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A novel numerical modelling framework coupling physics-based model equations and image-based input pa-
rameters is developed to simulate the behaviour of the soluble lead flow battery when reticulated vitreous carbon
(RVC) electrodes are used. Experimental results are presented to validate the model. Open-source software
Openlmpala is used to predict the macro-homogeneous properties of RVC from computed tomography scans of
various grades of RVC. The process is repeated on manipulated datasets where a voxel dilation technique has
been used to estimate the geometry of RVC electrodes with a range of thicknesses of electrodeposited material.
The model predicts that with a region of free electrolyte dividing the electrodes, the electrolyte velocity is low
within the electrodes. This is exacerbated by a build-up of deposit close to the inlet. By dividing the electrodes
with only a porous separator, a deposit build-up is no longer seen, and the concentration within the electrodes is
shown to be far more even. Finally, with an applied current density of 50 mA cm ™2, the overpotential is predicted
to be reduced by over 100 mV when 100 ppi RVC electrodes are used instead of 10 ppi electrodes. An experi-
mentally validated voltage efficiency of over 80% is achieved.

soluble lead flow battery (SLFB), provide significant advantages over the
VRFB. Lead has an existing supply chain, and it has been proposed that

1. Introduction

With the increased adoption of intermittent electricity generation at
the expense of traditional synchronous generation, the demand for en-
ergy storage is growing [1]. A recent study by Homan et al. has shown
that the standard deviation of the Great Britain grid frequency has
increased significantly since 2014 [2]. This increase is correlated with a
growth in renewable energy penetration such as solar and wind. How-
ever, the intermittent nature of renewable energy indicates that a
combination of different technologies will be required for electricity
networks to remain stable. Battery energy storage is likely to play a
significant role to tackle the intermittent nature of renewable electricity
generation and utilisation [1]. Although lithium-ion batteries provide
the majority of battery energy storage currently installed globally [3],
decoupling, or partial decoupling, of energy and power, means redox
flow batteries (RFBs) can have a lower environmental impact [4] and
may be more economical for high energy applications [5].

While vanadium redox flow batteries (VRFBs) provide the vast ma-
jority of installed RFB capacity [3], other technologies [6], such as the

* Corresponding author.

the SLFB can fit into the current recycling system [7,8]. The SLFB can
also operate in an undivided configuration, removing the substantial
cost of a membrane or microporous separator [9] and has a higher
discharge cell potential than the VRFB [10]. Moreover, this chemistry
has been subject to continued interest and research for nearly two de-
cades, has achieved high cyclability [11,12] and has been investigated at
pre-pilot scale [10].
The main electrode reactions involved in the SLFB are:

Positive:

Pb** +2H,0=Pb0, +4H" +2¢~ E* = +1.46 V vs SHE 1.1
Negative:

Pb*" +2¢ =Pb E° = —0.13 V vs SHE 1.2)
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Fig. 1. Schematic showing the geometry used to model the battery. (a) Electrolyte domain divided. (b) Microporous separator divided.

Cell:

2Pb* +2H,0=Pb + PbO, +4H" E',, = +159V 1.3)

where solid Pb is deposited at the negative electrode and solid
PbO; is deposited at the positive electrode during the charging
process. During discharge, both solid deposits are dissolved back into
the electrolyte as Pb?* ions.

The SLFB contains a two-step charging voltage profile from the
second charge onwards, which is associated with the positive electrode.
It has been proposed that there is a reversible side reaction where PbO,
is only partially reduced to Pb?* during discharge, forming a solid PbOy
with x < 2 [13]. Shah et al. [14] propose a simplification of this side
reaction to:

PbO + H,0=Pb0, +2H" +2¢~ E* = +0.28 V vs SHE 1.4

This side reaction has been adopted in many subsequent SLFB models
[15-19].

Indeed, numerical simulation has been a valuable tool in the devel-
opment of the SLFB, mainly through understanding the current distri-
bution and its relation to the location of deposits. For instance, early
work by Pletcher et al. [13] demonstrated a negative correlation be-
tween current density and coulombic efficiency in the initial cell design.
However, simulations of the SLFB have shown that the low reversibility
of the positive electrode reaction can be mitigated by increasing the
effective electrode area at the positive electrode; the overpotential of the
cell is decreased significantly due to the decrease in local current density
[18,20].

Oury et al. [20] investigated the combination of a honeycomb-
shaped positive electrode and two planar negative electrodes.
Although the 3D electrode offers a larger surface area, they found that
the positive current distribution is heavily reliant on the thickness of the
honeycomb, with a higher current occurring at the edges of the chan-
nels. Shorter channels gave a more homogeneous current distribution
but reduced the electrode area, thereby increasing the average current
density. Two cells share a positive electrode in this arrangement, making

it impossible to arrange them into a bipolar stack. The monopolar stacks
required to use this concept are too expensive for further development.

Nandanwar and Kumar [18] have shown that using concentric cy-
lindrical electrodes with a positive outer substantially decreases the
overpotential of the positive electrode, improving the voltage and hence
energy efficiency. Energy efficiency was improved from 66% with
planar electrodes to 80% using cylindrical electrodes. However, cylin-
drical and tubular flow cells are notoriously difficult to scale up as bi-
polar configurations are not possible. High productivity can only be
achieved by connecting a large number of individual cells, which de-
mand more material and take up more space.

A bipolar stack is clearly advantageous due to the reduced
complexity, more even current distribution and increased space effi-
ciency [21]. An increased electrode area, particularly at the positive
electrode, has been shown experimentally and theoretically to be ad-
vantageous in the SLFB [10], yet the two previously simulated ar-
rangements (honeycomb and tubular electrodes) have issues when
considering scale-up. On the other hand, a number of experimental
studies have shown the effectiveness of reticulated vitreous carbon
(RVCQC) as an electrode material [22-26]. RVC electrodes can be com-
bined with a conventional bipolar plate for use in the SLFB.

RVC has good chemical stability, high volumetric porosity and high
permeability, making it useful for electrochemical flow cells [27]. RVC
is commercially manufactured in a number of different grades ranging
from 10 ppi to 100 ppi (pores per inch). It can also act as a coarse
scaffold for deposition lead (Pb) and lead dioxide (PbOs), giving struc-
tural rigidity to the electrodes and increasing the surface area [23,24].
This may allow for a greater thickness of electrode deposits, increasing
the capacity of the SLFB for a given electrode area. Carbon felts, which
are often used in other flow batteries, e.g. the VRFB, are unsuitable for
use in the SLFB because the small pores in the material would quickly
become blocked with deposited Pb or PbO,.

Our previous paper highlighted the effect of deposit growth in a high
capacity SLFB [28]. Here, a similar methodology is used to numerically
model and simulate an SLFB with porous RVC electrodes. In our previous
work, the geometry of the reaction chamber changed during charge and
discharge with the formation of Pb and PbO, deposits. However, in this
study, a fixed geometry is employed, and the RVC electrodes are
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Table 1
Source terms for each species in porous electrode reactions.
Species Source term/mol m > 571
Positive electrode Negative electrode
Pb>t i i
Sppr =:% Sppe =~k
H* P N/A
H = T OE
Pb N/A )
P =
PbO, iy N/A
Spvo, = — oF
PbO PR N/A
PbO = nF

modelled as a single porous domain with changing porosity, tortuosity,
and permeability as a function of state of charge.

The objective of this study is to propose a novel numerical modelling
framework to simulate the characteristics of SLFB with the presence of
RVC electrodes. Physical properties of RVC electrodes are derived using
image-based computer tomography data. Physics-based modelling with
electrode parameters derived from tomographic image analysis provides
a novel modelling framework to simulate SLFB performance when using
RVC electrodes. The paper is organised as follows. Section 2 describes
the experimental setup for validating the model; Section 3 discusses the
model setup, including governing equations, numerical details, and
input data from tomography is presented in Section 4. Section 5 provides
results and discussion, followed by conclusions.

2. Experimental setup

Experiments for validating the model were carried out in a flow cell
with 4 cm x 2.5 cm electrodes. This cell consisted of acrylic flow frames,
1.5 mm (uncompressed) silicone foam gaskets, SGL carbon sigracell
bipolar plates [29], 5 mm, 80 ppi RVC electrodes divided by an AmerSil
FF60 microporous separator, copper foil current collectors, an insulating
layer of hard norprene and 10 mm thick stainless steel endplates. The
cell was held together with four M8 bolts, one in each corner. This also
provided compression to maintain good contact between the RVC and
the carbon-polymer plates. 400 cm® of electrolyte was circulated at a
volumetric flow rate of 7 ecm® s™!, corresponding to an average elec-
trolyte velocity of approximately 2.3 cm s~ ' over plain bipolar pates.

The electrolyte consisted of 1.0 mol dm ™~ methanesulfonic acid and
0.7 mol dm~3 lead methanesulfonate. Each cycle consisted of a charge
for 1 h followed by discharging until a 0.7 V cut-off voltage. Between
each step, the cell was left at open circuit for 120 s.

3. Model setup

In this study, two configurations of the cell were used with slightly
different geometry. Fig. 1 shows the geometry used in both configura-
tions: Fig. 1(a) shows the undivided configuration, which includes two
porous electrode domains separated by a 6 mm free electrolyte domain,
and Fig. 1(b) shows the divided configuration, which replaces the
electrolyte domain with a microporous separator domain. The undi-
vided configuration is similar to previous experimental studies that use
RVC [22,25,26]. However, the divided configuration is suggested in this
study as an alternative for improved cell performance. In a stack, this
unit cell of a negative porous electrode, an electrolyte/separator
domain, and a positive porous electrode would be divided by bipolar
plates with a current collector at either end of the stack. Neither the
bipolar plate nor the current collectors are explicitly modelled; the
boundary conditions simply imply their presence. The electrical resis-
tance of these components and the interface between the plate and the
RVC electrodes are expected to be small.
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3.1. Governing equations
In the free electrolyte domain, the flow is assumed to be laminar. The

electrolyte velocity, u in m s~} is therefore described with the laminar
form of the Navier-Stokes and continuity equations.

p?)—l:—&-p(u-V)u:VO[—p-&-,uVu] B.1
Veu=0 (3.2)

where p is the electrolyte density in kg m™, p is pressure in Pa, and y is
dynamic viscosity in Pa s.

In previous models of the SLFB, there have been examples which use
fixed values for density and viscosity [14,18-20] and examples which
vary the parameters for viscosity or density with concentration [15-17].
Where fixed values are used, the properties of water are typically taken.
However, Krishna et al. [30] show that over the expected concentration
range (0-0.7 mol dm 3 Pb?*, 1-2.4 mol dm 3 H™), density and viscosity
of the electrolyte vary substantially with electrolyte concentration
(~1-1.3g em 3 and ~1.2-2 mPa s respectively) and differ significantly
from those properties of water (1 g cm™> and 0.96 mPa s respectively).
As concentration gradients are expected in the porous electrodes,
different values of density and viscosity are expected in the electrodes
and the bulk electrolyte. As seen in Eq. (3.1), density and dynamic vis-
cosity are important terms when calculating the flow of electrolyte, with
a higher density increasing the inertia of the solution and higher vis-
cosity increasing the pressure drop within the cell. Using Krishna et al.'s
measurements, [30], viscosity in mPa s, ., is related to concentrations,
¢, in mol dm~3 by Eq. (3.3) and electrolyte density in kg dm~3, p,, is
related to concentration in mol dm 2 by Eq. (3.4).

H, = 0.96+0.364 & cpyyy +0.407 ® cppy” +0.262 @ ¢y 3.3)

pe=10+030cp;+0.030cy 3.9

In the porous domains (RVC electrodes), the fluid flow is described
using the Brinkman equations. These are an extension of Darcy's law,
which includes energy dissipation due to viscous shear forces, similar to
Navier-Stokes but in porous media. The Brinkman equations become
relevant at higher flow rates and are valid at high porosity [31]:

1 du H

1 1 1,
L o v H 3.5
gpd[+€p(ro)u€ Vp+ptSVu Ku (3.5)

where ¢ is the porosity of the porous domain and « is the permeability of
the domain in m2.
Permeability, «, is calculated using the Kozeny-Carmen equation:
3
€
= (3.6)

¢ 72a,’?

where ¢, is the Kozeny constant, 7 is tortuosity of the porous media and
a, is the surface area of the porous electrode.
Conservation of mass of each species gives:

08(),‘
ot

+VeN;, =35, 3.7)

where the flux of species i (H, Pb%", CH5S03) in mol m 2 s~ 1, Nj is
calculated using the Nernst-Planck equation.

N,' = — D,;effVC,- - z,»um,,;EﬂFc,»V(ﬁ +uc; (3.8)

For species i, S; is its source term, described in Table 1, D; . is its
effective diffusion coefficient in m? s~} ¢; is its concentration in mol
m 3, z;is its valence and Un, i, ffis its effective mobility in s mol kg’l. ¢is
the electrolyte potential in V, F is Faraday's constant in C mol 1.

The mobility, up,, ; was such that the conductivity closely matches
experimental measurements by Krishna et al. [30]. The method for
calculating this is explained in a previous study [32].
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Table 2
Initial conditions applied to the simulations of SLFBs.
Variable Initial value Unit
u 0 ms!
v 0 ms!
P 0 Pa
cPbII, 700 mol m~3
cHy 1000 mol m~3
[ 0 \
2 0 v
[ 0 v
ay10 620 m!
ay,30 1400 m!
@y 45 1450 m!
ay80 1700 m!
ay,100 1450 m!
e 0.97 -
Heo 1.6762 mPa s
Pe0 1.727 kg dm 3
In the porous electrode:
D; .y = FuD; (3.9)
Oser = (1 —€)Fs0; (3.10)

where F; is the correction factor for diffusion and F; is the correction
factor for electrical conductivity. In the Bruggeman case, Fy = ¢ and F,
=1 —&s. D; fis the effective diffusion coefficient of species i in m?
s71, ¢ is the electrode porosity and D; is the diffusion coefficient of
speciesiin m?s~ L. o, ofis the effective conductivity of the electrode and
o is the conductivity of the electrode both in S m™?.

The current in the solid phase of the porous electrode is determined

by Ohm's law:
is = Us,cﬂv¢s

In the free electrolyte, D; o = D; and therefore, un, i eff = Um, i

(3.11)

3.2. Boundary conditions

A fully developed laminar inflow condition was prescribed by
virtually extruding the inlet by length L;, and applying a pressure to the
end of the virtual domain such that when solving Eq. (3.5) there was a
desired average velocity at the inlet, see Eq. (3.12). The no-slip
boundary condition was applied at the current collector surface.

1
— Pl = L,n<7Vp+uEV2u> (3.12)
where pj, is the inlet pressure, n is the normal vector, Lj, is the inlet

length, p is the local pressure, u is viscosity, ¢ is the porosity, and u is
velocity,.

u=0, v=0 (3.13)

At the outlet, pressure and diffusive fluxes and current density
normal to the outlet boundary are equal to zero.

—D;Vcioen =0, jen=0, p=0 (3.149)

Inlet concentrations for each species were calculated assuming per-
fect mixing in the reservoir, Eq. (3.15).

L
Cin,i:/7< N;endS— N;OndS)dt
14 outlet inlet

where L is the width of the cell out of plane and V is the electrolyte
reservoir volume.

The porosity of each electrode varied with volume of deposited
material, i.e. state of charge. The change in porosity was calculated
using Faraday's law, Eq. (3.16). 100% efficiency of the deposition

(3.15)

Journal of Energy Storage 52 (2022) 104791

reactions in the electrodes was assumed, and the deposits were consid-
ered to form as fully dense materials on the RVC surface with densities
for Pb and PbO; as described in Table 3.where for solid species, j, ¢; is its
concentration, pj its density, M; its molar mass and S; its source term,
described in Table 1.

As is typical in SLFB models, [14-18,28,32], Butler-Volmer kinetics
were used, described by Egs. (3.18) and (3.19) for the negative and
positive reactions, respectively. The positive side reaction uses a modi-
fied Butler-Volmer equation, as seen in previous SLFB models, [14,28],
to describe the kinetics, Eq. (3.20). To account for the availability of
solid species in the reaction kinetics during discharge, when the solid
surface concentration approached O, the surface area in the porous
domain tended to 0 during discharge. This represents the active surface
area, as the discharge (dissolution) reaction only occurs at the surface of
the deposits, not at the stripped RVC surface. A smoothed Heaviside
function, using a piecewise 5th degree polynomial equation was used to
transition between the two equations, between 0 and 1 mol m 3. As the
terms cppoz and cppo are included in Eq. (3.20), discontinuity is not
required.

Negative electrode:

o.neg Filneg —arneg Filneg
. RT RT
itoe = Fhko ppCpyr+ (e —e )

(3.18)
. Ay neglioc Cpp > 0
i, =
0 cpy = 0 during discharge
Positive electrode:
Main reaction
. cy+ RT RT
itoe = Fkopro, Cppe (3 —e )
H{
o (3.19)
. Ay postioc cpro, >0
i, =
0 cppo, = 0 during discharge
Side reaction
. 5 RT RT
ijpe = F (k/,Pb()Cphge — cu+Cppo, kb proe ) (3.20)

1y = Ay poslioc

where i}, is the local current density in A m~2, i, is the local
volumetric current density in A rn’3, ay is the surface area per unit
volume inm ™7, ko, pp and ko, pyo2 are rate constants and kg, ppo is the
forward rate constant for the side reaction, and kp, ppo is the back-
ward rate constant for the side reaction in m s~!, a is the transfer
coefficient. Subscripts o and r represent the anodic (oxidation) and
cathodic (reduction) reactions, and pos and neg denote positive and
negative electrodes. 7 is the overpotential in V and is defined by Eq.
(3.21).

U:(/),y—‘f’I_Efq

¢s is the electrode potential and ¢ is the electrolyte potential in V,
and E,, is the equilibrium potential in V, calculated at each electrode
using the Nernst equation, Egs. (3.22a) and (3.22b).

(3.21)

RT
Negative Epy = Eo+—in (CPb> (3.22a)
WF \ery
RT
Positive Ep, = Ey———In (C” ) (3.22b)
zF CH+
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Table 3
Parameters used in the solution of the simulated SLFBs.

Parameter Value Unit Reference
A 0.51 dm®?2 mol~1/2 [32]
B 3.29 dm®?2 mol~1/2 [32]
by 3.52243 dm?® mol ™! [32]
by 0.94331 dm?® mol ™! [32]
bs 0.18444 dm® mol ! [32]
Dppir 7e—10 m?s! [28]
Dy 9.3e-9 m?s ! [28]
Dcrssos 1.33e-9 m?s7! [32]
k9 2.1e-7 ms! [28]
K3h02 2.5e-7 ms! [28]
K9 4.5e—7 molm~2s7! [28]
K 0.002 molm 257 [28]
K 11.25 -

Prb 11.337 kg dm 3 [33]
PPbO2 9.65 kg dm 3 [33]
PPbO 9.53 kg dm 3 [33]
opp 4.69¢6 Sm™! [34]
Opbo2 8000° Sm™! [35]
Orve 330 Sm ! [36]
T 300 K

Zpbir 2 -

ZH+ 1 -

ZCH3S03— -1 -

@ Approximated constant value based on a mixture of a- and p-phases.

where Ej is the reduction potential in V at the reference concentration,
Cref R is the universal gas constant in J K~ ' mol~, Tis the temperature in
K.

The negative current collector is grounded:

¢J:0

At the positive current collector surface, an average current density is
applied such that:

Jyoiends,

= huverage
S,

(3.23)

(3.24)

3.3. Initial conditions

Initial values for parameters used in the simulations are displayed in

10 mm

3.75 mm

10 ppi 20 ppi 30 ppi
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Table 2. Initial concentrations similar to those in the literature were
chosen with corresponding values for density and viscosity [10]. The
remaining initial values were selected to ensure consistency with the
boundary conditions. To ensure non-conflicting boundary and initial
conditions, several initial values were set to 0. The boundary conditions
were then applied with a smoothed Heaviside function, which uses a
piecewise 5th degree polynomial equation, applied over the first 1.5 s of
the simulation.

3.4. Parameters

Values of parameters used in the simulations are displayed in
Table 3. The majority are as defined in our previous publications
[28,32].

3.5. Numerical details

The equations were implemented and solved using COMSOL Multi-
physics version 5.4. A Multifrontal Massively Parallel Sparse (MUMPS)
direct solver was used for all simulations, and an implicit Backward
Differentiation Formula (BDF) method was employed to control the time
steps taken. First-order discretisation was employed for velocity and
pressure, while linear discretisation was employed for concentration and
potential fields. When compared with quadratic discretisation for con-
centrations and potential, a negligible difference was found.

Each domain was meshed using rectangular elements with 30 ele-
ments across the width of each electrode domain and 200 elements
across the height of all domains. The elements were distributed sym-
metrically, with elements decreasing in size arithmetically such that the
central elements were 30 times the size of the outer elements. A similar
distribution was employed across the width of the electrode domains
such that the inner elements were five times larger than the outer ele-
ments. Further boundary layer elements were used at the outer bound-
aries of the entire domain. The total number of elements ranged from
approximately 13,000 to 19,000 depending on the problem solved.

100 ppi

45 ppi 80 ppi

Fig. 2. Thresholded top views and greyscale views of the RVC CT data for 10 ppi, 20 ppi, 30 ppi, 45 ppi, 80 ppi and 100 ppi. The datasets are cropped to the pink
(lighter coloured) box of dimensions 1072 x 1104 x 1296. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

.
Ae = iji{/lj

J

oc;
i

(3.16)

(3.17)
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concentration

Fig. 3. Steady-state diffusion profiles for the 100 ppi RVC sample at each deposition: (a) clean, (b) one voxel dilation, (c) 10% solid volume fraction, (d) 20% solid
volume fraction, (e) 30% solid volume fraction, (f) 50% solid volume fraction and (g) 80% solid volume fraction. Flow is from left to right and these are 2D

representative strips of the full datasets.

16 |
4
) P
iy ya|
o ; /
8 1 Ppi e
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_ -
| E
"
ﬁ 3
[y}
- 2 ﬁ
2 4
—= L1
1 s . | | |
0% 20% 40% 60% 80% i,

Solid Volume Fraction

Fig. 4. Graph to show how the tortuosity of the RVC samples varies depending on the solid volume fraction and ppi value. The standard deviation between results

significantly increases at higher lead deposition (i.e. 80% solid volume fraction).

4. Image data (CT)
4.1. Computational setup

Reticulated vitreous carbon electrode substrates were physically
imaged to provide the scaffold geometries for the model. The raw CT
data was obtained from work by Arenas et al., which used a Nikon/X-
Tek XTH 225 instrument, with an isotropic resolution of 9.6 pm per
voxel and a detector size of 2000 x 2000 pixels [36]. The data for scans
of 10, 30, 45, 80 and 100 ppi (pores per inch) was binarised into two
constituent phases, solid and porous volume, and cropped into a cuboid
domain of dimensions 1072 x 1104 x 1296. Thresholded and greyscale
views of 10 ppi, 20 ppi, 30 ppi, 45 ppi, 80 ppi and 100 ppi data is shown
in Fig. 2.

For each grade of RVC, the morphology of the porous electrodes was
virtually modified [37] by voxel dilation of the solid domain of the RVC

CT dataset in the open-source software ImageJ [38]. This virtual dilation
was performed to see the effect of deposit accumulation on the transport
processes of the porous electrode. The dilated volume corresponded to
the volume of electrodeposited material, which is assumed to grow
uniformly at all points of the porous substrate. Each dataset was dilated
by a single voxel and then further dilated until the following specified
total solid volume fractions were reached: 10%, 20%, 30%, 50% and
80%. Both the original and newly dilated 8-bit datasets had the raw
greyscale values multiplied by 0.5 to achieve an electrolyte phase of
0 and a solid phase of 127. The original dataset was then added to each
of the dilated datasets to achieve a three-phase segmented dataset with
RVC holding a value of 255, the artificial electrode deposit 127 and the
electrolyte 0.

The porosity and tortuosity values for each of these 35 datasets were
calculated using the open-source software, Openlmpala [39]. These
calculations were performed only in the x-direction, as work by Arenas
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—50s ---3600s
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64 Negative Free electrolyte

Ve AN
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Fig. 5. Velocity profile across the mid-height of the electrodes of the undivided
cell using 10 ppi RVC and an applied current density of 20 mA cm ™2 While a
roughly parabolic flow profile is seen within the electrolyte domain, a sharp
decrease in velocity is seen within the porous electrodes. Peak flow velocity in
the electrolyte domain changes by approximately 0.2 cm s~ between charge
and discharge. A much greater change in velocity is seen in the negative elec-
trode between charge and discharge, where the velocity is generally greater
overall. The negative (left, blue) and positive (right, red) electrodes domains
are highlighted. (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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et al. showed each RVC grade had good isotropy [36]. Tortuosity, in this
case, refers to effective tortuosity, not geodesic tortuosity [40], and is
calculated by solving a steady-state Fickian diffusion problem:
D7 =D ; (4.1)
where t is the tortuosity, & the volume fraction, DY the effective diffu-
sivity of the conducting phase and D the intrinsic diffusivity [39]. The
computations were performed on the University of Southampton's su-
percomputer, Iridis 5 [41].

The surface area for each dataset was calculated using the surface
area analysis function in the ImageJ plugin BoneJ [42]. This approxi-
mates the surface area of the dataset by creating a surface mesh from the
raster dataset and then calculates the surface area of the mesh.

5. Results and discussion
5.1. Virtual dilation

Fig. 3 shows the steady-state diffusion gradients for each of the seven
datasets of the 100 ppi RVC sample. Visual inspection shows that at
higher levels of lead compound deposition, pathways throughout the
domain have been closed off, leading to more contorted diffusion paths.
Additionally, the closing of transport paths could lead to areas of the
solid fraction being inaccessible on discharge, reducing ion transport.
Therefore, managing lead compound accumulation in the porous elec-
trode is a key component in the correct operation of the soluble lead flow
battery.

Fig. 4 shows the complete plot of results from the image analysis.
Effective tortuosity values are plotted against solid volume fraction for
each of the RVC grades. There is a general trend of tortuosity increasing
as lead is accumulated on the electrode, with a significant increase
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Fig. 6. Current distribution in the x-direction at the mid-height of the electrodes for the undivided configuration of the 10 ppi electrodes with an applied current
density of 20 mA cm ™2 for the first charge (a), the first discharge (b), the second charge (c) and the second discharge (d).
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bottom of the cell. The distribution is shown in the positive electrode (a) and
the negative electrode (b). There is a significantly increased current density in
both electrodes in the first 1 cm of the domain. Current density varies with time
as the current is not even in the x-direction.

apparent at values of 80% solid, likely due to the closing of transport
paths. Additionally, standard deviation across the grades increases with
tortuosity. At low levels of deposition, the value of tortuosity is found to
be similar across the grades of RVC, which is in agreement with Arenas
et al. [36]. However, as the solid fraction increases, discrepancies be-
tween the different grades become more significant. This is a key result.
At low levels of deposition, the morphology of the RVC electrode ap-
pears to have little effect on transport processes, but as lead compounds
are accumulated, the structure becomes increasingly important.

Furthermore, the 80 ppi grade has a significantly higher tortuosity
value, ~15.2, at a solid volume fraction of 80%. The specific
morphology of this grade has resulted in a very contorted diffusion path.
When designing electrodes for use in the soluble lead flow battery, it is
important to consider the effect of morphology on both the transport
processes occurring in a fully discharged state and in a fully charged
state when lead compound accumulation is higher.

The tortuosity and porosity values obtained through these methods
are then used as values in a lookup table for the numerical model to
represent the varying conditions throughout charge/discharge accu-
rately. At each timestep, the volume fraction is taken, and a linear
interpolation function is used with the lookup table to determine the
corresponding values of tortuosity and porosity.
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cm s~! near the inlet in both electrodes but rapidly reduces with increased
distance from the inlet. The change in velocity levels off after approximately 4
cm and remains relatively constant between 1.5 and 3 mm s~! in
both electrodes.

5.2. Undivided cell

Initially, the cell was set up with 3 mm RVC domains at the positive
and negative electrodes, separated by a 6 mm electrolyte domain. See
Fig. 1(a). The total gap between current collectors was 12 mm. For each
grade of RVC described, an applied current density of 20, 30 and 50 mA
cm~2 was applied at the positive current collector boundary for a
duration of 1 h. The cell was then discharged with the same applied
current density until the cell voltage dropped to 1.3 V.

A value of 1.3 V was chosen as the discharge cut-off voltage because,
after this point, the cell potential drops sharply [9]. While a lower cut-off
voltage does not change the discharge time significantly, it added a
significant amount of computational time due to the very short time-
stepping required to calculate the period of rapid potential change.
For brevity, general trends from the simulation results are discussed
using the 10 ppi case as a representative example. Other grades of RVC
are included where relevant comparisons are made.

Fig. 5 shows the velocity profile across the cell, where 0-3 mm
corresponds to the negative electrode domain, 3-9 mm to the electrolyte
domain and 8-12 mm to the positive electrode domain. The velocity
profile is shown just after the start of the first charge (t = 50 s), at the end
of the first charge period (t = 3600 s) and at the end of the first discharge
period (t = 7320 s).

In this configuration, as seen in Fig. 5, the electrolyte velocity is
considerably lower in the porous electrodes than in the free electrolyte,
even at initial conditions and for the RVC grade with the largest pore size
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(c) and discharge 2 (d).

(10 ppi). It can be seen that after the first charge, when the velocity
distribution changes by a similar magnitude, the velocity in the positive
electrode stays very low during the remaining cycles, irrespective of
SoC. However, the velocity in the negative electrode returns to near its
initial value at the end of discharge. This is due to the side reaction at the
positive electrode meaning solid PbO remains even after discharge.
Therefore, the positive electrode permeability remains lower than that
of the negative electrode. The peak velocity in the middle of the elec-
trolyte domain increases as deposits are built up within the electrodes.
More electrolyte is forced through the lower resistance, free electrolyte
domain.

The current density in the porous electrodes varied spatially in both x
and y directions. Fig. 6 shows the current distribution in the x-direction
at regular intervals during each charge and discharge. The first charge is
from 0 to 3600 s, the first discharge from 3720 to 7320 s, the second
charge from 7440 to 10,740 s and the second discharge from
11,160-14,760 s. For each grade of RVC and at all applied current
densities, the current was initially highest near the current collectors. As
the cell charged, the current density became more evenly distributed in
the x-direction.

The current density was highest near the inlet throughout charge and
discharge in both electrodes. Fig. 7 shows the current distribution in the

y-direction at the midpoint of both porous electrodes. There was a
substantial increase in current density in both electrodes in the closest 1
cm to the inlet.

As such, as charging continued, the higher deposition rate reduced
the porosity near the inlet. The electrolyte flow was, therefore, further
diverted around the electrodes. In Fig. 8, which shows the electrolyte
velocity distribution in the y-direction at the midpoints of both elec-
trodes, the electrolyte velocity distribution is shown to be uneven in the
y-direction as the charge cycle continues. Throughout cycling, the
electrolyte velocity decreases sharply in the first few cm of the
electrodes.

By the end of the first charge, the flow in the top 6 cm of both
electrodes drops below 2 mm s, less than 10% of the bulk velocity.
Fig. 9 shows the concentration distribution after 3550 s, shortly before
the end of the first charge. Here it is seen that with the reduced elec-
trolyte flow, the Pb2" concentration within the electrodes was not
readily replenished. Near the outlet, the Pb?t concentration in both
electrodes drops to below 0.1 mol dm>.

Fig. 10 shows the concentration distribution across the cell at the
midpoint of the electrodes at varying times and current densities for
each RVC grade. At higher rates of charge and grades of RVC with a
larger number of pores, the concentration gradients are larger; for all
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Fig. 11. Velocity profile across the mid-height of the electrodes of the divided
cell using 10 ppi RVC and an applied current density of 20 mA cm 2. A para-
bolic distribution remains throughout charging. As the SoC increases, the ve-
locity in the negative electrode increases, while it decreases in the
positive electrode.

cells at 50 mA cm™2 near the end of charge, the Pb?* concentration
drops to below 0.1 mol dm ™2 compared to a bulk concentration of 0.22

mol dm~3, see Fig. 9. This indicates that the electrolyte flow and

10

diffusion of Pb?" are inadequate to maintain a high current within the
electrodes near the current collector when lead utilisation in the bulk
electrolyte is high. The reduced Pb?* concentration leads to a higher
overpotential required to maintain a current density, and hence in areas
with a lower Pb?" concentration, the current density is decreased. A
higher current density is therefore seen close to the boundary with the
bulk electrolyte. In physical cells, this may lead to Pb being deposited at
the interface between the porous electrode domain and the electrolyte
domain, as is described by Iacovangelo and Will during zinc deposition
on porous carbon electrodes [43], negating the advantage of a lower
local current density from a porous electrode.

5.3. Divided cell

The free electrolyte domain was removed to encourage a higher flow
within the electrodes and overcome this reduction in Pb?>" concentra-
tion. Clearly, the electrodes cannot be touching, and in a physical cell,
lead dendrites are common and can grow between the electrodes [10].
Hence, a non-conducting microporous separator domain was placed
between the electrodes to prevent short-circuiting but to allow the
transfer of ions. A typical example is microporous polyethene, which is
commonly used in Zn-Br RFBs [44]. As the flow was forced through the
electrodes, the velocity in the porous domains was much higher. During
charge, as Pb is denser than PbO, and hence the same number of moles
of Pb has a smaller effect on the porosity of the electrodes, the flow
increased in velocity in the negative electrode and decreased in the
positive electrode. However, the flow rate remained significantly higher
in both electrodes than in the undivided configuration as shown in
Fig. 11.

The same 1 h charge cycle was applied to this divided arrangement,
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with 20, 30 and 50 mA cm ™2 applied to each grade of RVC. Fig. 12 shows
the current distribution in the x-direction for the divided arrangement.
The distribution of current within the electrodes is very similar to that in
the undivided configuration. In both configurations, there are minima
seen in the current density in the x-direction. With increased distance
from the current collectors, a greater proportion of current flows in the
electrolyte vs the electrodes, so close to the current collectors, the
electrode potential changes quickly with x and the electrolyte potential
changes slowly. This trend is reversed as current moves to the electro-
lyte. Hence the difference in electrolyte and electrode potential initially
decreases then increases again with distance from the current collectors.
As seen in Eq. (3.21), this causes minima in overpotential and hence the
minima seen in the current distribution.

The current density is highest closest to the current collector at the
start of charge. By the end of the 1 hour charge, while there is a slight
increase in current at the outer edge of both electrodes, the current
distribution is far more even. The current density near the inlet is also
substantially less pronounced. The current density averaged across the
inlet is approximately 71 mA cm 3 at the positive electrode and 69 mA
cm ™2 in the negative electrode, compared to the average in the electrode
of 67 mA cm™3. Fig. 13 shows that while there is some variation in
current density in the y-direction, which is expected due to the increased
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concentration overpotential with increased distance from the inlet, there
is not the sharp increase near the inlet seen with the undivided
configuration.

As the electrolyte is forced through the electrodes, the concentration
of soluble species remains far more constant. There is also a virtually flat
concentration profile in the x-direction other than close to the separator
boundary. These effects complement work by Masliy et al., who describe
the expected current density distribution for a generalised redox reac-
tion in porous electrodes [45]. In the negative electrode, both Pb%* and
H™ concentration decrease as the separator boundary is approached
during charge, while in the positive electrode, the concentration of both
species increases. The opposite is true during discharge (Fig. 14).

Comparing different grades of RVC, there is little difference in the
current distribution of the divided cells. However, in general, coarser
grades of RVC gave a more even current distribution in the x-direction.
As the cell is charged, the current distribution initially changes rapidly.
However, with further charging, the current distribution stabilises. At
20 mA cm 2, this occurs after approximately 2700 s, at 30 mA cm ™2 by
2100s, and at 50 mA cm 2 by 1500 s. At 50 mA cm ™2, this stable current
distribution varies from circa 0.16 A cm™> at the current collector to
0.13 A cm™ at its lowest near the centre and 0.34 A cm™> near the
membrane in the 100 ppi negative electrode. In the 10 ppi negative
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The most striking difference between different grades of RVC is the
overpotential. This is expected, as while the starting porosity is roughly
equivalent across the different grades, the surface area varies signifi-
cantly. A higher surface area leads to a lower local current density, and
by inspecting the Butler-Volmer equations (Egs. (3.18)-(3.20)), it can be
determined that this leads to a lower overpotential. Accordingly, the 100
ppi electrodes, which have smaller pores and hence a larger surface area,
have a greatly reduced overpotential during both charge and discharge
than the lower ppi electrodes. When compared to the 10 ppi electrodes,
the overpotential is reduced by approximately 100 mV, see Fig. 16(a).

Fig. 16(b) shows a comparison between experimental and simulated
cell potential of a cell cycled at 20 mA cm ™2 using 80 ppi RVC electrodes.
The model setup was modified to match the dimensions of the experi-
mental cell. The first cycle is omitted. The simulated potential closely
matches the experimental at the start of both the charge and discharge
steps. At the end of the charge, the experimental cell potential rises to
approximately 2.05 V. However, the simulated voltage remains at
approximately 1.85 V. This suggests that the kinetics model of the re-
actions at the positive electrode could be improved. As the side reaction
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in this model is simplified, further work is required to fully understand
and implement a more accurate model of this reaction. During
discharge, while the coulombic efficiency of the experimental cell is
lower, the cell potential of the simulated cell is closely matched to that of
the experimental cell. In both cells, a voltage efficiency of over 80% is
achieved.

Applied current density appears to have a much greater impact on
variation in current distribution. While the general trend of decreasing
current near the current collectors and increasing near the membrane
boundary is true for all the simulated applied current densities, once it
has settled, the current remains approximately even throughout the
electrode at 20 mA cm™2 in the 10 ppi electrodes. However, as the
current density increases, the current near the separator boundary in-
creases more than in the remainder of the electrodes. This is true for
both the positive and the negative electrodes.

One method to decrease the variability in current density within the
electrodes would be to combine grades of RVC to form a graduated
electrode. A similar method is used with lithium-ion batteries [46].
While it appears that there would be little benefit in this method at lower
current densities, at higher currents, the region close to the separator
boundary would benefit from a relative reduction in current density.
This could be achieved by using a larger pore size close to the centre of
the cell than for the bulk electrode. Only a small region would require
this increased pore size, allowing the remainder of the electrode to take
advantage of the lower overpotential and hence increased efficiency
gained from using RVC with smaller pores.

6. Conclusions

A novel numerical model for investigating three-dimensional elec-
trodes in the soluble lead flow battery, which has been validated against
experimental results, has been developed. The model highlights the
benefits of using reticulated vitreous carbon as an electrode material at
both electrodes. The model emphasises the issues with using thin layers
of RVC divided by a region of free electrolyte, as has been used in pre-
vious experimental studies of RVC in the SLFB. Even with the high
permeability of RVC, there is a significant reduction in electrolyte ve-
locity within the electrodes. A high current density is predicted near the
inlet, which causes a build-up of deposit in this area, further diverting
the electrolyte out of the electrode domains. Forcing the electrolyte
through the RVC electrodes by replacing the free electrolyte domain
with a microporous separator significantly improved the current dis-
tribution in the y-direction. In the divided configuration, the concen-
tration is substantially less varied in both x and y directions.

The higher surface area of RVC with smaller pores leads to a
reduction in overpotential. Comparing 100 ppi with 10 ppi RVC, there is
a reduction in overpotential of over 100 mV when cycled with an
applied current density of 50 mA cm™2. At 20 mA cm ™2, a voltage effi-
ciency of over 80% is achieved experimentally. While using a single
grade of RVC for each electrode still gives an uneven current distribu-
tion, in future, by taking advantage of their different overpotentials, it
may be possible to combine different grades of RVC to provide an
optimal current distribution for a specific application.
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