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Sodium-sulfur (NaS) batteries are a promising energy storage technology that features high energy density, 
high cycle life, and no self-discharge. One of the cell design considerations that can affect the performance and 
construction of NaS batteries is cell geometry. While the planar geometry has advantages in power output, cell 
packing, ease of assembly, and thermal management, it has thermo-mechanical issues in sealing, which makes 
it less commercialized than the tubular geometry. In this work, the first multiphysics model of a NaS cell with a 
planar geometry was developed by extending an existing multiphysics model for a NaS cell with a tubular 
geometry. A previously developed multiphysics model for the tubular NaS cell was first adapted into COMSOL 
Multiphysics®. The model’s results were then validated against experimental discharge profiles and surface 
temperatures. After this, a planar NaS cell was simulated using the dimensions of an experimental planar cell, 
with the mass, heat, and charge transfer equations and parameters previously used in the tubular multiphysics 
model. The results from the planar model were then validated through comparison to experimental discharge 
profiles for a planar cell. The developed model can be used in future research and development of NaS batteries 
by comparing performance parameters of the planar geometry such as discharge profiles, energy densities, and 
temperatures with a multiphysics model of the tubular NaS battery. 

1. Introduction 
A major drawback of renewable energy such as wind and solar power is the inherent lack of stability of these 
resources (Ibrahim et al., 2008). As such, energy storage systems may be employed to store energy during 
peak times and release it when renewables are unable to meet the demand (Beaudin et al., 2010). The sodium-
sulfur battery (NaS) is a promising energy storage technology with several key features such as a high energy 
density, high efficiency, low cost, versatility, and a high degree of technical maturity (Oshima et al., 2004). For 
energy storage applications, high-temperature NaS batteries are of greater interest than their room-temperature 
counterpart due to its higher capacity retention and better cycling properties (Nikiforidis et al., 2019). 
In a high-temperature NaS battery, molten sodium and sulfur serve as the battery’s anode and cathode (Oshima 
et al., 2004). Both are separated by beta-alumina solid electrolyte (BASE), which permits the selective transport 
of Na+ ions from the anode to the cathode. The cell may be built with either the tubular or planar geometry. The 
tubular geometry provides better mechanical stability for the BASE and the design can be easily scaled into 
high-capacity cells (Kim et al., 2016). On the other hand, the planar cell geometry has superior power output, 
cell packing, ease of assembly, and thermal management (Lu et al., 2016), but suffers from thermo-mechanical 
issues, which pose safety risks (Nikiforidis et al., 2019). 
The performance of different battery designs can be evaluated via multiphysics modeling. This technique 
incorporates various physical phenomena such as mass transfer, charge transfer, and heat transfer to describe 
systems where the properties of the entities in the system are coupled to other variables (Dickinson et al., 2014).  
Multiphysics modeling comes with several advantages, such as saving resources from constructing physical 
experimental setups while still allowing a comprehensive study and analysis of the system. It can also provide 
additional data and analysis that would otherwise be too difficult to obtain from experimental setups. 
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Multiphysics models for the tubular geometry of the high temperature NaS cell have been previously developed. 
For instance, Schaefer et al. (2020) developed a 1D axisymmetric transient non-isothermal model of a tubular 
NaS cell. This study was based on earlier models developed by Kawamoto and Kusakabe (1989) and Kawamoto 
(1991). However, no models have been developed for planar geometry thus far. These models could be used 
to study the performance of high-temperature planar NaS batteries and compare it to the performance of a 
similarly sized tubular NaS cell.   
In this work, a multiphysics model of a high-temperature planar NaS battery was formulated based on existing 
models for tubular NaS cells. First, a multiphysics model for a tubular NaS battery was replicated in COMSOL 
Multiphysics®. The model was then validated by comparing operating voltages and surface temperatures during 
charging and discharging operations with experimental data in the work of Schaefer et al. (2020). Afterwards, 
the model was extended for planar geometries, and then validated with experimental data from Kim et al. (2016). 

2. Methodology 
2.1 Model description 

The discharge reaction for a sodium-sulfur battery is described by Eq(1) and Eq(2). The sodium metal in the 
anode liberates an electron to form Na+. The ion is then transported across the BASE and into the cathode, 
where it reacts with sulfur to form a polysulfide compound Na2Sx.  

2Na → 2Na+ + 2e− (1) 

2Na+ + 𝑥𝑥S + 2e− → Na2S𝑥𝑥 (2) 

The geometry of the tubular and planar batteries are presented in Figure 1. The tubular model was described 
using a 1D axisymmetric geometry, wherein the positive radial direction goes from the center of the tubular cell 
towards a radially outward direction until the outer surface of the molten sulfur cathode. The planar model 
assumes that 1D transport phenomena occur along its thickness. The positive 𝑥𝑥 direction in the planar cell starts 
from the outer surface of the sodium anode to the outer surface of the sulfur cathode.  

 

Figure 1: Schematic diagram and dimensions of tubular (a) and planar (b) geometries of the NaS cell 

The tubular model was developed based on the non-isothermal model of a NaS battery created by Schaefer et 
al. (2020), while the planar model is based on the experimental planar battery created and reported by Kim et 
al. (2016). These works were selected since they contained various data such as its operating voltage at different 
depth of discharge which can help in validating the accuracy of the model. 
The model was implemented in COMSOL Multiphysics® using the Battery with Binary Electrode, Heat Transfer 
in Solids interfaces, and Electrochemical Heating modules. The mesh was the default one generated by 
COMSOL Multiphysics®, and contained 102 vertices in the tubular model and 36 vertices in the planar model. 
Physical memory and virtual memory used during the computation were around 750 MB and 1450 MB, with a 
computation time of around one minute. 

2.2 Governing equations 

Schaefer et al. (2020) developed a transient nonisothermal model of a tubular NaS cell based on the cell detailed 
in the works of Kawamoto and Wada (1987), Kawamoto and Kusakabe (1989), and Kawamoto (1991). The 
cathode melt of the NaS cell was considered by Newman and Thompson (1989) to be a binary melt consisting 
of sodium cations and sulfide anions in a neutral sulfur solvent. As such, the electrochemical equations for 
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concentrated solution theory are used for this model. The electrochemical model includes the volumes of the 
sulfur electrode and the BASE only, with the former being models as a porous electrode and the latter modeled 
as a separator.  
While most of the parameters used are obtained directly from the work of Schaefer et al. (2020), the following 
parameters were modified for this work. The electrolyte conductivity, electrolyte salt diffusivity, and electrode 
conductivity of the cathode were modified with the porosity in the polysulfide melt 𝑝𝑝 as an empirical fitting 
parameter for the model. 

𝜎𝜎l,eff = 𝑝𝑝𝑁𝑁𝜎𝜎l (3) 

𝐷𝐷l,eff = 𝑝𝑝𝑁𝑁𝐷𝐷l (4) 

𝜎𝜎s,eff = (1 − 𝑝𝑝)𝑁𝑁𝜎𝜎s (5) 

The transport number was modified from the work of Risch and Newman (1988). The empirical constants 𝛽𝛽1 
and 𝛽𝛽3 are given in the same work. 

𝑡𝑡+ = � 1 𝑀𝑀 ≥ 0.71
−[(𝛽𝛽3 𝛽𝛽1⁄ ) + 𝑋𝑋E] (1 − 𝑋𝑋E)⁄ 𝑀𝑀 < 0.71 (6) 

A flux condition is imposed on the sodium/BASE interface to simulate the anode compartment as a reservoir 
where sodium ions may enter, or exit based on the electrolyte current. Electric insulation is imposed on the 
sulfur/BASE interface. An electrolyte potential boundary condition was used to set the potential at the 
sodium/BASE interface to 0 as a reference potential. Finally, an electrode current boundary condition was used 
to set an applied current as the outer face of the cathode compartment. This applied current is varied in different 
simulations. 
The thermal model developed by Schaefer et al.  (2020) considered the heat generation in each component 
through the electrochemical phenomena occurring in the component as well as heat transfer by conduction 
through the model and convection and radiation at the surfaces of the cell. The model only considered 1D heat 
transfer. The heat generation in the cell is the result of Joule heating, activation losses, and reversible heating 
due to reactions in the electrochemistry interface. COMSOL’s electrochemical heating multiphysics node was 
used to implement this for the model. 
The physical and chemical constants such as mass, density and other parameters are obtained from the work 
of Schaefer et al. (2020). Values of the polysulfide melt porosity’s exponent were studied from 0.9 to 1.2 in 
intervals of 0.1 to find the value that best fits the experimental data. The electrode volume fraction for the tubular 
cell was obtained from the work of Kawamoto and Wada (1987) while the porosity of the polysulfide melt was 
retained from the work of Schaefer et al. (2020). The heat transfer coefficient was estimated by fitting it to reduce 
the deviations with the experimentally determined surface temperature of the cell over time. Nevertheless, the 
estimated value of 45 W/m2·K was comparable to the 30 W/m2·K value used by Schaefer et al. (2020). 

Table 1: Input parameters to the model 

Parameters  Value Reference 
Transport parameter correction factor, 𝑝𝑝 0.35 (Schaefer et al., 2020) 
Exponent to the correction factor, 𝑁𝑁 0.9 to 1.2 This work 
Electrode volume fraction, 𝜀𝜀s 0.0464 (Tubular) 

0.2784 (Planar) 
(Kawamoto and Wada, 1987) 
This work 

Heat transfer coefficient, ℎ [W/m2·K] 45 This Work 
 

2.3 Model validation 

To compare model results with experimental data, the model inputs listed in Table 2 were used to simulate the 
conditions in the experimental set-ups. The convention used for the current is (+) for discharge and (-) for charge. 
For comparing the voltage vs state of discharge (SOD) data and temperature vs time data with Schaefer et al. 
(2020) and Kim et al.’s (2016) experimental data, the simulation was run at a single current for a fixed amount 
of time. For comparing the voltage vs time data with Kawamoto and Kusakabe’s (1989) experimental data, the 
simulation was operated for 3 charge/discharge cycles to achieve a steady-state condition at high current 
density operation, with the third cycle’s data being used for the comparison. 
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Table 2: Model inputs used in simulating the experimental set-ups 

Experimental Data Source  Current [A] Runtime [h] Initial SOD Initial Temp. [°C] 
Schaefer et al. 3.0 / -3.0 16.0 0.18 / 1.00 335 
(2020) 6.0 / -6.0 7.8 0.18 / 1.00 335 
 9.0 / -9.0 4.5 0.29 / 1.00 335 
Kawamoto and Kusakabe 11.0 / -11.0 3.8 / 3.9 1.00 335 
(1989) 16.5 / -22.0 2.6 / 1.9 1.00 335 
 22.0 / -33.0 1.45 / 1.0 1.00 335 
Kim et al. (2016) 1.2 4.5 0.138 350 
 -1.0 4.5 0.781 350 
 

3. Results and discussion 
3.1 Model validation 

Figure 2 compares the model results to the experimental data from the work of Schaefer et al. (2020). The 
model appears to be able to approximate the experimental data. As the fitting parameter increases, the deviation 
of the charge and discharge curves from the equilibrium potential also increases. 

 

Figure 2: Comparison between model and experimental data for voltage with respect to SOD at (a) 3 A, (b) 6 A, 
and (c) 9 A at different values of the porosity exponent 𝑁𝑁 

In Figure 3, the model can provide results which are able to follow the trend of the experimental data. However, 
larger deviations may be noted for high current density applications. According to Kawamoto and Kusakabe 
(1989), discrepancies at low SOD occur due to the formation of the sulfur insulating film at the surface of the 
BASE and discrepancies at high SOD may be attributed to the partial formation of Na2S2, which precipitates out 
of the polysulfide melt at the operating temperature (Kawamoto and Kusakabe, 1989). 

 

Figure 3: Comparison between model and experimental data for voltage with respect to time for high current 
density operation: (a) 11 A charge/11 A discharge, (b) 16.5 A charge/22 A discharge, and (c) 22 A charge/33 A 
discharge at different values of the porosity exponent 𝑁𝑁 

In Figure 4, the model follows the trend of the experimental data, but the results are observed to have spikes 
and sudden drops. A spike may be observed at the transition zone between charge and discharge. A sudden 
drop is also observed at the start of the profiles as this is a transition point from discharging to charging.  In 
general, the charging temperature is observed to be lower than the discharging temperature, which is to be 
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expected as the reaction involved in the NaS cell is exothermic. Despite the ambient temperature being held 
constant at 335 °C (608.15 K), the temperature for high current density operation for the tubular model is very 
close to the safe temperature limit of NaS cells of 400 °C (673.15 K), with the highest current of 33 A discharge 
even surpassing this safety limit. Based on the comparison between the tubular model and the experimental 
data, a value of 𝑁𝑁 = 1 appears to be sufficient for the model. 

 

Figure 4: Comparison between model and experimental data for temperature with respect to time for high current 
density operation: (a) 11 A charge/11 A discharge, (b) 16.5 A charge/22 A discharge, and (c) 22 A charge/33 A 
discharge at different values of the porosity exponent 𝑁𝑁. Core temperature estimates were calculated in the 
work of Kawamoto and Kusakabe (1989) 

The model developed by Kawamoto and Kusakabe (1989), which formed part of the basis of the model 
developed by Schaefer et al. (2020), also exhibited similarly poor fit with experimental data. Kawamoto and 
Kusakabe (1989) calculated cell voltage as a function of the cell’s open circuit voltage and a pre-defined 
resistivity. Schaefer et al.’s (2020) model was able to improve the fit by obtaining the cell voltage as a 
consequence of 1D mass and charge transport, but otherwise still retained a noticeable error. As such, the 
inclusion of multidimensional transport phenomena, may be able to improve the fit.  
In Figure 5, the experimental data from the reference was compared to the model results (Kim et al., 2016). For 
the charge plot, the model is able to follow the experimental data well. However, for the discharge plot, the 
model’s discharge voltage has a relatively high curvature compared to the experimental data (Kim et al., 2016). 
This is able to verify that the planar multiphysics model developed is able to describe a real planar NaS cell. It 
would be ideal to compare the performance of the planar and tubular cells using the multiphysics models, but it 
should be noted that this is not a straightforward process. This is because the dimensions of the batteries for 
comparison (e.g., how to scale up/down the dimensions) must be carefully selected for a fair comparison 
between the planar and tubular cells. 

 

Figure 5: Comparison between the model and experimental data for voltage with respect to SOD for the planar 
geometry at different values of the porosity exponent 𝑁𝑁 

4. Conclusions 
In this work, a multiphysics model for high temperature planar NaS batteries were formulated by extending 
models for tubular NaS batteries. A tubular NaS battery model was first implemented in COMSOL Multiphysics®, 
and then validated with experimental data by Schaefer et al. (2020). Afterwards, the tubular model was modified 
into a planar model by preserving the phenomenological equations while altering the geometry. The planar 
model was then validated with experimental data reported by Kim et al. (2016) 
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While the models appear to be able to follow the trends in the experimental data, there are larger deviations at 
higher current densities. These may be resolved through the consideration of other phenomena, such as 
multidimensional mass, heat, and charge transport. In future work, the developed planar high temperature NaS 
battery model may be used to optimize the design of planar NaS batteries. Additionally, the developed planar 
multiphysics model may be compared to the existing tubular model in parameters such as charge-discharge 
voltage, maximum temperature, and energy density to identify the strengths and weaknesses of each geometry. 

Nomenclature

𝐷𝐷l – liquid phase diffusion coefficient, m2/s 
𝑁𝑁 – porosity exponent, - 
𝑝𝑝 – porosity of polysulfide melt, - 
𝑡𝑡 – transport number, - 

𝑋𝑋𝐸𝐸 – mole fraction of electrolyte in melt, - 
𝛽𝛽1, 𝛽𝛽3 -empirical coefficients, V 
𝜎𝜎l – liquid phase conductivity of melt, S/m 
𝜎𝜎s – solid phase conductivity of melt, S/m
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