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Abstract: Battery models are mathematical systems that aim to simulate real battery cell sufficiently
accurately. Finding a comprise between complexity, computational effort and accuracy is thereby
key. In particular, modelling sodium–nickel–chloride/iron-chloride cells (Na-NiCl2/FeCl2), as a
promising alternative for stationary energy storage, bears some challenges. The literature shows a few
interesting approaches, but in most of them the second active material (NiCl2 or FeCl2) or the entire
discharging/charging cycle is not considered. In this work, an electrochemical and thermal model
of Na-NiCl2/FeCl2 battery cells is presented. Based on an equivalent circuit approach combined
with electrochemical calculations, the hybrid model provides information on the performance of
the cell for charging and discharging with a constant current. By dividing the cathode space into
segments, internal material and charge flows are predicted, allowing important insights into the
internal cell processes. Besides a low calculation effort, the model also allows a flexible adaption of
cathode composition and cell design, which makes it a promising tool for the development of single
battery cells as well as battery modules and battery systems.

Keywords: sodium–nickel–chloride cells; Na-NiCl2/FeCl2 cell; ZEBRA cell; battery modelling

1. Introduction

The significance of modelling battery behaviour is present in different stages of de-
velopment. Besides being a supporting tool for cell design, models can be used during
operation to determine critical battery parameters, such as state of charge (SoC) and state
of health (SoH), or even for power output predictions [1,2]. Different approaches, dis-
tinguished by their complexity, have already been used to predict electrochemical cell
behaviour. A commonly used approach is the “Thevenin circuit model”, a combination
of series-connected resistor–capacitor circuits (RC elements) which reproduce the output
voltage of the cell during load and relaxation at reduced computational and implemen-
tation expense. However, cell parameters must be carefully designed to ensure a precise
modelling output. A different and more accurate method is provided by electrochemi-
cal modelling approaches using non-linear differential equations to describe the ongoing
chemical reactions. The advantage of these methods over the Thevenin circuit model is
the level of detail. Besides the output voltage of the cell, internal cell processes can also
be simulated. A third approach is “Black box modelling” using machine learning (ML)
and artificial intelligence (AI). Here, a wide dataset must be generated and the ML and
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AI models need to be trained with data. More details and an extensive discussion on the
mentioned modelling approaches are given by Tamilselvi et al. [1], Boi et al. [3] and Li
et al. [4]. In particular, for application-related modelling and the development of cells in
battery structures such as modules or battery systems, less complex modelling with RC
elements is preferred. However, a trade-off between a low computational effort and the
detail of prediction needs to be found.

In this work, electrochemical and thermal models of sodium–nickel–chloride/iron-
chloride (Na-MCl2) battery cells is presented. Sodium–nickel–chloride/iron-chloride bat-
tery cells are a promising alternative to lithium-ion cells, in particular for large-scale station-
ary applications [5–7]. Figure 1 shows a scheme of the cell design. The anode, consisting of
liquid sodium, is separated from the porous cathode by a solid electrolyte (Na-β” alumina).
The cell operates between 250 ◦C and 350 ◦C to establish ion transportation through Na-β”

alumina. A secondary molten salt electrolyte (tetrachloroaluminate, NaAlCl4) ensures the
ionic conductivity in the porous cathode space. The solid part of the cathode consists of
iron chloride and nickel chloride (FeCl2 and NiCl2), which serve as active materials, as
well as solid NaCl, as a product of the discharging reaction. Additionally, an excess of iron
and nickel metals ensures electron transport towards the current collector. The current
collector, as well as the entire casing, is made of nickel. For each active material (NiCl2 and
FeCl2) there is a corresponding reaction. As indicated in Equations (1) and (2), these two
reactions exhibit different equilibrium voltage levels (EOCV,M with M = Ni or Fe), enabling
the battery cell to cope with higher current peaks [8,9].

NiCl2 + 2Na↔ Ni + 2NaCl (1)

EOCV,Ni = 2.58 V

FeCl2 + 2Na↔ Fe + 2NaCl (2)

EOCV,Fe = 2.35 V

Figure 1. Reaction scheme during NiCl2 and FeCl2 reduction inside the cathode space, RF (reac-
tion front).

The cell type of Na-MCl2 batteries stands out, as it contains readily available and
eco-friendly substances, especially compared to lithium-ion batteries. The active materials
are neither flammable nor explosive. Importantly, there is no occurrence of safety-critical
cell states during operation or in case of cell failure. Another advantage of the Na-MCl2
technology is the high cycle life capability [10], which makes it even more suitable for
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long-term use cases. Despite these advantages, major gaps between the ongoing research
and the industrial relevance and applications still need to be overcome. Here, modelling
can be a powerful tool for resource-efficient development. Within the field of Ni-MCl2
cells, models can help to improve cell performance by optimizing the cathode formulation
or dimensioning.

Electrochemical models of Na-MCl2 cells documented in the literature date back
to the 1990s. Table 1 shows a detailed literature overview of mathematical/chemical
model approaches. These models were analysed by their operational scenario, used cell
chemistry and considered physical processes, e.g., heat formation. Sudoh and Newman [11]
developed a mathematical model focusing on the porous cathode using the theory of
transport processes inside binary molten salts by Pollard and Newman [12]. The cell
model implemented iron chloride as a single active material and no experimental work was
performed to validate the numerical outcome. Further developments of this work, such
as the one by Eroglu and West [13], take the solubility of FeCl2 into consideration, which
was assumed to be constant by Sudoh and Newman. Another approach based on the work
of Sudoh and Newman was performed by Christin [14]. By extending the work to a 2D
simulation, Christin also investigated the thermal behaviour of the cell, considering both
the active materials NiCl2 and FeCl2. Additionally, he was able to reduce the complexity
of Sudoh et al.’s assumptions, while retaining comparability to the experimental data. An
even more straightforward approach was presented by Orchard and Weaving [15]. Their
equivalent circuit model (EC model) divides the cathode compartment into segments of
equal size. By using a combination of Ohm’s law and electrochemical kinetics, the electrical
behaviour and material balances for each segment is calculated. The simple procedure
and cell division ensures a small number of equations resulting in a short calculation time,
while a good agreement with the experimental data was achieved. However, Orchards
and Weavings’ work is not intended for modern Na-MCl2 cells. Besides the consideration
of a single active species (Na-FeCl2), the model represents the discharging process but
not the entire cycle, including charging. Furthermore, heat generation is not included,
which needs to be taken into account for battery system designs. Moreover, a planar cell
design is considered. In summary, the work of Orchard and Weaving shows that the
combination of EC models and electrochemical mathematical laws can be a powerful tool
for the straightforward, model-based development of battery cells. In recent studies, this
approach has already been applied successfully in the field of lithium-ion batteries, albeit
in a more complex structure [16–18].

Table 1. Literature overview of Na-NiCl2 and Na-FeCl2 cell modelling.

Features
1990

Sudoh et
al. [11]

1990
Boom et
al. [19]

1993
Orchard
et al. [15]

2008
Vallance
et al. [20]

2010
Rexed et
al. [21]

2012
Eroglu et

al. [13]

2015
Christin

[14]

2016 Zhu
et al. [22]

2018
Bracco et

al. [23]

Operation
mode

Discharge Yes Yes Yes Yes Yes Yes Yes Yes Yes
Charge Yes No No No Yes Yes No Yes No

Cell
chemistry

Fe Yes No Yes Yes No Yes Yes Yes Yes
Ni No Yes No No Yes No Yes Yes No

Cell
geometry

Planar No No Yes No No No No No No
Radial Yes Yes No No No Yes No Yes Yes

Cloverleaf No No No Yes No No Yes No No

Processes

Porosity Yes No Yes Yes No Yes Yes Yes Yes
Na+

Transport Yes Yes Yes Yes Yes Yes Yes Yes Yes

MCl2
lattice Yes No No Yes Yes Yes Yes No No

Heat
formation No No No No No No Yes No No

Validation No Yes Yes Yes No No Yes No Yes
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The aim of this work is to develop a model representing all relevant cell processes
with a small calculation effort. In addition to the implementation of the second reactions
(Equations (1) and (2)), the model should be capable of representing the charging and
discharging of a Na-MCl2 cell with cylindrical geometry. With the advantages described
above, the approximation approach of Orchard and Weaving [15] will serve as a basis for
the presented model, while the requirements of a cell working with both active materials
will be addressed.

2. Model Development

The following section describes the major steps of the model development and the
implementation itself. Table 2 shows a full list of the used symbols.

Table 2. List of symbols.

Symbol Unit Description

∆G J Gibbs free energy change
F A s mol−1 Faraday constant
R J K−1 mol−1 Universal gas constant
T K Temperature
z Number of electrons transferred

EOCV V Open circuit v t V oltage
E V Cell voltage
η V Overpotential

ηC V Cathode overpotential
ηA V Anode overpotential
ηn V Overpotential in segment n
I A Current

iκ,n A Ionic current in segment n
iσ,n A Electronic current in segment n
ja,0 A cm−3 Anodic standard exchange current density
ja A cm−3 Anodic exchange current density

jn,j,M A cm−3 Charge exchange current density of active material M
jn,j A cm−3 Sum of exchange current densities
j0 A cm−3 Standard exchange current density

j0,n,j,M A cm−3 Standard exchange current density of active material M
dn,j,M Local depth of discharge
ROhmic Ω Separator resistance

Rσ,n Ω Ionic resistance
Rκ,n Ω Electronic resistance

κ Ω−1 cm−1 Standard conductivity
κn,j Ω−1 cm−1 Ionic conductivity in segment n at timestep j
σn,j Ω−1 cm−1 Standard conductivity
σe,n Ω−1 cm−1 Electronic conductivity in segment n
εn,j Cathode porosity

εM,n Metal matrix porosity
τ Totuosity
α Charge transfer coefficient
ln cm Length of each segment
An cm2 Exchange area
q W cm−3 Volumetric heat generation rate

Φ1 V Potential in solid phase
Φ2 V Potential in the electrolyte

vMCl,n,j mol cm−3 Molar volume of active material M in segment n at timestep j

Subscripts

j Time step index
n Segment number
N Total number of segments
M Metal indexing (Ni,Fe)

The reactions in Equations (1) and (2) are balanced for a given equilibrium voltage,
also called the open circuit voltage (EOCV). The respective EOCV for the nickel and iron
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reactions can be calculated according to Equation (3). Here, the Gibb’s free energy (∆G)
represents the convertible amount of chemical energy into electrical energy.

EOCV =
∆G
zF

(3)

with
F : Faraday constant

z : numbers of electrons transferred in electrode reaction

While discharging the battery cell, electrons flow across the load, corresponding to
the discharge current (I). The amount of electrons is directly proportional to the reaction
rate. To overcome reaction and transport resistances, an additional amount of electrical
energy is required, which is expressed with the so-called overpotential, η. More precisely,
the overpotential is the amount by which the cell voltage (E) deviates from the equilibrium
voltage (EOCV). Therefore, the overall cell voltage can be written as

E = EOCV − η (4)

The overpotential (η) can be distinguished into two main parts:

1. Ohmic drop due to electronic and ionic conducting structures, e.g., separator and
current collector.

2. Electrode losses/electrode overpotential: Combines electrode processes such as trans-
port processes and charge transfer kinetics.

Equation (4) can be rewritten as

E = EOCV − IRohmic − ηc − ηa (5)

with the resistance of the separator (Rohmic), the overpotential in the cathode space (ηc)
and the overpotential in the anode space (ηa). The overpotential in the separator can be
calculated based on Ohm’s law as well as the corresponding material parameters. However,
the dependencies of the overpotential on electrode losses are more complex, in particular
regarding the losses in the porous cathode area. That means that Na ions enter through the
solid separator into the cathode space. In the case of discharging, the ions are transported by
the liquid electrolyte towards the side of the reaction. At the interface of the active material
and the electrolyte, the electrochemical charge transfer occurs dependent on the current
density (j). In cases where all active material has reacted at the separator interface, the ions
need to migrate deeper into the cathode area. Restricted by the porous structure of the
cathode, the ion path is not direct (described by the tortuosity (τ)) and a certain resistance
needs to be overcome. Likewise, the electrons flow through the complex metal matrix
towards the side of the reaction. To account for this complex interplay of electrochemical
reactions and charge transport in the model, the cathodic overpotential (ηc) is calculated
according to Orchard and Weaving [15] based on an equivalent circuit shown in Figure 2.
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Figure 2. Equivalent circuit representing the segmented cathode space based on Orchard and
Weaving [15].

The cathode space is separated into N segments with equal volume (vn) along the
cathode radius (rn). Each segment is represented by a combination of three electrical
components. All three components contribute to the entire cathodic overpotential, ηc.

• jn is the current density due to the charge transfer reaction and the corresponding
overpotential, ηn, in the cathode segment n (described by the Butler–Volmer equa-
tion) [11,13,15,24].

• Rκ,n represents the ionic resistance of the secondary electrolyte in the cathode segment
n, leading to an Ohmic potential loss.

• Rσ,n represents the electrical resistance of the nickel and iron matrix in the cathode
segment n, leading to an Ohmic potential loss.

Either the discharge or charge processes are divided into j timesteps. For every
timestep j, the properties of each segment n are calculated with respect to the segment
n− 1 and the time step j− 1. Initially, each segment is assumed to have a uniform quantity
of active species (MCl2 with M = Ni or Fe) and NaCl. At the separator–electrode interface,
the current flowing into the network is purely ionic, iκ,1, and hence must be equal to the
electrical current flowing out of the network, iσ,N , as summarized in Equation (6).

iσ,N,j = iκ,1,j = −
N

∑
n=1

jn,jvn,j (6)

Any oxidation (charge) or reduction (discharge) of the active compound includes a charge
transfer process, which can be described by the Butler–Volmer equation (Equation (7)), where
the contribution of a single segment is given by the current density, jn,j [11,15,25]. This
process represents the phase change of ionic current in the electrolyte to electronic current
in the metal matrix.

jn,j,M = j0,n,j,M[(e(
(1−α)zηn,j F

RT ))− (e(
−αzηn,j F

RT ))] (7)

with
α : Transfer coefficient

R : Universal gas constant

T : Temperature

In Equation (7), j0,n,j,M represents the standard exchange current density. Orchard
and Weaving showed that a dependency on the local depth of discharge (dn,j,M) must
be considered:

j0,n,j,M = j0(1− dn,j,M)2/3 (8)
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dn,j,M = 1−
vMCl2,n,j

vMCl2,n,0
(9)

Both active compounds can provide current and the resulting two current densities
can be summed up for each segment [14].

jn,j = jn,j,Ni + jn,j,Fe (10)

Based on the two terms on the right side of Equation (10), the model calculates the
change in concentration of each species and therefore the respective volume fraction for the
next time step.

In addition to the impact of charge transfer, the charge transport also needs to be
considered. Here, both the current flow in the electrolyte and in the solid metal matrix
phase are described by Ohm’s law [13,14]. However, the effective conductivity is influenced
by the porosity (εn,j) of the cathodic area. Any change in the depth of discharge (DoD)
directly influences the cathode porosity, εn,j, due to a decrease or increase in solid material
(NaCl, M and MCl2). A direct relationship between the porosity and the electrolyte
conductivity (κn,j) can be found by using the Bruggeman equation [11,14,15]:

κn,j = κε1+τ
n,j (11)

The impact of the metal matrix porosity on the electron conductivity (σe,n) is described
analogously [14]:

σe,n = σNiε
1+τ
Ni,n + σFeε1+τ

Fe,n (12)

where the tortuosity factor is represented by τ and the volume fraction of each metal by εM.
Deducing the electrical resistance, Rσ, and the ionic conduction resistance, Rκ , for each
segment n with the length ln and exchange area An:

Rσ,n =
ln

σn An
(13)

Rκ,n =
ln

κn An
(14)

Equations (13) and (14) serve as direct input parameters for the respective resistor
element in the EC segment n in Figure 2.

Furthermore, the charge transfer reaction in the anode leads to a drop in cell voltage (ηA).
The anode overpotential is expected to be low due to the high sodium conductivity. Therefore,
it is reasonable to use the linearized Butler–Volmer Eequation (Equation (15)) [11,25].

ja = ja,0
zFηa

RT
(15)

The simulation itself was set up in MATLAB R2021b and the mathematical model was
implemented and expanded as follows:

• Cylindrical cell geometry with the cathode space divided into 100 segments;
• FeCl2 as an additional active compound besides NiCl2;
• Electron transfer in the metal matrix of the cathode;
• A constant current charging and discharging cycle;
• Heat generation.

The general structure of the code is shown in Figure 3 and will be briefly described in
the following.
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Figure 3. Activity diagram representing the implemented code.

The procedure was initialized by setting the amount of each species homogeneously
distributed over the cathode space (see note at the end of this section).

Within the first step, a value for ηc is estimated and set in the EC Model as η1 in the
Butler–Volmer equation of segment 1 located at the separator. Running the model will
return the respective current transfer values and charge transport losses of all segments. The
estimated ηc value is valid in cases where the first break condition is reached. Otherwise, a
loop process starts to approximate ηc until the condition is fulfilled (see Figure 3). This first
break condition is derived from Kirchhoff’s current law, which states that the sum of the
currents flowing in a node is equal to the sum flowing out of the same node. Applied on
the described network, the ionic current flowing into the network (iκ,β) must be equal to
electronic current flowing out of the network (iσ,N) (see Equation (16)). Inaccuracies due to
rounding errors are taken into account including a tolerance (tol) into Equation (16).

iκ,β = iσ,N ± tol (16)

The ηc value is optimized in the next step by using the fmincon function provided
in MATLAB. Therefore, a second condition is implemented. The second condition states
that ηc must have a negative or a positive sign for discharging or charging, respectively.
Fulfilling both conditions leads to a new ηc for the current time step j. At the end of every
time step, the cell voltage and the new material balances across the cell are calculated
according to Equations (1) and (2).

As described earlier, two species are responsible for current generation during the
electrochemical reaction. For discharging, the iron chloride reaction occurs at cell voltages
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of E ≤ EOCV,Fe and is thus below EOCV,Ni. Therefore, the respective OCVs are used as initial
conditions. This derives two cases for the reaction process (example discharging process):
E > EOCV,Fe

• Equilibrium voltage in Equation (5), E OCV = EOCV,Ni.
• In this case, only NiCl2 is converted, because in this voltage range the iron reduction

is thermodynamically not preferred.
• The electrochemical reaction follows Equation (1).

E ≤ EOCV,Fe

• Equilibrium voltage in Equation (5), EOCV = EOCV,Fe.
• In this case, both NiCl2 and FeCl2 are converted, because in this voltage range iron

reduction is also thermodynamically preferred.
• The electrochemical reaction follows Equations (1) and (2).

Note: The model allows running (multiple) consecutive charging and discharging
sequences. No homogeneous distribution of the materials is necessary as an initial condi-
tion. Rather, the (inhomogeneous) material distribution from the previous process can be
transferred, as it may result from a termination at different state of charges. For this feature,
it is indispensable to be able to model the charging and discharging processes.

Modelling Heat Generation

Na-MCl2 cells are operated at high temperatures around 300 ◦C, which need to be
ensured by an adequate battery thermal management system (BTMS) [26], particularly
because temperature has a great impact on cell performance, life time and reliability [27,28].
Temperatures above 155 °C ensure a liquid state of the sodium anode and of the secondary
electrolyte. Recently, Buettner et al. showed that higher operation temperatures help
increase the ionic conductivity of either the solid or the liquid electrolyte, which decreases
the internal cell resistance significantly [29]. Furthermore, the electrochemical reaction is af-
fected by the operation temperature since OCV and j0 are temperature-dependent variables.
However, by using a heat regulation system, the effect of temperature variations during
operation can be neglected [14]. Hence, the model is set at isothermal conditions. Neverthe-
less, in order to ensure such stable temperature conditions, an appropriate dimensioning of
the heat exchange system is indispensable. Importantly, heat is not provided exclusively
by the BTMS and its connected heater. Heat is mainly generated by the electrochemical
reaction itself as well as by internal resistances of the battery cell. Bernadi et al. provided a
global energy balance to estimate the overall heat generation by an electrochemical cell [30].
This approach is valid under the assumption of a homogeneous reaction and temperature
distribution in the reaction volume. However,similar to the electrochemical reaction, a heat
generation front is expected to move through the cell during the charging and discharging
processes. Since the electrochemical reaction has the greatest impact on heat generation
within the cell, it must be resolved in the cathodic volume.

Here, the liquid electrolyte can be assumed to be constant in composition as the pre-
cipitation and dissolution has been found to possess infinitely fast kinetics [14]. Therefore,
we also assume no concentration gradients of the secondary electrolyte along the battery
dimension and no related heat effects such as heat generation due to mixing. With this, the
volumetric heat generation rate q can be estimated by [27,28,31]:

q = ∑
n,M

jM,nT
∂EOCV,M

∂T
+ ∑

n,M
jM,nTηn,M + ∑

n
∇Φ2

1,nσe,n + ∑
n
∇Φ2

2,nκn (17)

Equation (17) represents the heat generation rate of the entire reaction volume by
summing up the contributions of the single segments. Here, the first two terms on the right
side address the reversible (entropic heat) and the irreversible heat associated with each
charge transfer reaction (Equations (1) and (2)). The last two terms represent the Ohmic
heat generated by electron and ion transfer in the solid and liquid matrix, respectively, with
the potential in the solid phase Φ1 and the potential in the electrolyte Φ2.
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3. Results

For the validation of the model, experiments using commercial ML3X cells (FZSoNick,
Stabio, Switzerland ) with an estimated capacity of 41 Ah were performed. For this purpose,
the cell voltage was measured for constant charge/discharge current investigating a C-rate
range of 1/2C to 1/24C with a potentiostat (BioLogic VMP300, Seyssinet-Pariset, France,
with three 10 A boosters). Subsequently, the model was used to draw conclusions about the
internal mechanisms, such as the charge transport resistances or the material concentration
distribution. At this point it is important to mention that the ML3X cell has a coverleaf
shape separator, in contrast to the presented model, which is cylindrical for simplicity. All
relevant model parameters are summerized in Table 3.

3.1. Cell Voltage for Discharge and Charge Cycle

When a current is applied to the cell, the cell voltage changes as a function of current
direction, current intensity and the state of charge of the cell. The voltage curve is there-
fore an important parameter of cell performance. Accordingly, the charge and discharge
voltages were simulated and afterwards the model-based predictions were compared with
experimental data. Figure 4a shows the voltage curve over the depth of discharge (DoD)
for a discharge rate of 1/8C, which corresponds to a discharge current of I = −5.125 A.
For small DoDs (<0.6), the modelled curve (black line) shows a flat voltage progression at
about 2.52 V, followed by a sharp drop in voltage at DoD = 0.75 to a level of about 2.31 V,
leading to a second plateau. The formation of two voltage plateaus can also be observed
in the experimental data (green curve). The nickel chloride reaction exhibits a higher
equilibrium voltage (Equation (1)) and can therefore be assigned to the first plateau. The
equilibrium voltage of the iron reaction is only reached when the cell voltage decreases, so
that the iron reaction (Equation (2)) dominates for the second plateau. For the first plateau,
the model and experimental curves lay comparatively close to each other. However, at
DoD > 0.8, the second plateau of the experimental curve appears later in comparison to
the modelled one. In addition, the experimental curve exhibits a much flatter curve with
several voltage steps between 2.3 and 2.4 V at the transition voltage plateau. Recent studies
have shown that, besides the direct reduction of MCl2 to M, intermediate complexes are
formed in a voltage window of 2.3–2.4 V [32]. This complex formation is not considered =
in the presented model, but may be the reason for the voltage steps in the transition region
of the experimental curve. Furthermore, the experimental end-of-discharge voltage lies
significantly above the model-based curves. The experimental curve ends at 2.2 V, whereas
the model curve has a much steeper voltage drop. This discrepancy can be related to the
unknown exact amount of active material and thus the capacity in the commercial cell. A
precise matching of the DoD between the experiment and model is therefore not possible.

Figure 4b shows the corresponding charge curve, also for a C-rate of 1/8C. Analogous
to the discharge curve, two plateaus can be identified in the model-based voltage curve
(black curve). For a fully discharged cell (DoD = 1.0), the voltage has a value of about
2.4 V and rises linearly at first, then jumps to a level of about 2.6 V at DoD = 0.83, which
is followed by another voltage plateau. Finally, the voltage raises again abruptly at the
end of the charge cycle. For charging, the first plateau at DoD = 0.85–1.0 can be assigned
to the oxidation of iron (Equation (2)), where for voltages above EOCV,Ni, the oxidation
of nickel starts, leading to a second plateau. In the experimental curve (green curve), the
charge cycle was terminated at an end-of-charge voltage of 2.7 V. The experimental curve
also shows an offset from the model over the entire charge cycle. This suggests that the
overall internal resistance of the real cell is not correctly reflected in the model. Missing
details of the commercial cell, such as the exact dimensions, can be explained by one
reason. Similar to the discharging experiment, the voltage steps in the transition region
between the two plateaus appear most probably due to complex formation [32]. Another
reason for the voltage deviation is the separator shape of the model. Compared to the
coverleaf separator in the validation cell, a cylindrical-shaped separator is assumed in the
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model. However, in general, qualitatively similar voltage curves are found for between the
experiment and model.

Figure 4. Model validation with 1/8C (I = 5.125 A): (a) discharge (dch) and (b) charge (chg).
Highlighted are three different segments: 1 and can be removed. The following highlights are the
same. refers to the voltage plateau according to Equation (1); 2 refers to the transition towards the
next plateau; and 3 is related to the voltage plateau according to Equation (2).

3.2. Impact of C-Rate on the Discharge Voltage

Further discharge cycles were investigated in a C-rate range from 1/24C to 1/2C and
subsequently compared with the experimental data. The results are plotted in Figure 5a. In
general, the transition between the two voltage plateaus is found to become increasingly
blurred for higher C-rates. For 1/2C in particular, there is almost no apparent plateau or
transition and the voltage level drops significantly for small DoDs. The experimental data
also reflects this. Especially for higher C-rates, there is a discrepancy between the modeled
and experimental data for DoD = 0. In the model, the initial voltage drop is significantly
overestimated. Furthermore, the model reproduces the respective transition region over
DoD for the different C-rates well, but an overall shift in the transition region to smaller
DoD can be observed compared to the experiment. The reason for this shift can be found
again in the unknown exact composition of the commercial cell, since the ratio of NiCl2 to
FeCl2 was estimated for the model initialization. Comparing the model results for different
C-rates shows that the model is capable of reflecting the increasing voltage losses for higher
C-rates.

Figure 5. (a) Simulated and measured discharge voltages for four different C-rates over DoD.
(b) Modelled charge and discharged voltage for 1/8C showing a hysteresis.
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3.3. Voltages Losses during Cell Cycling

The voltage drop during discharging can generally be described in terms of the
resistances in the cell [29]. As explained at the beginning, these resistances are due firstly
to the charge transport (ionic and electronic) and secondly to the charge transfer on the
cathode and anode side (Equations (13) and (14)).

Figure 6a shows the ionic resistance in the cathode compartment for a discharge rate
of 1/8C. The resistance profiles across DoD for four exemplary segments are plotted in this
figure, with segment #20 located closer to the separator and segment #70 located closer
to the current collector. For each segment, an increase in resistance is observed as the
discharge progresses, which can be related to the change in porosity since the solid fraction
increases with the DoD. However, the more dominant factor is the position of the segment
in the cathode space. Segments closer to the center of the cathode have a smaller exchange
surface area due to the cylindrical shape of the cell. Accordingly, the resistance value
changes with the position of the segment (Equations (13) and (14)).

During the discharge process, ions must migrate from the separator to the site of the
reaction in the cathode. At the beginning of the discharge process, the site of the reaction
is on the inside of the separator (segment #1) and migrates deeper into the cathode space
as the discharging continues. The so-called reaction front has already been described in
the literature by Rijssenbeek et al. [32] and can also be reproduced by the model presented
here. The longer the distance of the ions to the reaction front, the higher the resistance
to be overcome. This effect is amplified by the increasing resistance value of segments
close to the current collector. Thus, the voltage value slowly decreases at the beginning of
the discharging cycle and the NiCl2 plateau is formed. Due to the longer distance to the
reaction front and the increasing resistance of the segments, the voltage drops more and
more until it finally reaches the open circuit voltage of FeCl2. Here, a second reaction front
corresponding to the iron reaction is formed, which again starts at the segment directly
facing the separator. Accordingly to this, the voltage losses become small again and the
iron plateau is formed.

Due to the Ohmic character of the ionic resistance, a stronger voltage drop is observed
for higher C-rates (Figure 5a). With this voltage drop, the end-of-discharge voltage is
already reached at smaller DoDs, which is accompanied by a loss in capacity for higher
C-rates. This is particularly evident in the voltage curve for 1/2C discharge in Figure 5a.

Besides the ion transport resistance, the released electrons must also overcome a
resistance in the metallic network. The electron resistance is plotted across the segments in
Figure 6b for 1/8C discharge as an exemplary case. The highest value is found directly at
the current collector due to the smallest exchange surface area, which is consistent with
the results for ionic resistance. Nevertheless, the overall electron resistance is relatively
small in comparison to the resistance due to ion transport. Therefore, the impact of electron
transport on the cell voltage is neglected in this model. This finding is also consistent
with the results in the literature [14,15]. The electron resistance may become important
for different cathode compositions, for much higher current rates or due to changes in the
particle morphology, for instance, by ageing effects.
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Figure 6. (a) Resistance due to ion transport over DoD. (b) Electrical resistance in the solid metal
matrix over segment number, for DoD = 0.5. Both graphs have been modelled for discharging
with 1/8C.

3.4. Hysteresis Effect

Another characteristic of Na-MCl2 is the hysteresis effect, as shown in Figure 5b. This
causes the plateau transition for charging and discharging to occur at different DoDs. For
the charging curve, a transition takes place at DoD = 0.75, whereas for the discharge curve,
a DoD = 0.83 is identified. Zinth et al. [33] provided a relationship between complex
formation and hysteresis. At the beginning of charging an empty cell (DoD = 1), the iron
reaction does not follow Equation (2) but forms a complex with NaCl, as described in
Equation (18). The complex formation leads to a rapid increase in the required cell voltage,
so that EOCV,Ni is already achieved at higher DoDs. This is taken into account in the model
by limiting the iron available to 60% [33] for the charging reaction, until the cell voltage
exceeds EOCV,Ni. Afterwards, the complex is degenerated and parallel oxidation of nickel
and iron occurs, providing the full charging capacity.

8NaCl + Fe↔ Na6FeCl8 + 2Na (18)

3.5. Material and Volume Distribution

In contrast to the experimental data, the model allows detailed insights into the
processes of the cathode space. The model provides predictions of the concentration
distributions and the exchange current density over the simulation period. In Figure 7a,
the concentration distribution of the active material NiCl2 across the segments is plotted.
The distribution for different DoDs during a discharge cycle with 1/8C is shown. First, the
model is initialized with a homogeneous concentration distribution over the entire cathode
space (DoD = 0). Afterwards, the reduction of NiCl2 can be observed beginning from
segment #1, which is located at the separator. Even though the largest mass conversion is
identified for segments close to the separator, it is evident that segments participate over
the entire cathode area. As the active material is depleted in segments near the separator,
the reaction contribution of segments deeper in the cathode space increases. Hence, for
DoD = 0.5, NiCl2 is no longer available in the first segments and accordingly, a reaction
front [32,33] appears from segment #20 onwards. Finally, for DoD > 0.7, NiCl2 is available
exclusively in the segments located close to the current collector and the conversion is
reduced to a lower level. At this point, the reaction front has migrated deep into the
cathode space, which increases the distance the ions have to travel. As described above,
the ionic resistance increases with distance. This leads therefore to a massive drop in cell
voltage until finally EOCV,Fe is reached. From this point onward, a change in concentration
of the second active material, FeCl2, can be observed (Figure 7b). First, the initialized,
homogeneous distribution of the second active material stays constant for DoD < 0.7. For
DoD > 0.7 and consequently a cell voltage below EOCV,Fe, the reduction of FeCl2 starts
from the separator, similar to the NiCl2 reaction progression. As described by Zinth et
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al. [33], in addition to the NiCl2 reaction front near the current collector, a second reaction
front forms at the separator, which also migrates towards the current collector. Therewith,
the distance of the ions to the second reaction front and thus the ionic resistance are reduced.
The related reduction in overpotential leads to the formation of the second voltage plateau
in the discharge curve (Figure 4a).

Figure 7. (a) Volume fraction distribution of NiCl2 over the segments 0−100 for different DoDs.
(b) Volume fraction distribution of FeCl2 over the segments 0−100 for different DoDs. (c) Calculated
charge transfer current for the corresponding DoDs shown in (a,b).

The calculation of the concentration distribution is based on the exchange current
density, which is also shown across the segments in Figure 7c. Here, the findings from
Figure 7a,b are combined in one plot. One additional point may be highlighted here. At
DoD = 0.7, the exchange current density increases significantly near the current collector.
Due to the NiCl2 depletion, no current is provided by the segments closer to the separator
and consequently the voltage losses increase dramatically. In the next step, for DoD = 0.8,
the second reaction front related to FeCl2 reduction appears at the separator. Due to
the lower losses, the FeCl2 reaction at the separator is preferred and the contribution of
segments closer to the centre is strongly reduced. This clear shift in the exchange current
density distribution corresponds to the change in the plateaus in the voltage curve (Figure
4). It is worth highlighting that in this case, both active compounds provide current at the
respective reaction front.

As shown in the theoretical part of the paper, the material composition, porosity and
geometry have a significant effect on cell resistance. In cases where the resistances are
too high, there is a risk that active material will not be converted, resulting in a loss in
capacity. The spatially resolved simulation data allow important conclusions about the
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effective utilization of the active materials in the cathode space. As an example, Figure
7a shows that at DOD > 0.7, there is an almost constant concentration of NiCl2 in the
segments near the current collector. In the worst case, this amount of active material
remains unreacted until the end of the discharge, causing a capacity loss. By decreasing
the ionic resistance, the reaction front for NiCl2 would migrate deeper into the cathode
space and the described effect would shift to higher DoDs and thus ensure more efficient
utilization of the active material.

3.6. Heat Generation

The reaction rate and charge transport also affect the heat generated by the cell during
discharging. Based on Equation (17), the volumetric heat generation rate, q, has been calcu-
lated. The temperature dependency of the open circuit voltage is assumed to be equal for
nickel and iron reactions and can be found in the literature as ∂EOCV,M

∂T = 2.16× 10−4V/K [28].
Figure 8a shows that the overall heat generated by the cell increases up to a DoD

of 0.7, until it suddenly drops down only to increase again. This fits very well with the
two reaction plateaus shown in Figure 4. The slope of the overall heat generation can
be related to a change in the path length that ions need to overcome to reach the side of
reaction. Therefore, in Figure 8b, the individual heat generation terms from the right side
of Equation (17) are plotted. Figure 8b indicates that the reversible part of the reaction heat
stays constant over the entire discharging process, which is consistent since the provided
discharge current stays constant as well. However, the ionic path length increases with
the progress of discharging and therefore the related Ohmic heat also increases. For a
discharge rate of 1/8C, Figure 4a shows that at DoD = 0.7, the terminal voltage reaches
the iron OCV. At this time, the reaction front moves back to the separator interface and
the ionic path length decreases instantaneously. Due to the shorter ionic path length, the
Ohmic heat by ionic transport as well as the irreversible reaction part drop significantly.
Therewith, the overall heat generation reflects the transfer point from one reaction plateau
to the other by a sudden drop. Additionally, Figure 8b shows that the Ohmic heat due
to electron transport in the solid matrix is negligible compared to the other contributors.
This is similar to the impact of the electron resistance. Figure 8c gives some interesting
insights into the heat generation of a single segment of the cathode (segment position in
the middle of the cathode). For DoD > 0.6, the reaction in the observed segment stops
and heat is generated only from the charge transport. At this point, the reversible reaction
decreases to zero, indicating that all active material has been used up by the discharging
reaction. At the same time, the heat due to ionic transport propagates with a constant
value. In this DoD range (DoD = 0.6–0.7), all ions need to pass the examined segment to
reach the side of the reaction. The slope exhibits again a sudden change in the moment the
transfer point between OCVs is reached. At DoD = 0.7, the reaction of the second active
material is enabled and consequently the reaction heat increases while the ionic transport
impact vanishes.

Table 3. List of model parameters.

Symbol Value Additional

T 573.15 K
j0 0.14 A cm−3 [15]

j0,A 5 A cm−3 [15]
hK 21 cm Estimated value
rK 1.8 cm Estimated value
dβ 0.15 cm Estimated value
σNi 1/(6.24 · 10−6(1 + 0.0069 · (T − (20 + 273.15)))) [34]
σFe 1/(9.71 · 10−6(1 + 0.0065 · (T − (20 + 273.15)))) [34]
κ 0.145− 1.827mB + (−0.5715 + 6.358mB) · 10−3 · T) [14]

mB 0.5436− 1.972 · 10−4 · T + 2.346 · 10−7 · T2 Molar ratio in the electrolyte [14]
metuti 0.25776 Metal utilization
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Figure 8. Results of the thermal model. (a) Overall heat generation of the reaction volume in one
discharging cycle. (b) Contribution of the different heat generation terms. (c) Heat generation in a
single segment (#50) over one discharging cycle with 1/8C.

4. Conclusions

A model for predicting the electrochemical and thermal behaviour of Na-MCl2 cells
based on a hybrid approach was presented. The model uses a resistor network consisting
of Ohmic and electrochemical resistances. Based on Orchard and Weaving [15], the cathode
compartment is divided into several segments, allowing the spatial resolution of the cell
processes during charging and discharging. Compared to previously presented electro-
chemical modelling approaches, the developed model structure offers the advantages of a
reduced complexity and consequently a lower computational effort, while representing the
relevant cell parameters.

First, the charge and discharge curves of the model were validated. A good prediction
of the typical voltage plateaus were found, although certain discrepancies in the voltage
values compared to the experimental data appear. Besides the impact of side reactions,
which were not considered in the model, the unknown composition and simplified shape of
the commercial validation cell has been identified as one of the reasons for these deviations.
Secondly, the model was used to predict the discharge behaviour in a C-rate range of 1/2C
to 1/24C as well as the hysteresis effect of the Na-MCl2 cell. Finally, the progress of the
reaction front was monitored over a discharge cycle, in addition to the active material
concentration distribution and the exchange current density distribution. Thus, the model
represents a development tool for the target-orientated optimization of cell composition as
well as the geometry that can be used to characterize cells in advance at reduced cost. It
provides the necessary input parameters for module and system development as well as
for transferring to future applications in large capacity storage. To cover the full application
scenario, a further extension of the model will be necessary with regards to the relaxation
processes. In this way, the cell response on current pulses and real load profiles could be
determined. Nevertheless, besides model development, this requires additional experimen-
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tal and analytical work to understand all the relevant electrochemical mechanisms in the
cell [35]. Recent investigations have shown that high operation temperatures accelerate
Oswald ripping of the cathode particles and therefore promote ageing of the cell [36].
Further study of particle properties and micro-scale processes representing such ageing
phenomena would enable the presented model to cover the entire lifetime of Na-MCl2 cells
already in the development stage.
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