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A B S T R A C T   

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 
OpenImpala 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.   

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 

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

Pb2+ + 2H2O⇌PbO2 + 4H+ + 2e− E0 = + 1.46 V vs SHE (1.1)   

Negative: 

Pb2+ + 2e− ⇌Pb E0 = − 0.13 V vs SHE (1.2) 
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Cell: 

2Pb2+ + 2H2O⇌Pb+PbO2 + 4H+ E0
cell = + 1.59 V (1.3)  

where solid Pb is deposited at the negative electrode and solid 
PbO2 is deposited at the positive electrode during the charging 
process. During discharge, both solid deposits are dissolved back into 
the electrolyte as Pb2+ 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 PbO2 
is only partially reduced to Pb2+ during discharge, forming a solid PbOx 
with x < 2 [13]. Shah et al. [14] propose a simplification of this side 
reaction to: 

PbO+H2O⇌PbO2 + 2H+ + 2e− E0 = + 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 
(RVC) 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 (PbO2), 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 PbO2. 

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 PbO2 deposits. However, in this 
study, a fixed geometry is employed, and the RVC electrodes are 

Fig. 1. Schematic showing the geometry used to model the battery. (a) Electrolyte domain divided. (b) Microporous separator divided.  
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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 × 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 cm3 of electrolyte was circulated at a 
volumetric flow rate of 7 cm3 s− 1, corresponding to an average elec
trolyte velocity of approximately 2.3 cm s− 1 over plain bipolar pates. 

The electrolyte consisted of 1.0 mol dm− 3 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. 

3.1. Governing equations 

In the free electrolyte domain, the flow is assumed to be laminar. The 
electrolyte velocity, u in m s− 1, is therefore described with the laminar 
form of the Navier-Stokes and continuity equations. 

ρ ∂u
∂t

+ ρ(u • ∇)u = ∇ • [ − p+ μ∇u] (3.1)  

∇ • u = 0 (3.2)  

where ρ is the electrolyte density in kg m− 3, p is pressure in Pa, and μ 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 Pb2+, 1–2.4 mol dm− 3 H+), density and viscosity 
of the electrolyte vary substantially with electrolyte concentration 
(~1–1.3 g cm− 3 and ~1.2–2 mPa s respectively) and differ significantly 
from those properties of water (1 g cm− 3 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, μe, is related to concentrations, 
c, in mol dm− 3 by Eq. (3.3) and electrolyte density in kg dm− 3, ρe, is 
related to concentration in mol dm− 3 by Eq. (3.4). 

μe = 0.96+ 0.364 • cPbII + 0.407 • cPbII
2 + 0.262 • cH (3.3)  

ρe = 1.0+ 0.3 • cPbII + 0.03 • cH (3.4) 

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
ε ρ du

dt
+

1
ε ρ(u • ∇)u

1
ε = − ∇p+ μ 1

ε∇
2u −

μ
κ

u (3.5)  

where ε is the porosity of the porous domain and κ is the permeability of 
the domain in m2. 

Permeability, κ, is calculated using the Kozeny-Carmen equation: 

κ =
ε3

cκτ2av
2 (3.6)  

where cκ is the Kozeny constant, τ is tortuosity of the porous media and 
av is the surface area of the porous electrode. 

Conservation of mass of each species gives: 

∂εci

∂t
+∇ • Ni = Si (3.7)  

where the flux of species i (H+, Pb2+, CH3SO3
− ) in mol m− 2 s− 1, Ni is 

calculated using the Nernst-Planck equation. 

Ni = − Di,eff∇ci − zium,i,eff Fci∇ϕ+uci (3.8) 

For species i, Si is its source term, described in Table 1, Di, eff is its 
effective diffusion coefficient in m2 s− 1, ci is its concentration in mol 
m− 3, zi is its valence and um, i, eff is its effective mobility in s mol kg− 1. ϕ is 
the electrolyte potential in V, F is Faraday's constant in C mol− 1. 

The mobility, um, i 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]. 

Table 1 
Source terms for each species in porous electrode reactions.  

Species Source term/mol m− 3 s− 1 

Positive electrode Negative electrode 

Pb2+
SPb2+ =

iv
nF 

SPb2+ = −
iv
nF 

H+

SH+ = −
4iv
nF 

N/A 

Pb N/A SPb =
iv
nF 

PbO2 SPbO2 = −
iv
nF 

N/A 

PbO SPbO =
iv
nF 

N/A  
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In the porous electrode: 

Di,eff = FdDi (3.9)  

σs,eff = (1 − ε)Fsσs (3.10)  

where Fd is the correction factor for diffusion and Fs is the correction 
factor for electrical conductivity. In the Bruggeman case, Fd = ε1.5 and Fs 
= (1 − ε)1.5. Di, eff is the effective diffusion coefficient of species i in m2 

s− 1, ε is the electrode porosity and Di is the diffusion coefficient of 
species i in m2 s− 1. σs, eff is the effective conductivity of the electrode and 
σs is the conductivity of the electrode both in S m− 1. 

The current in the solid phase of the porous electrode is determined 
by Ohm's law: 

is = σs,eff∇ϕs (3.11) 

In the free electrolyte, Di, eff = Di and therefore, um, i, eff = um, i. 

3.2. Boundary conditions 

A fully developed laminar inflow condition was prescribed by 
virtually extruding the inlet by length Lin 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. 

− pinn = Lin

(

− ∇p+ μ 1
ε∇

2u
)

(3.12)  

where pin is the inlet pressure, n is the normal vector, Lin is the inlet 
length, p is the local pressure, μ is viscosity, ε 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. 

− Di∇ci • n = 0, j • n = 0, p = 0 (3.14) 

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

cin,i =

∫
L
V

(∫

outlet
Ni • n dS −

∫

inlet
Ni • n dS

)

dt (3.15)  

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 

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 PbO2 as described in Table 3.where for solid species, j, cj is its 
concentration, ρj its density, Mj its molar mass and Sj its source term, 
described in Table 1. 

As is typical in SLFB models, [14–18,28,32], Butler-Volmer kinetics 
were used, described by Eqs. (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 0, 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 cPbO2 and cPbO are included in Eq. (3.20), discontinuity is not 
required. 

Negative electrode: 

iloc = Fk0,PbcPb2+

(
e

(
αo,negFηneg

RT

)

− e

(
− αr,neg Fηneg

RT

)

)

iv =

{
av,negiloc cPb > 0

0 cPb = 0 during discharge

(3.18)   

Positive electrode: 
Main reaction 

iloc = Fk0,PbO2 cPb2+
cH+

cH+
ref

(
e

(
αo,pos Fηpos

RT

)

− e

(
− αr,posFηpos

RT

)

)

iv =

{
av,posiloc cPbO2 > 0

0 cPbO2 = 0 during discharge

(3.19)   

Side reaction 

iloc = F
(

kf ,PbOc2
PbOe

(
Fηpos

RT

)

− cH+cPbO2 kb,PbOe

(
Fηpos

RT

)

)

iv = av,posiloc

(3.20)  

where iloc is the local current density in A m− 2, iv is the local 
volumetric current density in A m− 3, av is the surface area per unit 
volume in m− 1, k0, Pb and k0, PbO2 are rate constants and kf, PbO is the 
forward rate constant for the side reaction, and kb, PbO is the back
ward rate constant for the side reaction in m s− 1, α 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. η is the overpotential in V and is defined by Eq. 
(3.21). 

η = ϕs − ϕl − Eeq (3.21) 

ϕs is the electrode potential and ϕl is the electrolyte potential in V, 
and Eeq is the equilibrium potential in V, calculated at each electrode 
using the Nernst equation, Eqs. (3.22a) and (3.22b). 

Negative EEq = E0 +
RT
zF

ln
(

cPb

cref

)

(3.22a)  

Positive EEq = E0 −
RT
zF

ln
(

cPb

cH+

)

(3.22b) 

Table 2 
Initial conditions applied to the simulations of SLFBs.  

Variable Initial value Unit 

u  0 m s− 1 

v  0 m s− 1 

p  0 Pa 
cPbII0  700 mol m− 3 

cH0  1000 mol m− 3 

ϕl  0 V 
ϕs  0 V 
ϕs,+ 0 V 
av,10  620 m− 1 

av,30  1400 m− 1 

av,45  1450 m− 1 

av,80  1700 m− 1 

av,100  1450 m− 1 

ε  0.97 – 
μe0  1.6762 mPa s 
ρe0  1.727 kg dm− 3  
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where E0 is the reduction potential in V at the reference concentration, 
cref R is the universal gas constant in J K− 1 mol− 1, T is the temperature in 
K. 

The negative current collector is grounded: 

ϕs = 0 (3.23) 

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

−

∫

∂Ωi • n dS+

S+

= iaverage (3.24)  

3.3. Initial conditions 

Initial values for parameters used in the simulations are displayed in 

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. 

Table 3 
Parameters used in the solution of the simulated SLFBs.  

Parameter Value Unit Reference 

A 0.51 dm3/2 mol− 1/2 [32] 
B 3.29 dm3/2 mol− 1/2 [32] 
b1 3.52243 dm3 mol− 1 [32] 
b2 0.94331 dm3 mol− 1 [32] 
b3 0.18444 dm3 mol− 1 [32] 
DPbII 7e− 10 m2 s− 1 [28] 
DH 9.3e− 9 m2 s− 1 [28] 
DCH3SO3 1.33e− 9 m2 s− 1 [32] 
k0

Pb 2.1e− 7 m s− 1 [28] 
k0

PbO2 2.5e− 7 m s− 1 [28] 
k0

b 4.5e− 7 mol m− 2 s− 1 [28] 
k0

f 0.002 mol m− 2 s− 1 [28] 
K 11.25 –  
ρPb 11.337 kg dm− 3 [33] 
ρPbO2 9.65 kg dm− 3 [33] 
ρPbO 9.53 kg dm− 3 [33] 
σPb 4.69e6 S m− 1 [34] 
σPbO2 8000a S m− 1 [35] 
σRVC 330 S m− 1 [36] 
T 300 K  
zPbII 2 –  
zH+ 1 –  
zCH3SO3− − 1 –   

a Approximated constant value based on a mixture of α- and β-phases. 

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 × 1104 × 1296. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Δε =
∑

j

cj

ρjMj
(3.16)  

∂cj

∂t
= Sj (3.17)    
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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 μm per 
voxel and a detector size of 2000 × 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 × 1104 × 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, OpenImpala [39]. These 
calculations were performed only in the x-direction, as work by Arenas 

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. 

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). 
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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: 

Deff = D
ε
τ (4.1)  

where τ is the tortuosity, ε the volume fraction, Deff 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 

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− 1 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.) 

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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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. 

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 

Fig. 7. Current distribution in the y-direction taken as a slice at the midpoint of 
the electrode domains for the 10 ppi electrodes. y = 0 is at the inlet at the 
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. 

Fig. 8. Velocity distribution in the y-direction at the midpoint of the 10 ppi 
positive electrode (a) and negative electrode (b). The velocity begins at over 1 
cm s− 1 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− 1 in 
both electrodes. 
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(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− 1, 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 Pb2+ concentration in both 
electrodes drops to below 0.1 mol dm− 3. 

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 

Fig. 9. Pb2+ concentration distribution near the end of the first charge for the 50 mA cm− 2 cell using 10 ppi electrodes during charge 1 (a), discharge 1 (b), charge 2 
(c) and discharge 2 (d). 
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cells at 50 mA cm− 2 near the end of charge, the Pb2+ concentration 
drops to below 0.1 mol dm− 3 compared to a bulk concentration of 0.22 
mol dm− 3, see Fig. 9. This indicates that the electrolyte flow and 

diffusion of Pb2+ 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 Pb2+ concentration leads to a higher 
overpotential required to maintain a current density, and hence in areas 
with a lower Pb2+ 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 Pb2+ 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 PbO2 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, 

Fig. 10. Distribution of Pb2+ concentration 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. 

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. 
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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− 3 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 

Fig. 12. Current distribution in the x-direction at the mid-height of the elec
trodes for the divided configuration of the 10 ppi electrodes with an applied 
current density of 20 mA cm− 2 during charge 1 (a), discharge 1 (b) and charge 
2 (c). 

Fig. 13. Current density distribution in the y-direction at the midpoint of the 
10 ppi negative (a) electrode and the positive (b) electrode of the divided cell. 
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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 Pb2+ 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 
2100 s, 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− 3 at the current collector to 
0.13 A cm− 3 at its lowest near the centre and 0.34 A cm− 3 near the 
membrane in the 100 ppi negative electrode. In the 10 ppi negative 

Fig. 14. Pb2+ concentration distribution in the x-direction at the mid height of 
the electrodes for the divided configuration of the 10 ppi electrodes with an 
applied current density of 20 mA cm− 2 during charge 1 (a), discharge 1 (b) and 
charge 2 (c). 

Fig. 15. Current distribution in the x-direction at the mid height of the elec
trodes for the divided configuration of the 10 ppi (a) and 100 ppi (b) grades of 
RVC with an applied current density of 20 mA cm− 2. 
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electrode, it varies from 0.14 A cm− 3 to 0.15 A cm− 3 to 0.30 A cm− 3, see 
Fig. 15. A similar trend is seen in the positive electrodes. 

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 (Eqs. (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 

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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[24] A. Czerwiński, M. Żelazowska, Electrochemical behavior of lead deposited on 
reticulated vitreous carbon, J. Electroanal. Chem. 410 (1) (1996) 55–60. 

[25] R.G.A. Wills, J. Collins, D. Stratton-Campbell, C.T.J. Low, D. Pletcher, F. Walsh, 
Developments in the soluble lead-acid flow battery, J. Appl. Electrochem. 40 (5) 
(2010) 955–965, https://doi.org/10.1007/s10800-009-9815-4. 

[26] A. Hazza, D. Pletcher, R. Wills, A novel flow battery: a lead acid battery based on 
an electrolyte with soluble lead(II) part IV. The influence of additives, J. Power 
Sources 149 (2005) 103–111, https://doi.org/10.1016/j.jpowsour.2005.01.049. 

[27] F. Walsh, L. Arenas, C. Ponce de León, G. Reade, I. Whyte, B. Mellor, The continued 
development of reticulated vitreous carbon as a versatile electrode material: 
structure, properties and applications, Electrochim. Acta 215 (2016) 566–591. 

[28] E.J. Fraser, K.K.J. Ranga Dinesh, R.G.A. Wills, Development of a two-dimensional, 
moving mesh treatment for modelling the reaction chamber of the soluble lead 
flow battery as a function of state of charge for Pb and PbO2 deposition and 
dissolution, J.Energy Storage 31 (2020), 101484. 

[29] SGL, SIGRACELL Bipolar Plate datasheet, Available, https://www.sglcarbon. 
com/en/markets-solutions/material/sigracell-bipolar-plates-and-end-plates/, 
2019 [Accessed:17/03/2019]. 

[30] M. Krishna, L. Wallis, R. Wills, D. Hall, A. Shah, Measurement of key electrolyte 
properties for improved performance of the soluble lead flow battery, Int. J. 
Hydrog. Energy 42 (29) (2017) 18491–18498, https://doi.org/10.1016/j. 
ijhydene.2017.05.004. 

[31] D.A. Nield, A. Bejan, Convection in Porous Media vol. 3, Springer, 2006. 
[32] E.J. Fraser, K.R. Dinesh, R. Wills, A two dimensional numerical model of the 

membrane-divided soluble lead flow battery, Energy Rep. 7 (2021) 49–55. 
[33] R.H.P.D.W. Green, R.H. Perry, D.W. Green, Knovel, Perry's Chemical Engineers' 

Handbook, Eighth Edition, McGraw-Hill Education, 2008. 
[34] J. Cook, M. Laubitz, M. Van der Meer, Thermal conductivity, electrical resistivity, 

and thermoelectric power of Pb from 260 to 550 K, J. Appl. Phys. 45 (2) (1974) 
510–513. 

[35] W. Mindt, Electrical properties of electrodeposited PbO2 films, J. Electrochem. Soc. 
116 (8) (1969) 1076–1080, https://doi.org/10.1149/1.2412217. 

[36] L.F. Arenas, R.P. Boardman, C.P. de León, F.C. Walsh, X-ray computed micro- 
tomography of reticulated vitreous carbon, Carbon 135 (2018) 85–94. 

[37] J. Le Houx, D. Kramer, X-ray tomography for lithium ion battery electrode 
characterisation—a review, Energy Rep. 7 (2021) 9–14. 

[38] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH image to ImageJ: 25 years of 
image analysis, Nat. Methods 9 (7) (2012) 671–675. 

[39] J. Le Houx, D. Kramer, OpenImpala: OPEN source IMage based PArallisable Linear 
Algebra solver, SoftwareX 15 (2021), 100729. 

[40] J. Le Houx, M. Osenberg, M. Neumann, J.R. Binder, V. Schmidt, I. Manke, et al., 
Effect of tomography resolution on calculation of microstructural properties for 
lithium ion porous electrodes, ECS Trans. 97 (7) (2020) 255. 

[41] The Iridis Compute Cluster, Available, https://www.southampton.ac.uk/isolution 
s/staff/iridis.page [Accessed:07/07/2021]. 

[42] M. Doube, M.M. Kłosowski, I. Arganda-Carreras, F.P. Cordelières, R.P. Dougherty, 
J.S. Jackson, et al., BoneJ: free and extensible bone image analysis in ImageJ, Bone 
47 (6) (2010) 1076–1079. 

[43] C.D. Iacovangelo, F.G. Will, Parametric study of zinc deposition on porous carbon 
in a flowing electrolyte cell, J. Electrochem. Soc. 132 (4) (1985) 851–857. 

[44] G. Tomazic, M. Skyllas-Kazacos, Chapter 17 - redox flow batteries, in: P.T. Moseley, 
J. Garche (Eds.), Electrochemical Energy Storage for Renewable Sources And Grid 
Balancing, Elsevier, Amsterdam, 2015, pp. 309–336. 

[45] A. Masliy, N. Poddubny, A.Z. Medvedev, V. Lukyanov, Analysis of the distribution 
of geometrical current density along the direction of solution flow inside flow-by 
porous electrodes, J. Electroanal. Chem. 757 (2015) 128–136. 

[46] Y. Qi, T. Jang, V. Ramadesigan, D.T. Schwartz, V.R. Subramanian, Is there a benefit 
in employing graded electrodes for lithium-ion batteries? J. Electrochem. Soc. 164 
(13) (2017) A3196. 

E.J. Fraser et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006277169
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006277169
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006277169
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006307235
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006307235
https://www.sandia.gov/ess-ssl/global-energy-storage-database/
https://www.sandia.gov/ess-ssl/global-energy-storage-database/
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006482322
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006482322
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006482322
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006482322
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006508886
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006508886
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006540432
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006540432
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031006540432
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205030959183343
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205030959183343
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001142559
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001142559
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001142559
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001404572
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001404572
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001404572
https://doi.org/10.1016/j.est.2017.10.020
https://doi.org/10.1039/C3EE40631H
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031007316187
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031007316187
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031007316187
https://doi.org/10.1016/j.jpowsour.2005.01.048
https://doi.org/10.1016/j.jpowsour.2005.01.048
https://doi.org/10.1149/1.3328520
https://doi.org/10.1149/1.3328520
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001485699
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001485699
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001485699
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001485699
https://doi.org/10.1016/j.jpowsour.2018.11.070
https://doi.org/10.1016/j.jpowsour.2018.11.070
https://doi.org/10.1016/j.ces.2016.07.001
https://doi.org/10.1016/j.ces.2016.07.001
https://doi.org/10.1149/2.0281410jes
https://doi.org/10.1016/j.jpowsour.2013.10.090
https://doi.org/10.1016/j.jpowsour.2013.07.101
https://doi.org/10.1016/j.jpowsour.2013.07.101
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001548648
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001548648
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031001548648
https://doi.org/10.1007/s12034-013-0426-7
https://doi.org/10.1007/s12034-013-0426-7
https://doi.org/10.1016/S0378-7753(96)02496-2
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008034128
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008034128
https://doi.org/10.1007/s10800-009-9815-4
https://doi.org/10.1016/j.jpowsour.2005.01.049
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002006358
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002006358
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002006358
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002134435
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002134435
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002134435
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002134435
https://www.sglcarbon.com/en/markets-solutions/material/sigracell-bipolar-plates-and-end-plates/
https://www.sglcarbon.com/en/markets-solutions/material/sigracell-bipolar-plates-and-end-plates/
https://doi.org/10.1016/j.ijhydene.2017.05.004
https://doi.org/10.1016/j.ijhydene.2017.05.004
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002285654
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002314625
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002314625
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031005272571
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031005272571
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002363283
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002363283
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002363283
https://doi.org/10.1149/1.2412217
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002411552
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002411552
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008133905
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008133905
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008155101
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008155101
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008328360
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008328360
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008379350
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008379350
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008379350
https://www.southampton.ac.uk/isolutions/staff/iridis.page
https://www.southampton.ac.uk/isolutions/staff/iridis.page
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008408543
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008408543
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008408543
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008444653
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008444653
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031005553858
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031005553858
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031005553858
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002460786
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002460786
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031002460786
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008474963
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008474963
http://refhub.elsevier.com/S2352-152X(22)00800-3/rf202205031008474963

	The soluble lead flow battery: Image-based modelling of porous carbon electrodes
	1 Introduction
	2 Experimental setup
	3 Model setup
	3.1 Governing equations
	3.2 Boundary conditions
	3.3 Initial conditions
	3.4 Parameters
	3.5 Numerical details

	4 Image data (CT)
	4.1 Computational setup

	5 Results and discussion
	5.1 Virtual dilation
	5.2 Undivided cell
	5.3 Divided cell

	6 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


