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HIGHLIGHTS

e First-principles, thermal-electrochemical dynamic model of the Na-S cell presented.
e Model validated using experimental data under varying current density operation.
e Higher cell temperature observed during discharge compared to charge.

o Higher current density operation leads to higher cell temperature.

e Higher temperature operation can improve cell efficiency.
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The use of sodium-sulfur batteries at the grid level requires high current density operation that can cause cell
deterioration, leading to lower sulfur utilization and lower energy efficiency. In addition, it can result in un-
desired thermal runaway leading to potentially hazardous situations. A rigorous, dynamic model of a sodium-

gol?soilerinal sulfur battery can be used to study these phenomena, design the battery for optimal transient performance,
eltier neal s . . . . . . . . . .

X . and develop mitigation strategies. With this motivation, a first-principles, fully coupled thermal-electrochemical
Physicochemical

dynamic model of the entire sodium-sulfur cell has been developed. The thermal model considers heat generation
due to Ohmic loss, Peltier heat, and heat due to entropy change. Species conservation equations are written in the
sulfur electrode by considering the phase transition and change in the composition depending on the SOD.
Species conservation equations are written in the beta”-alumina electrolyte for the ionic species by considering
the change in composition due to diffusion and migration. In addition, the potential distribution, and cell
resistance for this spatially distributed system has been modeled. Furthermore, temperature-dependent corre-
lations for the physicochemical properties are developed. The model is used to study both charging and dis-
charging characteristics of the cell at varying current densities.

1. Introduction energy storage systems (BESS), etc. However, pumped hydroelectric and

CAES are large energy storage systems and require certain geographical

Renewable energy sources such as wind and solar have been growing
at a remarkable rate over the last several years. However, these energy
sources are intermittent and vary irrespective of the demand [1].
Therefore, fossil-fueled power sources are playing a critical role by
rapidly changing their load to take care of the imbalance between the
demand and supply. However, rapid load-following and low-load
operation causes efficiency loss and have adverse effects on the plant
health [2,3]. Energy storage, especially at large-scale, can reduce the
imbalance to a great extent thus addressing some of the major issues
caused by the increasing integration of renewables into the grid [4-7].

Energy can be stored on a large scale in various storage systems like
pumped hydroelectric, compressed air energy storage (CAES), battery

formations that are often located far from the locations where electricity
is needed. BESS are modular and do not need any geographical forma-
tions [8-10]. Moreover, smaller systems have typically faster ramp rates
compared to larger units [11]. BESS are highly scalable and have fast
response time to peak shaving and load shifting, improving the grid
reliability and stability [8,12]. Further, BESS are suitable for on/off
operations and can be centrally located or distributed [13].

Depending on the combinations of materials and chemicals used, a
wide range of battery technologies is available [7-10]. For grid-level
storage, various secondary battery technologies are of main interest
since they can be discharged and charged repeatedly, have high energy
densities, low self-discharge rates, and long life-times. Rechargeable
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Li-ion batteries are currently being widely evaluated as a promising
technology since they have significantly high energy density and a long
cycle life [14,15]. However, Coulombic overheating and high costs are
the major constraints for large-scale commercialization of Li-ion tech-
nology. Therefore, the ongoing need to store energy more safely,
compactly and affordably motivates continued research on alternative
battery technologies [16-19]. Sodium is the second lightest alkali metal.
Using sodium in the anode coupled with an appropriate cathode mate-
rial can help to achieve high specific energy density and high open
circuit voltage at a lower cost compared to Li-ion batteries [19-22].

When liquid sulfur is used in the cathode with beta”-alumina as the
electrolyte, the resulting sodium sulfur (NaS) battery yields high energy
density, low cost of the reactants, high open-circuit voltage and
comparatively inexpensive cathode and anode making the NaS battery
an ideal candidate for grid-level energy storage applications [23,24].
The NaS batteries can be operated under room temperature [25-27] but
room-temperature NaS batteries have a low capacity retention and poor
cycling properties [18]. For grid-level storage applications,
high-temperature sodium-sulfur batteries are of main interest. These
batteries typically operate at 300-400 °C and have the desired favorable
characteristics as discussed earlier for grid-level storage applications.
However, one of the issues of these batteries is thermal runaway espe-
cially under high energy-density operation. For developing an efficient
thermal management system, a detailed dynamic model of the entire cell
that can capture the nonlinearities of the NaS cells under changing
operating conditions will be critical.

There is a lack of research literature on modeling of sodium-sulfur
cells/batteries in the public domain. Sudworth and Tilley [22]
described the development of sodium-sulfur batteries, principles of their
operation, design and manufacture, performance and safety as well as
prototype demonstrations. p”’- alumina electrolyte shows high sodium
ion conductivity at high temperature, which helps the Na-S battery to
operate effectively at low loss. Initially the cell remains in the two phase
region containing mainly sulfur along with some amount of sodium
polysulfide depending on the SOD. As reactions proceed, the sulfur
electrode becomes single phase containing only polysulfide. As a result,
not only does the capacity get reduced, but also the cell voltage (EMF)
gets affected. The cell voltage and capacity depend on the potential
profile and electrochemical reaction rates in the electrodes as well as the
sodium ion conductivity of the electrode — all of which are strongly
affected by the operating temperature of the cell [28-32]. The SOD also
affects the cell resistance and the heat generation rate and entropy [33,
34]. However, the cell potential profile as well as other key variables are
also affected due to the inhomogeneous composition of the sulfur elec-
trode. Kawamoto [35] investigated the 2-D distribution of the melt in
sulfur electrode and observed that at high current density, the
non-uniformity in the melt increases thus decreasing the sulfur utiliza-
tion. For grid-connected application, high energy density operation of
the batteries is of significant interest. However, high energy density
operation causes low sulfur utilization, low energy efficiency and un-
usual temperature rise due to high heat generation rates. Kawamoto and
Kusakabe [36] have investigated the high current density operation of a
single sodium sulfur cell, but the impact of concentration polarization
was neglected. Kawamoto [37] developed a non-isothermal dynamic
model by capturing the spatial variation of the cell voltage and ion
concentration profile, but only the sulfur electrode was modeled. The
effect of temperature and mole fraction of electrolyte on the sodium ion
diffusion coefficient in the sulfur electrode was also neglected.

Existing literature that has focused on modeling the NaS batteries,
uses considerably simpler models of the cell. Hussein and Cheung [38]
developed an equivalent circuit model for a NaS battery where, the heat
transfer characteristics of individual cells were not considered. For small
power systems, Sarasua and Molina [39] developed a simple battery
model to analyze the thermal behavior of NaS battery. Min and Lee [40]
developed a steady state lumped thermal model for an entire cell, as well
as a battery module. Aygun [41] incorporated a two dimensional heat
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transfer model with an electrochemical model, which can be used as a
computational design tool to calculate the two dimensional distribution
of temperature inside a NaS battery. Most of the papers cited above
neglected the variation of thermo-physical properties with temperature.
However, dynamic characteristics of the cell/battery are affected
considerably by the varying thermo-physical properties with tempera-
ture. Therefore, correlations were developed in this paper to understand
the cell performance under different ambient conditions.

Overall, there is a lack of studies in the open literature on detailed,
non-isothermal dynamic model of the entire sodium sulfur cell by
considering both the electrochemical as well as thermal phenomena
using temperature-dependent correlations for thermophysical proper-
ties. Such models are very useful for studying the high current-density
operations and large ramp rates as would be expected in grid-
connected operations. As noted above, the operation of sodium sulfur
cells at high current density with large ramp rates can cause cell per-
formance loss due to lower sulfur utilization and lower energy effi-
ciency. In addition, these demanding operations can result in undesired
thermal runaway leading to potentially hazardous situations. The model
developed in this work is validated with the experimental data from the
literature. The validated model is used to study the cell dynamics under
various load-following conditions.

2. Model development

The battery considered in this study consists of a central molten so-
dium electrode, beta”-alumina solid ceramic electrolyte, and an outer
molten sulfur/sodium-polysulfide electrode as shown in Fig. 1.

The half-cell reactions that take place in the sodium and sulfur
electrodes, respectively, are given by:

2Na < 2Na* + 2e” (@)

2Na* + xS + 2e” < Na,S, (2)
The overall cell reaction is given by:

2Na + xS < Na, S, (€))

where x is the variable subscript for sulfur in the sodium-polysulfide
melt. The forward reaction takes place during cell discharge when the
positive sodium ions move from the anode to the cathode through the
beta”-alumina electrolyte. The beta”-alumina electrolyte is practically
impermeable to electrons [23,42]. Sodium ions react with the liquid
sulfur in the cathode to produce sodium polysulfides. Under fully
charged condition, the sulfur electrode contains only sulfur. As
discharge operation begins, the sulfur electrode transitions to a
two-phase mixture of sulfur and polysulfide. As the reaction progresses,
more sodium ions react with the sulfur and the mole fraction of total
sulfur decreases. Composition of the sulfur electrode changes based on
the amount of sodium that crosses the electrolyte. The sodium poly-
sulfide composition in the melt is denoted by the subscript ‘x” in Reac-
tion (3). The phase of the melt changes depending on the SOD of the cell
since ‘x’ changes depending on the SOD. At a mole fraction of about
0.729, the sulfur electrode becomes single-phase polysulfide until the
melt reaches 0.571 mol fraction sulfur [29]. At this point the solid
polysulfide NayS; begins to form and proper operation of the cell is no
longer possible. Therefore, the cell is considered to be fully discharged
when the sulfur electrode composition reaches NaySs.

It is desired that the anode and cathode materials stay in the liquid
phase for proper operation of the cell. The sodium sulfur battery usually
operates between 300 and 400 °C, at which temperature of the sodium,
sulfur, and polysulfides (NaySs—NayS3) exist in the liquid phase [23].
The open circuit voltage of the cell at 350 °C is 2.075 V [23]. The specific
energy density of the battery reaches 760 Wh/kg at 350 °C, nearly three
times that of a lead acid battery [7].

The sodium electrode contains a stainless steel wick that is in direct
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Fig. 1. Schematic of a central sodium sulfur cell.

contact with the inner side of the beta”-alumina electrolyte, allowing for
complete wetting of the electrolyte surface with liquid sodium. The
sulfur/sodium polysulfide melt is contained in a graphite matrix for
better electron conduction in the sulfur electrode.

2.1. Model development
The following assumptions are made in developing the model:

e variation in the cell potential, temperature, and concentration gra-
dients in the axial direction are negligible.

e Convective flux in the cell compartments are negligible.

o the supply of sodium to the sodium electrode is abundant over the
entire range of operation assuming that a large reservoir for sodium
is available.

e the sodium electrode/beta”-alumina electrolyte interface is always
completely wetted.

2.1.1. Sulfur electrode
The energy conservation equation for the sulfur electrode is given by:

T 10 s,
P, L Yo <V/1(S)T(r =q(s) (O]

where rp, ¢, 4, T, t, and q denote the radius, density, specific heat,
thermal conductivity, temperature, time, and the heat source per unit
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volume for the sulfur electrode, respectively with the (S) subscript
denoting sulfur electrode. Temperature-dependent correlation, equation
(A1) as shown in the Appendix, has been developed for the thermal
conductivity of sodium polysulfides and liquid sulfur using the data
available in the open literature [22]. This correlation can be found in
Table 1 and more information is provided under the Appendix. Density
and specific heat of the sulfur electrode are assumed to be constant as
reported in Table 1 [22]. Additional information is provided under the
Appendix. The heat source term is given by:

qis) = Q()hmia + QEnm?/?,V (5)
L1V
mic = °
Qon Ous) <2;rrL) ©
a, dE
QEmrupy = F (¢€(5> - ¢[(S> B ”) <T ﬁ) @
P

Here, o., a;, K,, ¢,, ¢;, 4, and dE/dT denote the electronic conduc-
tivity of the melt, surface area per unit volume of graphite matrix, the
surface polarization resistance coefficient, electronic and ionic poten-
tial, local potential, and temperature dependence of open circuit
voltage, respectively.

The term (¢b(s) —bys) —#) is called the overpotential, which changes
sign depending on whether the cell charging or discharging. The values
for electronic conductivity, surface area per unit volume, and polariza-
tion coefficient are obtained from the open literature [37]. The
term(dE/dT), typically known as the entropy term, depends on the SOD
[34]. The developed correlation between the entropy and SOD and its fit
to the experimental data are shown in Equation (A2) and Figure A2,
respectively, under the Appendix. The SOD is also a function of the melt
composition as shown in Equation (A3).

The local potential is given by the following equation:

M > 0.710286

M < 0.710286 ®

{205,

”‘{ o+ piX.,

Here, a; and f; are overpotential coefficients [43], M is the mole
fraction sulfur, and X, is the mole fraction ‘electrolyte’ (NayS) in the
sulfur electrode [44,45]. The overpotential coefficients are functions of
temperature, given by equation (A4) and equation (A5) as shown in
Table 1. Additional explanation is provided under the Appendix using
Figure A3. The mole fraction of sulfur is related to the mole fraction of
electrolyte by:

X, =1/X; 9)
M=Xs/(2+Xs) (10)
where Xs is the value of the subscript x in NasSx. The sodium ion con-
servation equation in the sulfur electrode is given by Ref. [37]:
aC 1 ay

a+t<3) ="rx (Pois) — bigsy — 1) 11)

P

where C; and F are the concentration of sodium ions and Faraday’s
constant. Charge conservation in the sulfur electrode leads to Equations
(12) and (13) [44]:

0 [ diys as 1 3t — 1 0 [ dCi
05, < ar ) TP =3P\ a(’ ar

aS
o (@es) —H) a2
P
0 ( di,s as as
sy, (’ ar > + Vzpfl”e(s) 'k, (¢i<s> + /4) 13)

Here,o;, D, and t, are the ionic conductivity, diffusion coefficient of
sodium ions, and the transference number of sodium ions in the sulfur
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Table 1
Additional equations for sulfur electrode.
Variable Notation Equation/Value Units Reference/Comments
A(s) 0.4813 — 1.8648 x 10’3T<s> + 2.4844T(23) W/mK [22,48]
Pis) 1880 kg/m? [22]
ois) 1315 J/kgK [22]
Gus) 50 ANV [371
a; ao(l — piy) { x1, Xs < 5.24 m?/m* [371
x(5.24/Xs), Xs>5.24
Py 0.35 - [51]
aso 1x 10* m?/m® [371
Ky 1x10™* Q/m* [371
T4 —15.536(SOD)° + 32.652(SOD)* — 22.969(SOD)> + 6.0576(SOD)* — 0.5629(SOD) — 0.0362 \ This work
(lldT (—8.1667 x 1075)(T(s)) + 2.5087 v [43]
i (—7.350 x 107%)(T(5)) — 1.5600 v [43]
B3 (3.0783 x 103)(Ts) + 0.0472 % [43]
X (2/C)(Ws /32)(1/V(s)) - [44,45]
F 9.6487 x 107 C/kmol Faraday’s constant
t (=B3/P —Xe)/(1 — Xe) - [43]
i(s) oios)(1 — ps)) A/N [44,45]
Gio(s) —457.04M + 657.04, M>0.72 1/ohm.m [44,45]
—242.99M + 207.75, 0.60 >M > 0.72
61.956, M <0.60
Dys) (1.53 x 107%)exp( — 8590 /T(s) )exp(5.30X.) m?/s [46]
SOD { —343.55M + 304.82, single phase polysulfide Ah(max)/Ah This work
—202.43M + 202.23, two phase sulfur/polysulfide
Vis) 9.5425 x 107° m® -
a 30 W/m?K [22]
€ 0.066 - [36,52]
5 5.67 x 1078 W/m?K* Stefan-Boltzmann constant
W, 0.1 kg (371

electrode, respectively. The ionic conductivity of the sodium polysulfide
melt is a function of the mole fraction of sulfur in the melt [44,45] as
shown in Table 1. The diffusion coefficient (Table 1) for sodium ions in
the melt is a function of temperature and mole fraction of the electrolyte
(NasS) in the melt [46]. The transference number (Table 1) of sodium
ions is based on the overpotential coefficients f,, #; and the mole frac-
tional of electrolyte as shown in Table 1 and is based on the experi-
mental cells of Risch and Newman [43].

2.1.2. Beta”-alumina electrolyte

The energy conservation equation in the beta”-alumina solid elec-
trolyte is given by:

6T(L,,) 1 (3 ()T(gl)
e - — 1
o P’ qen’ + ar T (el) or (14)

where p and c, denote the density and specific heat capacity of the

electrolyte respectively, with subscript denoting the beta-alumina
electrolyte. The temperature-dependent correlation for density is
determined based on the thermal expansion coefficient and is shown in
Table 2. The density is given by equation (A7) in the Appendix, where
additional information is provided. The thermal expansion coefficient is
given by Sudworth and Tilley [22]. The specific heat capacity and
thermal conductivity of the electrolyte are also functions of temperature
[47] as shown in Table 2.

The heat source term g (W/m?) in the electrolyte is mainly due to
Ohmic heat loss and is given by:

JZ
Glet) =—— (15)

where J is the current density. Sodium ion conduction in beta”-alumina
electrolyte is mainly due to the ionic conductance and ion migration.
The sodium ion conservation in the electrolyte is given by:

Table 2

Additional equations for Beta”-Alumina electrolyte.
Variable Notation Equation/Value Units Reference/Comments
Ae 2.451 + 2.456 x 1074(T(ep)) — 6.178 x 1077 (T(ep)*+4.275 x 10719(T(ep)* — 6.993 x 10714(T())* W/mK [471
Pla 3220 exp( — 3o (T(a) — 25)) kg/m> [22]
Cp.(el) 0.7321 +5.006 x 10~4(T ) — 2.151 x 1077 (T(e)? J/kgK [47]
Dy Doexp| — H/(RT(a)] m?/s [49]
Pe) (3220 — p(ey)) /3220 _ [22]
Oifel) (ooety /T(en)Jexp[ — H /(RT e1))] 1/ohm.m [49]
Go(e) 1.49 x 10° K/Qm [49,50]
H 5.497 kcal/mol [49,50]
a 7.5%x 107 K [22]
P 1.8x 107 V/K [53]
Do 3.98x 1078 m?/s [49]
H 5.497 kcal/mol [49,50]




S. Schaefer (Caprio) et al.

0Ciery Dy 1 0 [ 0Ci(ep
o oo ror 16
ot Diery T OF "or (16)

where p is the porosity of the beta”-alumina electrolyte. The correlation
for porosity is proposed as shown in Table 2. The equation is based on
the theoretical and calculated density of sodium beta”-alumina, and
describes it as a function of temperature, as shown in Equation (A8).
More details about the correlation can be found in the Appendix.

Conservation of positive ions in the electrolytes is written by
considering ion transport by both diffusion and migration:

(1) B

ac+(€l) _
—Oiel) or

- J a17)

The ionic conductivity, o;, and diffusion coefficient, D, are functions
of temperature, as shown in Table 2. More information about these
variables can be found in the Appendix, where the equation for ionic
conductivity is given by Equation (A9) and for diffusion coefficient is
given by Equation (A10).

FD )

2.1.3. Sodium electrode
The energy conservation for the sodium electrode can be written as:

0T (va)
ot

T (va)
ot

T
or

r=Tel

=q(wa) + 2araiLiy) (18)

(msscp.:s ) + (lel Cp.Na )

where m is the mass and c, is the specific heat, with subscripts ss and Na
denoting the stainless steel wick and the liquid sodium in the sodium
electrode. Specific heats are functions of temperature as shown in
Table 3. They are given by Equations A11 and A12, respectively, in the
Appendix, and explained in Figure A4. The heat source term, q(yq), for
the sodium electrode considers the Ohmic heat loss at the interface of
the electrolyte,

I 2P1(Na> Teli

" 21(ras/2)L (19)

4 (Na)
where py g is the resistivity of liquid sodium. The resistivity of liquid

sodium is a function of temperature [22], as shown in Table 3. The
concentration of sodium ions at the beta”-alumina interface is given by:

0Cwa) _ —1

20
ot F V(Na) 20

where V is the volume of the sodium electrode, including the molten
sodium, the wick, and the reservoir. The ionic potential drop in the
sodium electrode is given by:

Dy = — (Na) 21

where 77y, is the linear current potential relationship shown in Table 3
is derived from Butler-Volmer kinetics. No electronic potential change is
considered in the sodium electrode.
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2.2. Boundary conditions

Table 4 lists the boundary conditions based on the following
assumptions:

e The Peltier heat is released at the electrolyte-sulfur electrode
interface.

e There is no loss of ions through the metal container boundary of the
cell.

e Heat is lost to the surroundings from the outer wall of the metal
container by both convective and radiative heat transfer
mechanisms.

3. Results and discussion

The model is developed in Aspen Custom Modeler® V.8.4. and
solved using method of lines.

3.1. Model validation

The model of the 80 Wh cell is validated at various current density
operations and states of discharge/charge with the experimental data
from the open literature [36,37]. Dimensions of the experimental cell
are given in Table 5.

Fig. 2 show model validation for charging and discharging when the

Table 4
Boundary conditions.

Number Location Boundary Condition

Sodium Electrode (Na)/Beta”-Alumina Electrolyte (el):

BC1 T =Te Cia) = Cifen)
BC2 T =T Tey = TN
BC3 T =rai Diety = — "Na
Beta”-Alumina Electrolyte (el)/Sulfur Electrode (S):
BC4 r="ra, Ciie) = Cigs)
BC5 r =Teo Ty = T(s)
BC6 r =", 0T (g dT(s
«o — Ael) 27T el oL (;:) = - ALS)zmel.oL%i IpT(s)
BC7 T =Teo Opyery 9C(a)
Giel) alre — FD(g) are =J
BC8 T =T Opy(s) dC.5)
— e —) _ pp o ——8)
U gr Y
BC9 T =Tdo ity = Pis)
BC10 r=Teo dd)e(s)
S _ o
or
Sulfur Electrode (S)/Metal Container:
BC11 r=r, dCys)
=) _ o
o 5
BC12 r=r a e
‘ Ly Tis) = Tar) + (57— ) ( Th) — Taw) =0
or As) As)
BC13 r=r, i(s)
S _
or
BC14 r=r, de(s) = o SO as to satisfy:

v {Gs
I = —27L -/r,,,, (I?,,) <‘/’e($) — Pis) — wyrdr

Table 3
Additional equations for sodium electrode.
Variable Notation Equation/Value Units Reference/Comments
Mg 0.057 kg [37]
Mg 20.3 kg [22], linearly scaled to cell dimensions
Cpss — 4.591 x 10~*(T(ngy)* + 0.4813(T(g)) + 444.99 J/kgK [22]
CpNa 1437.08 — 0.58063(T(ng)) + 4.624 x 1074 (T(ne)? J/kgK [22]
Pi(Na) 6.87 x 1078 +2.44 x 10 10T ) + 2.67 x 1073 (T(ng))*+1.07 x 10 15(T(ng))* — 2.67 x 107 18(Tjq))* Ohm.m [22]
Vina) 2x 1072 m® [371
Niva) (IRT(va))/ (27T :LiF) W/m? This work
iy 5 x 10* A/m? [54]
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total amount of the current from/to the cell is 3 A, 6 A, and 9 A, cor-
responding to the current density of 35.4 mA/cm?, 70 mA/cm? and 106
mA/cm?, respectively.

The results from the model for both charging and discharging
compare well with the experimental data as shown in Fig. 2. During
charging, the root-mean-square error (RMSE) for voltage is ~0.055 V,
~0.066 V, and ~0.041 V, at 3 A, 6 A, and 9 A, respectively. During
discharging, the RMSE is ~0.0136 V, ~0.0356 V and ~0.0293 V at 3 A,
6 A, and 9 A, respectively. During discharging, the cell voltage is nearly
constant when the operation is in the two-phase region (<55% SOD),
and then decreases as the SOD increases further. During charging, the
cell begins in the single-phase region at the sulfur electrode and the
voltage continues to increase and becomes nearly constant once the melt
is in the two-phase region. Similar to the observations of Kawamoto
[37], inflections are found to occur at lower SOD. As the current density
increases, there is a relative increase in the SOD at which the inflection
occurs. The main reason for this is the steep concentration gradient near
the sulfur electrode-electrolyte interface at lower SOD as shown in
Fig. 4.

Kawamoto and Kusakabe [36] have reported experimental data of
the voltage and cell outer surface temperature profiles for high current
density operation. Kawamoto and Kusakabe [36] have also shown
comparison of their model results with those experimental data. Fig. 3
shows the comparison between results from the model developed in this
work, results from the model developed by Kawamoto and Kusakabe
[36] and the experimental data [36] for cell voltage and temperature at
the surface. There were no experimental data available for the temper-
ature of the cell center so only results from both the models are
compared. The experimental data correspond to an ambient tempera-
ture of 335 °C and the current density of 260 mA/cm? during charging
and 390 mA/cm? during discharging. Root mean square error (RMSE)
between the model developed here and the experimental data [36] as
well as the model developed by Kawamoto and Kusakabe [36] and the
experimental data [36] is shown in Table 6. It is observed from Fig. 3
and Table 6 that results from both models for the voltage profile
compare well with the experimental data during charge. However,
during discharging the results from this model for the voltage profile is
considerably closer to the experimental data than that of Kawamoto and
Kusakabe [36]. RMSE values from both models for the temperature
profile is similar during charging, but the results for the temperature
profile during discharging compare better with the experimental data
than that of Kawamoto and Kusakabe [36]. The study also shows that
even though the ambient temperature is held constant at 335 °C, the
high current density operation leads to a temperature that is very close
to the maximum temperature limit of 400 °C typically considered to be
safe for sodium-sulfur cells. Since temperature of the cell at the center
may be difficult to be measured in real life, a non-isothermal model can
be very useful to avoid unsafe operation of the cell. To this end, one
operational strategy can be to vary the current density of a given cell to
maintain the cell temperature within the limit. This strategy is discussed
in details in Section 3.4.3.

Table 5

Cell dimensions.
Parameter Value Units
L 0.18 m
Teli 0.0069375 m
Telo 0.0075 m
To 0.015 m
Tair 330 °C
Vive 2x 107 m?
Vis) 9.5425 x 107 m?
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3.2. Concentration distribution

As mentioned, when the cell discharges, the concentration of sodium
ions in the beta”-alumina electrolyte and sulfur electrode increases,
moving from the two-phase region (S, NasSy) to the single-phase region
(NasSy). The electric conduction characteristics differ between these two
regions. The overpotential term in Equation (11) alters sign as the cell
switches from charging to discharging, which results in an overall in-
crease in the sodium ion concentration during charging while a decrease
during discharging as seen in Fig. 4. In addition, at the electrolyte/sulfur
electrode interface, as SOD increases the Na ion concentration increases.

In the single phase region, diffusion due to the concentration
gradient is negligible i.e., the electric conduction is dominated by
migration. As stated in Section 2, the sulfur electrode becomes single
phase when the sulfur mole fraction becomes about 0.729 and remains
as a single phase until the sulfur mole fraction reaches 0.571. It can be
observed form Equation (8) that in this region the local potential in-
creases during charging due to the increase in overpotential coefficients
that depend on the temperature. This affects the overpotential, which
leads to an increase in the concentration gradient of sodium ions in the
single phase region during charging. As seen in Fig. 4, when the SOD
decreases, sodium ion concentration at the cathode becomes much
smaller than at the anode thus the driving force term in the diffusive flux
(Equation (12)) changes sign. Thus at the lower SOD, transport of so-
dium ions from the cathode to the anode needs an increasingly higher
potential for overcoming the opposing concentration gradient that keeps
rising. This leads to the steep rise in the voltage at lower SOD while
charging. However, in the two-phase region the local potential is con-
stant (Equation (8)), which results in nearly constant cell voltage. The
voltage characteristics under discharging condition can be explained in
a similar manner.

3.3. Temperature distribution

The temperature profiles within the cell at 60% SOD during dis-
charging and charge is shown in Fig. 5. The ambient air temperature was
maintained at 330 °C. The dotted line in the graph represent the elec-
trolyte/sulfur electrode interface. As expected, higher current density
operation results in higher temperatures within the cell. It can also be
observed that there is a greater temperature increase during discharging
than during charging. This is due to the electro-chemical reactions that
take place in the sulfur electrode, which are exothermic during dis-
charging and endothermic during charging. The temperature difference
between the center of the cell and ambient conditions is nearly 3 times
greater during discharging than charge. It should be noted that this
creates a mismatch in heat generated during discharging and charge.
Therefore, for maintaining the same cell temperature during charging
and discharge, the heat removal rate should be different between
charging and discharging even at the same SOD and same current
density.

3.4. Impact of key operating conditions

Operating conditions can affect the dynamics of the NaS cell. First,
the impact of different environment temperatures is evaluated. Second,
the transient response of the cell at higher current density operation is
studied. Dynamic responses of the cell under various load demands are
also studied.

3.4.1. Impact of the cell Environment’s temperature

For the experimental cell of Kawamoto and Kusakabe [36] and
Kawamoto [37], the furnace air temperature was controlled. During
real-life operation of large number of cells as in a battery, this ambient
temperature is expected to vary depending on the thermal management
strategy. Fig. 6 shows the cell voltage profile for different ambient
temperatures.
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Fig. 2. Comparison between model results and experimental data from Kawamoto [37] for cell voltage vs SOD for an ambient temperature of 335 °C and during
discharging/charge at (a) +/—3A corresponding to a current density of 35.4 mA/cm?, (b) +/—6A corresponding to a current density of 70 mA/cm? and (c) +/—9A

corresponding to a current density of 106 mA/cm.2.

It is observed that the cell voltage profile is practically unaffected by
the temperature under charging conditions whereas during discharging
the cell voltage profile improves with the increase in the temperature.
During charging as the cell approaches fully charged condition, the
concentration of sulfur at the cathode/electrolyte interface keeps
growing thus resulting in a higher cell resistance [31,37] or lower ionic
conductivity. Since ionic resistance becomes the limiting mechanism
during charging and the ionic conductivity is not affected directly by the
cell temperature as can be observed in Table 1, an increase in the
ambient temperature has negligible impact during charging. However
during discharging, the limiting mechanism for a large range of SOD is
the reaction overpotential and the reaction overpotential is strongly
affected by the temperature as seen by Eq. (8) and the corresponding
correlations for a; and g;in Table 1, the cell voltage profile improves
during discharging as the ambient temperature is increased. Considering
the entire discharge cycle shown in Fig. 6, the cell energy efficiency
during discharging is about 91.92% at 330 °C compared to about
90.63% at 300 °C. It should be noted that while operation at higher
temperatures can improve the cell efficiency, there is higher risk of fire
hazard especially under high current density operation and rapid load
changes as expected in grid-connected systems.

3.4.2. Impact of high current density operation

For a grid connected battery, high current density operation would
be expected at certain time instants when the differences between de-
mand and supply of electric power is very high. It is desired to study the
impact of high current density operation on the cell temperature since
increasing temperature can lead to a fire hazard. Fig. 7 shows the

temperature profile within the cell at the end of discharge as the current
density is changed while the ambient temperature is held constant at
335 °C. At high current density (390 mA/cm?) operation, where the cell
generates 33 A, the maximum cell temperature is about 38 °C higher in
comparison to the maximum cell temperature when the current density
is 70 mA/cm? generating 6A. The difference between the maximum and
minimum temperature at 390 mA/cm? current density in the cell is
almost 1.5 times that compared to the cell operating under a current
density of 260 mA/cm? and almost 3 times more compared to a cell
operating under a current density of 130 mA/cm? and almost 6 times
more compared to a cell operating under a current density of 70 mA/
cm?. These results show that for safe operation of the cell under high
current density operation, a model based approach can be valuable for
monitoring and control since it is difficult to measure the temperature
inside the cell in general.

3.4.3. Impact of change in the current density

Fig. 8 shows the transient response of cell voltage and temperature at
the center and surface for high current density operation. It is observed
that when higher current is drawn from the cell even at a similar OSD,
the cell voltage decreases. The reverse happens during charging. Cor-
responding impact in the temperature profile can also be observed in
Fig. 8. Note that the initial decrease in the temperature till about 0.5 h is
due to the arbitrary initial temperature of the cell that is considered. As
the current density is increased during charging at 0.5 h, the tempera-
ture at both locations starts increasing. As the current density is
decreased at 1 h, both temperature starts decreasing. Similar behavior
can be observed during discharging as well, i.e. temperature starts
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experimental data [36] for cell voltage and temperature at the surface and
center (only model results compared as no experimental data available) of the
cell at 335 °C ambient temperature and corresponding to the current density of
260 mA/cm? during charging and 390 mA/cm? during discharging.

increases as the current density is increased and vice versa. The behavior
shows how the current density may be manipulated to ensure the cell
remains within the safe operating limit. Since the highest temperature of
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the cell is at the center, a transient non-isothermal model can be useful
to monitor that temperature and limit current density or regulate cur-
rent density, if needed, to avoid unsafe operation.

4. Conclusions

A non-isothermal, transient model of the entire NaS cell with beta”-
alumina electrolyte was modeled. The dynamic model was validated for
various current density operations over SOD. The results from the model
were found to agree well with the experimental data. It was observed
that cell voltage profile can change considerably depending on the SOD,
current density, temperature profile and whether the cell is charging or
discharging. Inflection in the cell voltage profile was observed as the cell
transitions from a single phase to a two-phase region. The inflection
point is found to shift based on the current density. As the SOD de-
creases, sodium ion concentration at the cathode becomes much smaller
than at the anode. Therefore, at the lower SOD, a higher potential is
needed for transport of sodium ions from the cathode to anode to
overcome the opposing concentration gradient. The higher cell tem-
perature during discharging was observed because of the mismatch
between the rates of heat generated during charging and discharging,
due to the exothermic electrochemical reactions during discharging. It

Table 6

Root mean square error (RMSE) values between models and experimental data
[36].

Between Model developed
in this work and the
experimental data [36]

Model developed by Kawamoto
and Kusakabe [36] and their
experimental data [36]

Voltage ~0.023 V ~0.036 V
(Charging)
Voltage ~0.078 V ~0.098 V
(Discharging)
Temperature ~2.1°C ~2.5°C
(Charging)
Temperature ~3.3°C ~5.2°C
(Discharging)
20
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A A - A
16 A A A A A A
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4 | A 70% SOD (Discharging)
50% SOD (Discharging)
M 30% SOD (Discharging)
0 I
0.0075 0.01 0.0125 0.015
Radius [m]

Fig. 4. Sodium ion concentration profile in the location between sodium/electrolyte interface to sulfur electrode during charging/discharge at +6A at 70% SOD,

50% SOD and 30% SOD, respectively at 330 °C ambient temperature.
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was observed that operating the cell at higher temperature can improve
the cell efficiency. However higher temperature operation increases the
risk of fire and therefore a proper thermal management strategy is
desired. Changing the ambient temperature did have minor effect on the
cell voltage during charging but improved the cell voltage profile during
discharging. It was also observed that the current density can affect the
cell voltage even at the same SOD. This aspect can be exploited for the
battery power management.

It was observed that as the current density is increased, there is
significant increase in the cell temperature. At the high current density
operation considered in this study, the maximum temperature in the cell
that occurs at the Na electrode is about 28 °C higher than the
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Fig. 7. Temperature profile in the cell at 70 mA/cm? 130 mA/cm?, 260 mA/
em? and 390 mA/cm? current density, respectively, at 330 °C ambient tem-
perature (vertical dotted line represents the electrolyte/sulfur elec-
trode interface).
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Fig. 8. Transient response of the cell voltage and temperature at the center and
surface during discharging and charge for an ambient temperature of 335 °C.

environment temperature. Thus the study shows that if the cell envi-
ronment temperature is maintained at a fixed value, it can lead to fire
hazard for very high current density operation as would be expected for
a grid-connected system. The study suggests two possible thermal
management strategies: lowering the environment temperature, limit
the current density to an upper limit depending on the environment
temperature. However, as the cell produces very different amount of
heat depending on whether it is charging or discharging and the current
density, the thermal management approach must be able to remove
variable amount of heat as well to maintain the cell temperature within
a desired range.

The model presented here can be readily extended to room temper-
ature NaS cells especially for studying the deviation in spatial and
temporal temperature profile of those cells from the room temperature
under charging/discharging conditions and how the deviation affects
the cell efficiency and performance.

The model presented here can also be extended to Li-S cells. In Li-S
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cells, the anode and the electrolytes are quite different than the Na-S
cells. Even though there are certain differences between the cathodes of
these two types of cells including the differences in the specific energy
density, lowest state of sulfur that the cell can be discharged into,
volumetric change during reaction, degradation mechanisms, to name a
few, cathode reactions and electronic and ionic transport mechanisms
are similar. Therefore, the model of the sulfur electrode presented here
can be a very good starting point for modeling the cathode of the Li-S
cells.
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Nomenclature

ag Surface area of graphite matrix per unit volume sulfur

electrode (m?/m?)

aso Net surface area of graphite matrix per unit volume sulfur
electrode (m%/m>)

Cp Specific heat capacity (J/kgK)

C, Concentration of sodium ions (kmol/m?%)

D Diffusion coefficient (m?/s)

Do Arrhenius constant for electrolyte diffusion coefficient (m?/s)

dE/dT  Temperature dependence of open circuit voltage (V)

e- Electron

F Faraday constant (C/kmol)

H Activation energy for sodium ion movement in electrolyte
(kCal/mol)

I Current (A)

ig Exchange current density of sodium electrode (A/mz)

J Current density (C/s.m?)

K Polarization coefficient (ohm.m?)

L Length of electrolyte (m)

M Mole fraction elemental sulfur in sulfur electrode

m Mass (kg)

MW Molecular weight (kg/mol)

P Porosity

Pt Thermoelectric power (V/K)

q Heat source term (W/m3)

Qonmic  Heat due to Ohmic losses (W/m®)

Qentropy  Heat due to reaction (W/m®)

R Ideal gas constant (C/kmol K)

r Radius (m)

Tel,i Radius of inner electrolyte (m)

Telo Radius of outer electrolyte (m)

To Radius of outer cell container (m)

SOD State of discharge (with respect to NasS3) (Ah(max)/Ah)
T Temperature (OC)

Tair Temperature of ambient air o)

t Time (s)
Transference number of sodium ions
Volume (m3)

ty
\%

Wi
X
Xe
Xs
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Weight of initially charged sulfur (kg)
Subscript in polysulfide, NasSx

Mole fraction electrolyte (NayS)
Value of x in polysulfide, NaySk

Greek Letters

o Heat transfer coefficient between the cell container and the

air (W/mzK)

ag Overpotential coefficient (Risch and Newman [43]) (V)

o Linear coefficient of thermal expansion for electrolyte (1/K)

P1 Overpotential coefficient (Risch and Newman [43]) (V)

B3 Overpotential coefficient (Risch and Newman [43]) (V)

5 Stefan-Boltzmann constant (Wm?/K*)

€ Effective emissivity

N(Na) Overpotential of sodium electrode (V)

A Thermal conductivity (W/mK)

N Local potential (V)

p Density (kg/m°>)

PI(Na) Resistivity of liquid sodium (ohm.m)

) Arrhenius constant for electrolyte ionic conductivity (K/Ohm.

m)

Ce Electronic conductivity (A/V)

G Ionic conductivity (A/V)

Gio Net ionic conductivity of polysulfide melt (1/0Ohm.m)

do Cell potential (voltage) (V)

be Electronic potential (V)

b Ionic potential (V)

Subscripts

air Air in the furnace, surrounding sodium sulfur cell

(eD) Denotes variable within the beta”-alumina electrolyte

(Na) Denotes variable within the beta sodium electrode

Na Liquid sodium in the sodium electrode

) Denotes variable within the beta sulfur electrode

ss Stainless steel wick in the sodium electrode
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