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Responding to the need of a growing community of students and researchers who want to get involved
in the field of electrochemical storage systems, NEOLAB offers a new tool dedicated to a modeling
domain where almost no open-source solutions exist. Physics-based models of batteries require
extensive knowledge in thermodynamics, electro-chemistry, mathematics, material and computer
sciences. Based on the idea that a minimum working example is the best way to learn gradually how
to model a battery, NEOLAB provides a solution to simulate the behavior of the negative electrode of
lead-acid batteries and a framework to investigate other primary and secondary technologies.
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1. Motivation and significance

Energy storage is definitely a major ambition of our modern
society to stay on track with the Sustainable Development Sce-
nario pathway [1]. Electro-chemical storage solutions are neces-
sary to accommodate a larger share of renewable energy sources

2352-7110/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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into our electricity grid in the short term. Batteries are indeed
considered as one of the most important and efficient ways of
stabilizing electricity networks. Many battery chemistries have
been developed over the past century. Lead-acid batteries rep-
resent the second largest installed capacity in the rechargeable
battery market, behind lithium-ion. Recent lead batteries exhibit
long cycle and calendar lifetimes and are by far the most effi-
ciently recycled commodity, with over 99 % of lead batteries being
collected and recycled in Europe and USA [2].

Mathematical modeling of battery porous electrodes has a
history of half a century [3]. Making predictions, interpolate and
extrapolate data points, spare you considerable effort, time, and
money, as long as you select the modeling approach that suits
user needs [4]. From quantum chemical computation of material
properties, through the continuum performance models of elec-
trodes, all the way up to the life cycle analysis of a complete
battery solution, there is a wide range of models for all spatial and
temporal scales [5]. To understand the phenomena limiting bat-
tery performances, physics-based models have been continuously
improved [6-10].

The authors believe that in the twenty-first century, com-
mercial solutions providing battery models will sooner or later
be replaced by open-source ones, accessible not only by people
who can afford them, but also constantly improved by a grow-
ing worldwide community who cannot pay for them, but still
invest its time and intelligence, as evidenced by Python success
stories [11]. More and more students and researchers are willing
to get their hands on battery modeling in some universities where
commercial solutions are not always easily accessible. We believe
that SoftwareX open-access papers can give them the opportunity
to play their role in battery innovation [12]. Since there is not
yet any battery model available in SoftwareX, we want to bring
our contribution to the community with a code developed on
Scilab®, which is the free alternative to Matlab ™~ since 1980 [13].
This project started over a decade ago, while developing from
scratch a lead-acid battery model that ultimately ended up in
the Batteries and Fuel Cells Module of COMSOL Multiphysics®
4.2a [14].

2. Software description

The idea behind NEOLAB is to provide a simple tool able to
simulate the behavior of the negative electrode of a lead-acid
battery. It is actually a code that anyone can use and modify to
adapt it to any kind of electrode chemistry. The model is based
on a minimal set of ordinary and partial differential equations
describing the physics behind the lead electrode used as the
negative plate in lead-acid batteries.

2.1. Software architecture

NEOLAB runs with the help of only two Scilab® routines. The
main routine is called main_dassl_x*. sce, the star symbol being
either replaced by dim or adim, depending on whether you want
to work with a dimensional or dimensionless set of equations.
The second routine called res_dassl_x*.sci is the function
computing the residue of the differential algebraic equations
(DAEs).

The main routine is composed of a header where the user must
specify the path to the residue function and the experimental
data to be simulated by the model. The experimental data set is
optional. It can contain the model inputs for simulation purpose
(current and temperature for instance) or outputs for validation
purposes (voltage or power for instance). The model initialization
requires a quite long list of constant parameters (more than
30 for a single electrode). There are also a dozen of physical
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relations characterizing parameters which evolve in time with
the electrode state (see Supplementary Material). The choice of
implementing these parameters in the form of analytical expres-
sions instead of data tables is dictated by code compactness and
computation time, the latter being significantly shorter when you
do not have to interpolate the data for each time step. Most of
the thermodynamic data come from the seminal work of Hans
Bode [15]. To illustrate the accuracy of our analytical functions
compared to the experimental data available, we present some
of the newly developed expressions of the relative molar Gibbs
free energies of water (Fig. 1a)

Ghyo = AGy,o — ma (16.9my 4 90.7) (1)
and sulfuric acid (Fig. 1b)
Ghyso, = AGp,s0, + 12900 /ma — 79200, (2)
as well as the partial molar entropies of water (Fig. 1c)
. —3.13)?
Suy0 = 69.3 4+ 1.22 exp | — A~ 3131 3)
13.1
and sulfuric acid (Fig. 1d)
- exp (1.41 — 0.828 m
Siso, = 139 exp | — 0.374 [ VP »)
1+ /exp (1.41 — 0.828 m,) (4)

—0.315 exp (1.41 — 0.828 mp) :“,

with respect to the molality of sulfuric acid in the electrolyte
soaking the electrode. We can clearly see that these quite simple
analytical relations actually provide a good fit of the experimental
data available in the literature.

There are three DAEs solved in the res_dassl_x*.sci rou-
tine, representing respectively charge, volume, and species con-
servation. Three unknown variables are involved in the equations,
varying over time and space: the interfacial voltage, electrode
porosity, and acid concentration (see Supplementary Material). By
interfacial voltage, we mean the difference between the negative
electrode potential and a reference electrode with constant elec-
trochemical potential. The model is developed by discretizing the
space (electrode thickness), and then by solving the equations as
a function of time, for each space discretization step.

The initial values of the interfacial voltage and electrode
porosity are computed based on the model assumptions concern-
ing the electrolyte molality at the beginning of the simulation for
the former and some other assumptions concerning the electrode
design for the latter. The electrode consists of a current collector
equipped with a meshgrid, through which the active material is
dispersed (Fig. 2a). The separator, made of polyethylene and a
layer of fiberglass, is placed against the electrode. This geometry
being complex, the current collector and active material are con-
sidered as two distinct layers in the model (Fig. 2b). Furthermore,
only a single spatial dimension, normal to the electrode plate, is
taken into account. The meshing is quite simple with a number
of nodes equally spaced to be set by the user (Fig. 2c).

The simulation part of the main routine gives the possibility
to discharge the electrode in galvanostatic conditions (constant
current) and let it rest for a given period of time. The possibility of
discharging the electrode and leaving it to relax for some time is
an example of what is possible to do with the equations, but there
is absolutely no limit to the simulation possibilities. The user
may want to move from galvanostatic charging or discharging
conditions, defined as Neumann boundary conditions setting the
current density, to potentiostatic conditions, defined as a Dirichlet
boundary condition setting the voltage [16]. In current-controlled
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Fig. 1. Experimental data (circles) and analytical expressions (curves) of relative molar Gibbs free energies from [15, p. 57] (a, b) and partial molar entropies from [15,
p. 65] (c, d) of water (a, ¢) and sulfuric acid (b, d) with respect to molality. In each legend appears the analytical expression used to draw the black curve passing

through all data points.

mode, the current I going through the electrode is the model
input, which implies the following boundary conditions:

. 1/, 1
n-ijfx=0 = N-1—0) —V(A¢)+F<f,_,+—5> Viea =0,
x=0
(5)
i [xer = V(A (o lv
n'11|x:L—n'=_Ul|:_ (¢)+E<tﬂ+—5> MA]}X_L
I

at the current collector and separator interfaces, respectively,
while the electrode voltage U is the model output obtained at
the current collector interface:

U= A9lo- (7)

In voltage-controlled mode, Eq. (7) acts as a Dirichlet boundary
condition applied to the same interface, while the current is
computed at the separator interface:

I=S A\ Ly 1v
=50~ (¢)+F tH+—§ M

2.2. Software functionalities

(8)

x=L

NEOLAB offers the possibility to study the impact of discharge
rate on the voltage curve through a robust and optimized model.
For instance, the solver used and its tolerance parameters have

been meticulously selected based on their performance (execu-
tion time and reliability of the solution). Two standard Scilab
solvers are applicable for our model: DAE (implicit method) and
ODE (explicit method). Because of the stiffness of the problem,
DASSL (DAE sub-solver) and STIFF (ODE sub-solver) offer the
best compromise accuracy/speed. Both of them approximate the
derivative using the BDF (Backward differentiation formula), but
differ on the computation of the Jacobian matrix [17]. Applying
the quasi-Newton’s method, DAE and specially DASSL are much
faster than ODE and STIFF for a similar solution accuracy (Fig. 3a).
Then, optimal absolute and relative error tolerances of solution
have been determined so as to minimize the error while keeping
a reasonable execution time. A preparatory study revealed that
setting the absolute tolerance ten times lower than the relative
tolerance was a good practice. Because we do not have access to
the exact solution of our problem, we estimate the error we make
on each of the model variables based on their values obtained
with a reference tolerance of 10~!1. However, a relative tolerance
of 10~ provides a voltage accuracy below the millivolt, which is
acceptable enough for this model (Fig. 3b).

A rigorous study has been conducted to determine the impact
of the equations non-dimensionalization, which is a mathemat-
ical method particularly adapted to complex equations such as
partial differential equations, having the capacity in some cases
to improve the performance of the model [see Supplementary
material]. However, the use of dimensionless expressions does
not allow to reduce the execution time (Fig. 3c).
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Fig. 2. Schematic drawing of a lead electrode along with a separator extracted from the cell, in real dimension (a), illustration of the model geometry simplicity in
which the active material is considered pasted on a foil-like current collector, instead of a pasted grid (b), and one-dimensional numerical scheme used to solve the
three differential algebraic equations, representing respectively charge, volume, and species conservation (c).

Furthermore, a simplification of the system of DAEs is pro-
posed to the user who has the choice of deleting some terms that
have very little influence on the model’s performance. Therefore,
NEOLAB is the promising result of a simple, fast, and efficient
software allowing the simulation of the negative electrode behav-
ior. Simulation data of the interfacial voltage, electrode porosity,
and acid concentration are saved and plotted so it is possible to
observe their evolution in space and time. Comparisons between
simulation and experimental data can also be made to validate
the model adjustable parameters.

3. Illustrative examples

To showcase the possibilities offered by NEOLAB, we can sim-
ulate the electrode performance over a broad range of discharging
rates (C/20, C/5, C/2, 1C, 2C, 4C, 8C, and 12C), which means from
the very low rate of a 20-h discharge all the way up to the very
high rate of a 5-min discharge. The initial conditions represent
a fully charged lead electrode. The first simulation step consists
of completely discharging the electrode and the second to leave
it relax during 30 min. The physical quantities provided in the
code are related to a 50 mm wide, 55 mm high, and 0.28 mm
thick lead electrode, that is to say a lab-scale thin electrode
able to deliver the power usually required to start an internal
combustion engine.

The electrode voltage allows the user to know what to expect
from the physics, according to the model parameter values. Alter-
natively, it can also be used to identify model parameters based

on the consistency between experimental data and simulation re-
sults, represented by dashed and solid lines in Fig. 4 respectively.
The discharge current is applied to the electrode as a homoge-
neous current density at the electrode/separator interface. During
the first seconds of discharge, the electrode behavior is dictated
by the value of its double-layer capacitance [18,19]. Then, the
electrode polarization evolves according to the Butler-Volmer
equation [20], as a non-linear function of the discharge current.
Finally, the end of discharge is characterized by the coverage
of the porous electrode with lead sulfate crystals [21], which
induces pore-clogging and consequently a porosity reduction. The
voltage peak comes from the rapid decrease of the electrode
active surface. The latter is linked to the porosity by means of
a local state of charge of the electrode ensuring that the porosity
stays inside its domain of definition (¢ € [€min, €max]) [22]:

Apb = App,0 €7 Emin 9)

€max — €min

However, the model simplicity does not allow to take into ac-
count the impact of the discharging rate on the size distribution of
lead sulfate crystals [23]. As can be seen from experimental data
(Fig. 4), the curvature radius of the electrode voltage increases
roughly in correspondence to the increasing current, demonstrat-
ing that Eq. (9) is way too simple. Other alternatives provided
in the literature have been tried without much success [14,24].
Make the active surface dependent on the applied current in
a physics-based framework has not been devised yet [25], but
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Fig. 3. Comparative analysis of the computation time for each solver with respect to the discharging rate from 0.05C to 12C followed by a systematic 30-minute
rest period (a), relative voltage error for each rate with respect to the relative tolerance value of the solver, based on the simulation results obtained for a relative
tolerance of 10~'" (b), and comparative analysis of dimensional and dimensionless models on the computation time with respect to the rate of discharge with the

DASSL solver (c).

nucleation and growth of lead sulfate crystals [26] are the mech-
anisms that actively contribute to the electrode active surface
evolution, on which the authors intend to focus in the next future.

The voltage simulation over the 30 min of rest following the
full discharge of the electrode converges to the right asymptotic
values for all applied rates, showing that the model is perfectly
able to move from one equilibrium state (fully charged electrode)
to another (fully discharged electrode) while staying consistent
with thermodynamics. Applying a constant Dirichlet boundary
condition, such as cal,_; = Ccasep to the partial differential
equation of species conservation would not have led to such a
result [27]. Since this boundary concentration value changes with
the generation of lead-sulfate, one mole of electrons leading to
the consumption of one mole of sulfuric acid, one can estimate
it by integrating the current applied to the electrode over the
discharge duration:

t

Calx=t = Ca0 + # ; I(7) dt. (10)
The effective volume of electrolyte V; is a key parameter to adjust
in order to ensure that only the volume of electrolyte contained
inside the electrode porous structure and in the separator can
supply the electrochemical reaction. Indeed, the diffusion coef-
ficient of sulfuric acid inside the electrolyte is too low to exploit
the species that are not located in the immediate vicinity of the
electrode, even at small rates such as C/20. The simulated voltage
stabilizes much faster than the real one, mostly because of the
lack of knowledge of what is exactly going on inside the separator
due to the influence of the counter electrode on this reserve of
electrolyte.

Table 1

Maximum voltage drop within the thickness of the electrode simulated by the
model at the end of discharge, with the corresponding current density applied
as a boundary condition for each rate.

Discharge rate

Current density (A m™2) Voltage drop (mV)

C/20 5.82 x 10° 0.3
c/5 2.32 x 10! 1.0
C/2 5.82 x 10' 2.0
1C 1.16 x 10? 3.7
2C 2.33 x 102 6.2
4C 4.65 x 10° 10.4
8C 9.31 x 10? 16.2
12C 1.40 x 10° 20.7

We could have also plotted the evolution of the electrode
voltage within the thickness of the electrode at any given period
of time during the discharge or the consecutive rest period, since
our model gives access to this knowledge. However, to demon-
strate that the electrical percolation in the porous electrode does
not impede the current flow, we simply provide the maximum
voltage drop within the thickness of the electrode observed at
the end of the discharge, for each rate, in Table 1.

The evolution of the electrode porosity along its thickness dur-
ing the discharge process is presented in Fig. 5. Starting from the
same uniform value of €.,,x, which is an initial condition common
for all rates, one can see that the higher the rate, the higher the
porosity gradient. The porosity is lower at the separator interface
because more sulfuric acid is available, coming from the separator
to fuel the electrochemical reaction. Fig. 5 allows to quantify the
heterogeneity of active material utilization, that is to say, the local
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Fig. 4. Measured (dashed lines) and simulated (solid lines) electrode voltages with respect to time during a constant current discharge (from 0.05C (a) to 12C (h))

and a 30-minute rest period.

state of charge imbalance, for each rate. This may potentially help
in designing new electrode architectures offering higher available
capacity at very high rates through an optimal combination of
porosity, thickness, and conductive additives.

Concerning the evolution of acid concentration along the elec-
trode thickness (Fig. 6), one can see the uniformly distributed

initial value of cao at the beginning of discharge, common for
all rates. As in the case of porosity, the higher the rate, the
higher the concentration gradient. Unlike porosity, the minimum
concentration value is observed at the current collector interface.
However, this is the consequence of the same cause, the acid
concentration inside the separator being higher than the one
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Fig. 5. Simulated electrode porosity (volume fraction of the electrode filled with electrolyte) with respect to the electrode thickness (expressed in its real dimension
and starting from the current collector), during a constant current discharge ranging from 0.05C (a) to 12C (h).

inside the pores of the electrode due to acid consumption to
generate lead sulfate crystals.

Internal physical quantities, such as porosity and acid concen-
tration, are directly affected by the assumption made regarding
the acid concentration of the separator. We have chosen in this
example to take into account the consumption of species by
the counter electrode (lead-dioxide), as described in Eq. (10).
However, another phenomenon neglected with this assumption is

the fact that the lead-dioxide electrode also produces water while
being discharged:

PbO, + HyS04 +2H" 4+ 2e~ = PbSO,4 + 2 H,0. (11)

The conversion of lead dioxide into lead sulfate contributes to the
dilution of sulfuric acid inside the electrolyte contained in the
separator, and consequently lowers the concentration value for
the same amount of charge exchanged.
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Fig. 6. Simulated acid concentration (electrolyte molarity) with respect to the electrode thickness (expressed in its real dimension and starting from the current

collector), during a constant current discharge ranging from 0.05C (a) to 12C (h).

4. Impact

NEOLAB is more than just a physics-based model of the neg-
ative electrode of lead-acid batteries. It should be thought as a
minimum working example intended to grasp the complexity of
the modeling work required to simulate any electrode behavior
with first principles. NEOLAB is simple enough to help proceeding

step by step with this demanding modeling work:

how to proceed with the multiple parameters needed;
how to handle the physical relations that are not the main

model equations;
how to deal with the model initial conditions;

how to solve the partial differential equations;
how to manage multi-step simulations including discharge,

rest, etc.
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Based on an open-source platform, NEOLAB gives anybody the
possibility to learn how to master all steps of multiphysics model-
ing of electrochemical systems for free. Battery modeling is a very
lucrative job for those who know how to do it the proper way
and this is particularly true when it involves physics and thus the
knowledge of the battery internal state. Most of the people who
want to achieve such an understanding of how physics explains
the battery behavior are required to pay expensive licenses for
software that are very useful when the geometry is complex
or when one has no time to invest in learning how it works,
but simply wants the things done. For sure, NEOLAB deals with
a single spatial dimension, which makes the meshing simple
whatever the number of domains to consider. However, this is
not too much of a constraint, since the direction normal to the
electrode plane is the direction of the moving species and charges
and as such the most influential on the battery behavior. It gives
also the advantage of fast computation time due to an optimal
balance between complexity and accuracy.

We sincerely believe from our experience in this field that
students and researchers all over the world will benefit from
this tool and will make it able to simulate a broad range of
electrochemical storage systems our modern societies demand.

5. Conclusions

Responding to the need of a growing community of students
and researchers who want to get involved in the field of electro-
chemical storage systems, NEOLAB offers a new tool dedicated to
a modeling domain where almost no open-source solutions exist.
Physics-based models require extensive knowledge in thermody-
namics, electrochemistry, mathematics, material and computer
sciences. Based on the idea that a minimum working example
is the best way to learn step by step how to model a battery,
NEOLAB provides not only an immediate solution to simulate the
behavior of the negative electrode of the well-known lead-acid
battery, but also the framework to investigate plenty other pri-
mary and secondary battery technologies. Its simplicity and fast
computation speed will help anyone to dig into the fundamental
physics behind the battery behavior without limits, since any
kind of equations can be tested, as long as the stiffness of the
problem stays compatible with the selected solver. The authors
intend to continue the development of this tool by adding more
functionalities such as the simulation of the complete cell and
the possibility to simulate discharges or charges based on either
a current or voltage control.
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