny et al.”* are
used to calculate the effect of bubbles on the diffusion
coeflicient of the electrolyte. Assumptions of this simplification
evaluate the gas production on a flat-plane electrode. As the
pocket-type electrodes used in the battolyser are porous, the
active surface area per volume will be larger; consequently, the
electrochemical gas production will be higher. Following
Vogt’s assumptions, R,/R is assumed to be 0.75. The resulting
value is used to enhance the diffusion coefficient during
charging, increasing the ambipolar diffusivity by a factor of
30%.

2.2. Experimental Validation. An experimental setup was
designed to validate the model results. The setup consists of a
commercial Ni—Fe battery (Ironcore Batteries, 10 Ah
capacity) in its original casing. A schematic representation of
the cell design, the commercial batteries, and the composition
of the electrode materials can be found in the Supporting
Information. The electrodes are kept separate by rubber
separator plates to avoid a short-circuit. The setup includes
three nickel electrodes and two iron electrodes. The battery
setup was conditioned as recommended by the manufacturer.
The conditioning procedure consisted of 15 cycles of charge/
discharge at C/S rate. During these cycles, ultrapure water is
added to replenish the electrolyte once a week.

The electrolyte used in the validation experiments is a S M
KOH solution. Details on the conductivity of KOH are

https://doi.org/10.1021/acs.iecr.1c00990
Ind. Eng. Chem. Res. 2021, 60, 10988—10996


https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c00990/suppl_file/ie1c00990_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c00990/suppl_file/ie1c00990_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c00990/suppl_file/ie1c00990_si_001.pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c00990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

presented in the Supporting Information, Figure S10. A S M
KOH electrolyte is chosen because of its high conductivity,
whereas further increasing the KOH concentration did not
significantly increase the conductivity. Ultrapure water, from a
Milli-Q water purification system, and KOH flakes (85%,
Merck) were used to prepare the electrolyte.

The electrodes used in the experimental tests are
commercial electrodes purchased from Iron Core Power,
taken from commercial nickel—iron batteries with a nominal
capacity of 10 Ah. The positive nickel electrode is prepared
from Ni(OH), precipitated from a nickel sulfate solution using
NaOH. This is then filtered, washed, and dried. The resulting
hydroxide is ball-milled with a 13 wt % graphitic carbon
additive to increase the conductivity. This material is then
compacted and placed in nickel-coated steel perforated
pockets. The negative iron electrode is composed of ground
magnetite Fe;O,, metallic iron, and 2 wt % graphitic carbon.
NaCl is added as a pore former. After compacting and sintering
at 700 °C, the NaCl is dissolved. The active material is
compacted and collected in nickel-coated steel perforated
pockets.

The particle size distribution of both porous electrode
materials was measured via scanning electron microscopy
(SEM) images. SEM imaging and energy-dispersive X-ray
spectroscopy were performed using a JEOL JSM 6500F
electron microscope. The measured average particle size is
used to model diffusion inside the electrode particles. More
information can be found in Section B of the Supporting
Information.

The electrochemically active surface area (ECSA) was
measured experimentally using the BET technique. A Gemini
VII 2390p analyzer was used to perform this measurement. It is
assumed that the porosity of the materials is independent of
state of charge and therefore does not change throughout the
charge/discharge cycles.

The cell was charged at a constant current of 2 A for a
duration of 12 h to account for the total capacity and an
additional 2 h of gas production. Subsequently, the cell was
discharged at a constant current of —2 A or until the cell
potential dropped to 1.1 V. This is done to limit the iron
reaction to the first discharge plateau.

3. RESULTS AND DISCUSSION

3.1. Model Validation. To validate the COMSOL
Multiphysics model, a representation of the commercial cells
is developed. The geometry of the validation model is
presented in Figure 3a. Using this 1D cell geometry simulation,
the model is validated experimentally. Experimental and
modeling results of the variation of cell potential during
charge/discharge cycles at constant current and the gas
production quantities are compared. A 1D approach is chosen
because it is found to show good agreement with experimental
data and, as bubble formation is not included in the model,
height differences will not be taken into account. Therefore, a
1D version that agrees with the experimental data is used to
optimize the setup.

As shown in Figure 3b, the simulated onset potentials of the
battery charging reactions and the gas production reactions are
very similar to the experimental values. The total discharge
capacity is also predicted very accurately. The transition from
battery charging in the first hours of operation to gas
production, the plateau observed between 9 and 12 h of
operation, is smoother in the experimental results than in the
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Figure 3. (a) Schematic diagram of the cell geometry used for
validation and (b) comparison of the cell potential during charge and
discharge cycles at constant current for experimental and simulation
results. Cell potential vs time during a galvanostatic charge and
discharge cycle. Charging and discharging at C/5 rate equal to 2 A.

modeling results. A possible explanation for this difference is
the use of a linear relationship between the exchange current
density of the HER and the SoC of the battery electrodes.
Because the catalyst for the HER is produced during charging,
gas production will be dependent on the overall SoC of the
battery. As can be seen in Figure S6, gas production can be
described as two separate linear relationships with different
slopes; however, in the model this is simplified to a single
linear relationship. The simplification of the dependence of gas
production with SoC could therefore explain the smoother
transition in experimental data. Particle size and porosity are
assumed to be independent of the SoC, and this assumption
could also be a possible explanation for the discrepancies
between the simulation and the experimental results.

The total gas production quantities predicted by the model
were validated with small-scale experimental measurements of
the volumes of H, and O, produced during operation. More
information on the measurement of O, and H, production can
be found in section F of the Supporting Information. At the
end of the charging time, after 12 h of applying current to the
system, the total hydrogen production predicted by the model
is 0.2 mol. Experimentally, we measured gas production for 9.5
h. With this data, we extrapolated the total gas production for
the total 12 h simulated. Using this linear extrapolation, we
obtain a production of S L of gas in 12 h of total charging time,
and using the pressure and temperature of the lab at the
moment, together with GC measurements of the percentage of
hydrogen present in the sample, we measured hydrogen
production to be 0.194 mol. This is in accordance with the
amount of hydrogen predicted, therefore the model in this
respect corresponds with experimental measurements.

Further validation is done by performing galvanostatic
charge and discharge cycles at different current rates. The
validation data at different currents are presented in section G
of the Supporting Information. Important parameters such as
the potential for gas evolution and the battery capacity are
modeled correctly in accordance with the experimental data.
The slight differences between experimental and modeling
results can be explained by the simplifications and assumptions
used to build the model, as described above, and are small
enough to proceed with using the built model for the
subsequent optimization of the unit cell.
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Figure 4. (a) Battery and total integrated energy efficiency with respect to the scaling electrode thickness factor, where n is multiplied by the
electrode thickness to analyze the effect of decreasing and increasing the electrode thickness, and (b) battery capacity and total hydrogen

production vs scaling electrode thickness factor.

3.2. Optimization of Battolyser Parameters. The main
objective of this study is to optimize cell parameters to increase
the energetic efficiency of the battolyser. The energetic
efficiency of the battery component can be calculated using
eq 18, while the total efficiency of the battolyser considering
hydrogen production is calculated using eq 19.

t

total

‘/cell dt

_ Lischarge
”batter}’ - Ldischarge
Icharge ' ‘/cell dt
0

Lrotal
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(18)
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0
(19)

Using the model parameters validated in the previous
section, a two-electrode geometry was simulated using
COMSOL Multiphysics software. This setup allows for the
efficient separation of hydrogen and oxygen gas produced in
the electrolysis functionality of the device by including an
open-mesh polyphenylene sulfide fabric separator coated with
a mixture of a polymer and zirconium oxide, between the
negative and positive electrodes. Zirfon PERL is used
industrially in alkaline electrolysis as it is one of the few stable
separators at high pH values.”” Therefore, this configuration is
used to optimize the unit cell. The parameters that are
modified and optimized are the electrode thickness, electrode
porosity, the electrolyte conductivity, and gap thickness.

3.2.1. Electrode Thickness. By modifying the electrode
thickness it is possible to modify the energy density of the
device as this increases the total amount of active material in a
single unit cell. Electrode thickness is varied by multiplying the
electrode thickness, maximum theoretical capacity, and current
by a certain factor. To keep the charging and discharging time
scales constant, the current scales with the amount of active
battery material, keeping the current density per active material
constant throughout the different scenarios. However, by
making the electrode thickness larger, the innermost active
material in the porous electrode might be more difficult to
charge. Moreover, the distance from one current collector to
the other increases as the electrode thickness increases,
increasing the ohmic drop in the electrodes. This will cause

rltotal =

10993

a decrease in the percentage of the electrode that is effectively
used during charging and discharging.

The electrode thickness is multiplied by a scaling factor “n”
ranging from 0.1 to 4. Results of the efficiencies, battery
capacity, and hydrogen production for different electrode
thicknesses are presented in Figure 4. Increasing the electrode
thickness results in a decreased efficiency as can be seen in
Figure 4a. This can be explained by the relatively low
electronic conductivity of the electrode materials,** which is
comparable in order of magnitude to the effective ionic
conductivity of the electrolyte. However, this effect has to be
balanced with the total battery capacity and the final use the
battery will have. Because this device integrates two
functionalities, it is possible to optimize for increased battery
storage or hydrogen production. For example, if hydrogen
production is preferred, thinner electrodes with a very high
surface area are more beneficial. If a specific application
requires a specific battery capacity, this can be achieved by
modifying the electrode thickness to adapt to the discharging
capacity and time scale. It is therefore important to compare
the practical utilization of the battery electrodes and the
charging cycle duration. Furthermore, increasing electrode
thickness will decrease the relative cost per active separator
area.””’

Figure 4b shows the effect of changing the electrode
thickness on the battery capacity and total hydrogen
production. Hydrogen production increases more than linear
with n, resulting in larger increases at larger scaling factors.
This can be due to less current being used to charge the
battery, as the battery capacity no longer increases linearly with
an increasing scaling factor after the thickness is doubled.
Because of this, the relationship between battery capacity and
hydrogen production changes, resulting in a reduction in both
the battery and the total efficiency. Battery capacity begins to
plateau after n = 4.

By reducing the thickness of the electrodes, there is hardly
any change in the efficiency of the device. Nevertheless, it is
important to take into account that the battery capacity is
reduced because the amount of active material is reduced.
Overall, a thinner electrode will result in a higher efficiency
because of smaller ohmic drops inside the electrodes.
According to Haverkort,”® thinner electrodes result in higher
efficiency. However, this does not take into account the time
scales required for charging and discharging. Depending on the
intended function of the battery and the resulting time scales
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Figure S. (a) Battery and total integrated efficiency with respect to the electrode porosity, and (b) battery capacity and total hydrogen production

vs the electrode porosity.

necessary for charge and discharge of the specific application,
battery capacity and discharge time should be included in the
analysis.

Taking into account the required battery storage capacity, a
thicker electrode is more favorable. Therefore, to increase
battery capacity and optimize the energy efficiency of the
device, a slightly thinner electrode is chosen as the optimum.
Taking into account the time frame or renewable energy
availability, this is chosen to keep the capacity of battery
storage to hydrogen production relatively equal. This can be
modified depending on the application required and should be
further optimized taking this into account.

Because of the battery capacity required and the hydrogen
production increase related to the increase of the electrode
thickness, the value chosen for these electrodes is n = 0.75 of
the benchmark electrode thickness, corresponding to a nickel
electrode thickness of 3 mm and an iron electrode thickness of
2.25 mm. Using these electrode thicknesses results in a battery
capacity of 3.5 Ah, with a total energy efficiency of 86%.

3.2.2. Electrode Porosity. Electrode porosity is defined as
the electrolyte volume fraction or the percentage of volume
taken up by electrolyte. The starting point is e = 0.5, meaning
that equal volumetric portions of the electrode are taken up by
the active material as the electrolyte. This parameter is
modified from 0.1 to 0.7, as can be seen in Figure S.

Decreasing the porosity values results in a lower ionic
conductivity in the electrode, as the ionic pathways through
the porous electrode material would be limited in an electrode
with a low volumetric fraction of the electrolyte.

Because of the high porosity of the electrode material, the
void fraction filled with an electrolyte can be larger than the
expected void fraction of a packed bed of spheres. Decreasing
the porosity results in a higher battery capacity because of the
increase in the active material. As can be seen in Figure Sb, as
the void fraction increases, battery capacity decreases, as
expected. Hydrogen production remains relatively constant
with respect to the void fraction.

In the porosity range of 0.15—0.35 electrode volume
fraction, an optimum device efficiency is found, as this
electrode porosity results in an increased total efficiency.
This is comparable to a theoretical optimum for a porous
foam-like electrode.”® Above e = 0.35, the battery capacity
reduces because less active material can be charged, and more
charge is converted to hydrogen. Smaller void fractions result
in similar battery capacity but lower overall efliciency.
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3.2.3. Electrolyte Conductivity and Gap Thickness. Both
the electrolyte conductivity and gap thickness were also
optimized, but as expected, at low current densities, the impact
on the efficiency is small. Results of this optimization can be
found in Figures S8 and S9 in the Supporting Information. In
short, the highest conductivity of KOH is chosen as optimal,
and for this, a KOH concentration of 5 M is chosen, as a
further increase in KOH concentration results only in a small
increase in conductivity.” Increasing the gap thickness leads to
increasing ohmic resistances. Therefore, the smaller the gap
between the electrodes, the lower the ohmic drop. However,
there is also an accumulation of gaseous products in the gap
that results in a reduction of hydroxide concentration close to
the electrode surface.” Given the simplification of bubble
transport in the model, the optimization results do not
consider the products bubbling out. Consequently, a constant
gap thickness of 3 mm on each side of the membrane was
chosen for the sake of comparison.

3.3. Design Recommendations. Following the energy
efficiency-based modeling optimization, the optimal battolyser
unit cell will consist of a nickel electrode of 3 mm thickness
and an iron electrode of 2.25 mm thick. The electrode material
porosity for both electrodes should be designed to be at a void
fraction of range between 0.15 and 0.35. This is possible
because of the highly porous active electrode material. The
electrolyte consists of a S M KOH solution, and the electrodes
should be placed 3 mm from the membrane, resulting in a total
gap thickness of 6.05 mm, including the membrane thickness.

Using the model, specific parameters can be fine-tuned
without extensive experimental measurements. This provides a
pathway to developing integrated solutions to couple long-
term and short-term energy storage. By analyzing the effect of
specific parameters and their effect on both battery capacity
and total energy efficiency, the unit cell can be optimized to fit
a specific application where a certain battery capacity or
hydrogen production is required. Furthermore, the model
developed can be used as a complex integration tool where
specific functionalities can be improved. The integration of a
battery and electrolyzer in a single device presents its
challenges, as optimizing the device can result in an
improvement of only one of the functionalities. Hence,
according to the final application of the device, a specific
end target can be used as the optimization criteria.

A summary of the final optimized cell is presented in Table
1. Using the developed modeling tool, charging and
discharging cycles can be simulated in approximately 2 min,
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Table 1. Overview of the Optimized Cell Parameters

positive electrode nickel hydroxide
positive electrode thickness 3 mm

negative electrode iron hydroxide

negative electrode thickness 2.25 mm
electrolyte 5 M KOH
electrode void fraction 0.35
battery capacity 3.5 Ah
hydrogen production 0.03 mol
energy efficiency 86%
pressure Ambient
temperature Ambient

reducing the time required to optimize for specific parameters.
This facilitates the iterative design process and allows for many
quick modifications in the unit cell layout.

4. CONCLUSIONS

We have developed a COMSOL Multiphysics model for the
optimization of the battolyser, an integrated battery, and
electrolyzer system. The model includes the electrochemical
reactions related to battery charging and discharging, electro-
chemical reactions of hydrogen and oxygen production,
transport mechanisms through the electrolyte gap, membrane
and porous electrodes, and effective diffusivity and con-
ductivity inside the porous electrodes. We validated the model
with experimental results. Using the simulation results, we
showed that the optimum electrode thickness is smaller than
that of the commercial Ni—Fe battery electrodes used, 0.75
times the commercial electrode thickness, corresponding to an
electrode thickness of 3 mm for the nickel electrode and 2.25
mm for the iron electrode. Optimizing for the porosity of the
electrodes, we found that the optimum range of electrode void
fraction lies between 0.15 and 0.35. Both modifications result
in a combined overall efficiency of 86%, compared to a base-
case efficiency of 80%.

The electronic resistance from the electrode material and
battery capacity are the main limitations of the battolyser
design. Battery electrodes are comparatively orders of
magnitude thicker than those used in alkaline electrolysis.
Therefore, the optimization of the integrated device is a
complex process with many trade-offs and depends on
application demands. Depending on the application profile of
the device and the main product required—being hydrogen or
electricity—the system can easily be optimized by running
these simulations.

For a combined approach where both battery storage and
hydrogen production are used, an optimized cell design was
obtained by modifying the electrode thickness and porosity.
Electrolyte conductivity and gap width were also optimized.
However, because of the high ionic conductivity of the
electrolyte and limited current density, the effect is negligible.
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