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The theoretical formulation presented in this paper was developed to predict the cell average
temperature as a function of time for a given cell discharge current and its initial temperature under

adiabatic and nonadiabatic conditions. The cell average temperature versus time data calculated from
the derived formulation is presented in the form of plots for an ideal lithium-based button cell (for
Corresponding Author:  example, lithium(s)/electrolyte/carbon monofluoride(s)) during its discharge period. The presented
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data are briefly discussed in light of cell component stability and safe discharge operation.
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I. INTRODUCTION

On recognition of the need for the development of cleaner and
more efficient electrical energy production and storage
systems, fundamentals of “Electrochemical Engineering
Science” have been applied to acquire the in-depth
understanding and accurate formulation of the various
transport and electrochemical reaction processes involved in
the electrochemical systems such as the polymer electrolyte
and battery systems [1-15]. Some examples of the systems
utilizing primary/secondary batteries are: national defense
systems, ships and airplanes, trucks and cars, laptops,
calculators, cell phones, smoke detectors, subway backup
power, hearing aids, cameras, clocks, etc. Also, secondary
batteries are used to store excess electrical energy generated
by systems harnessing renewable energy sources (wind, sun,
ocean waves, geothermal), for example, wind turbines,
photovoltaic cells, and water turbines, as well as that generated
by fossil fuel combustion-based power plants. Generally, the
electrochemical performance behavior of a given lithium-
based cell during its discharge or charge depends on its
temperature at a constant discharge or charge current. During
the transient cell discharge period, a fraction of the Gibbs free
energy change of the overall cell reaction is converted into
thermal energy. Depending on the thermal design of a cell for
its operation at a desired current level, a fraction of the
produced thermal energy would accumulate in the cell
interior; consequently, causing a rise in the cell temperature.
The cell average temperature would continue to rise and may
exceed the safe operating temperature limit of a poor cell
thermal design. Therefore, it is of paramount importance to

investigate the cell temperature as a function of time at each
current level intended to be used during the discharge period
of a lithium-based cell as well as determine the safe operating
temperature range during its discharge period. To this end, we
present the thermal model below.

During the discharge period of a lithium-based cell, for
example: Li(s)/electrolyte/CF, (s),x = 1; thermal energy
is generated due to the occurrence of irreversible ionic and
electronic transport in the cell electrolyte and electrodes, and
electrochemical reaction kinetics charge-transfer polarization
processes at the cell electrode-electrolyte interfaces.
Depending on the cell discharge current, the rate of change of
the entire cell-mass averaged temperature with time would
depend on the thermal energy production and the loss of the
cell thermal energy content in the form of heat transfer to the
environment surrounding the cell. The mathematical
formulation presented in Section Il is an attempt to predict the
transient average cell temperature for a lithium-based cell,
such as the ‘model’ button cell shown in Figure 1. During the
cell discharge period at a cell current level, lithium ions are
transferred from the lithium sheet anode into the electrolyte
solution held in the cell porous separator whereas electrons are
transferred to an external circuit. Lithium ions migrate through
the electrolytic solution to the active sites of the composite
cathode active material (such as CF, (s),x = 1) particles for
the reaction with the active material in the presence of
electrons provided by the cathode current collector via an
electronic conductor such as carbon black; noting that the
current collector receives electrons from the cell external
circuit.
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Figure 1. Sketch of the ‘model” button cell: Li(s)/
electrolyte /CF, (s),x = 1 (not to scale). The button cell,
as shown here, is uncased (bare) with no leads.

Dimensions, masses, and physical property information
about the major components of the button cell shown in Figure
1 are provided in the Supplementary Material.

1. FORMULATION
The developed formulation presented in this section has been
exclusively employed to predict the temperature versus time
behavior of the ‘model” button cell depicted in Figure 1. The
formulation, however, with some adjustment, can be applied
for the prediction of the transient average temperature for any
type of galvanic cell during its discharge as a function of time
or its capacity exhausted to store charge in its cathode active
material.

During the cell discharge period at a constant current, |
amperes, the thermal energy production rate [16] is given by:

0E,
Porermar = 1[E = Eocy +7(222) | ()

where E is the actual cell electric potential [volt], Ey¢y is the
open-circuit cell potential [volt], (aE"CV) is the change
oT /ppop

of Egcy per unit change in cell temperature at the constant
pressure and depth of cell discharge (DOD). If the information

0E . . . . .
on (%) is either not available or its value is so small
P,DOD

that the numerical value of [T aEOC") ] is insignificant
oD

relative to (E — E,¢y) for a given electrochemical cell; then,
it is appropriate to assume that

Pthe‘rmal =(E - EOCV) )

I1.A. Galvanic Cell Discharge under Adiabatic Conditions
(LLE., Zero Heat Exchange between the Galvanic Cell
Body ‘Skin’ Surface and Its Surrounding Environment)
The general transient thermal energy balance over a
galvanic cell; for example, the ‘model’ button cell depicted in
Figure 1; is:
rate of thermal energy accumulation in the cell
( material components )

rate of thermal energy production assiciated with the cell voltage
loss because of irreversible occurrence of transport of ions and electrons
in the various components of the cell as well as the electrochemical
reactions at the cell eletrolyte-electrode active material component interfaces
+(rate of reversible thermal energy prodution)
rate of loss of thermal energy from the cell body skin sur
- ( in the form of heat, to the cell surrounding environmer
©)
For cell operation under adiabatic conditions, the heat loss
term in Eq. (3) is, by definition, zero. Therefore, Eq. (3)
becomes:
rate of thermal energy accumulation
( in all the cell material components )
= (rate of thermal energy production)

4
Expressing Eq. (4) in mathematical symbols and simplifying
leads to &L = 1Pthermatl _ [I1E=Eocv)l )

dt ijjcp’j - Zj(m]CpJ)
where m; is the mass of a cell material component, j, [g],
Cp;its heat capacity, [Jg~'K~'], T the cell average
temperature [K] at the discharge time, t [sec], during the cell
discharge period. Equation (5) is solved using the initial
condition: at t = 0 sec, T = T;y; [K].

fT dT = f; [|I(E—EOCV)|] dt

Tini Zj(mjcp,j)
(6)
[I(E-Eoqcy)l
T =To) = Jy [relae @)

Expressing Eq. (7) in dimensionless form by defining 6;¢p,,,
as:

T- TLnL _ t |I(E—EOCV)|

= dt
Tini 0 Tinizj(mjcp,j)

6temp

8

For the situation of a galvanic cell operating under the
adiabatic conditions when the overall function within square
brackets, [...], changes with time, the right-hand side of Eq.
(8) can be integrated numerically using an integration
technique, such as Simpson’s rule [17]. For the acceptable
assumption of constant ¥;(m;C,;) as well as negligible
variation [18] in (E — Ey¢y) With time at a constant current 1
during the cell discharge period, Eq. (8) becomes

_T-T; IIE-Eocvlt
) ini _ 9
temp = Tini (Tiniijij.j) ( )

I1.B Galvanic Cell Discharge Under Nonadiabatic
Conditions. Heat Exchange between the Cell ‘Skin’
Surface and Its Surrounding Environment via Natural
Convection And Radiative Heat Transfer

The thermal energy balance applied over the galvanic cell
system at any time during its discharge period is the same as
Eq. (3).
Rate of thermal energy production= I|(E—EOCV )|

(10)
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Rate of thermal energy accumulation _ Zm C darT
- iTrd ) At
]
(11)
Rate of thermal energy loss as heat from the cell surface to its
surroundings (via the combined effect of natural and radiative
heat transfer processes [19,20])

= |:Z(hc + hr,i )(T -T,. )Asurf,j :| (12)

Inserting the information in Eq. (10) through (12) into Eqg. (3)
and simplifying leads to

ar _ {1E-Eocy)|-Xj[(he+hr ) (T—Tsurr) Asurs, j1}

at (Zjm;Cp,))
where h. is the natural convection heat transfer coefficient for
heat transfer through the thermal boundary layer around the
outer ‘skin’ surface of a cell component j [Js~tcm 2K~ =
Wcem™2K ™, h,.; is the radiative heat transfer coefficient for
heat transfer from the outer ‘skin’ surface from the cell
component j [Js~tem 2K~ = Wem™2 K], Agyrpjis the
area of the outer skin surface of the cell component j [cm?],
T the temperature of the environment around the cell [K],
and T the cell average temperature [K] at any time, t (sec),
during the cell discharge period. One should note that

h, (T-T,.)=cs, (T -T., (14)

(13)

where
o= the Stefan-Boltzmann constant and &, ; = emissivity of the surface
of compnent j.

Section 11.C provides more pertinent information on the
natural convection and radiative heat transfer coefficients.

In general, Eq. (13) can be solved for the cell temperature
T as a function of time, ¢, for a constant or varying cell current
using a numerical method such as the Euler method or Runge-
Kutta method [21,22]. For the analytical solution, Eq. (13) is
as expressed as:

A(T=Teyrr) _ TNE=Eoc)|=(Zj[(he+hr, j)Asurs, j1) (T=Tsurr)}

dt - (ZjmjCp,)

(15)

The heat loss rate from the cell at its initial temperature, T =
Tim’;

c.'ltot,ini = [Z I:(hc + hr,i ) Asurf,i ]] (Tini " Tsurr ) (16)

If the thermal energy production rate= Permar =
[[|(E = Eopen)|] is greater than g, ...; the cell temperature
would start rising with an increase in the cell discharge time.
The cell temperature would continue to increase until either
the cathode active material capacity to hold charge or lithium
amount is completely exhausted or if the cell temperature
approaches the melting point of the lithium metal or any other
cell component.

For the assumption of Pyermar = [I|(E — Eopen)|] being
approximately constant, as is observed in the case of
discharge of a cell; e.g., [Li(s)/electrolyte/CF (s), cell ]

at a constant current, with (E —E,p.,) remaining
approximately invariant over its significant discharge period
[18,23] and with the additional assumption of insignificant or
slight variation in (Z,[(hc + hy;)Asurs;]). the following
analytical solution of Eq. (15) was obtained:

J‘(T_Tsurr) =(T-Tsurr) Ad(T—Tsyrr) —
(T =Tsurr)=(T ini=Tsurr) I{(E—=Eocv)|=(Z;[(he+hr j) Asurf j1) (T =Tsurr)

t=t dt t
= 17
Ji=o ((z,-m,-c,,_,-)> (ZjmjCp.)) ()

The left-hand side integral was obtained using the
information provided in [25] and the resultant equation
obtained from Eq. (17) was further simplified to obtain:

1_[1_€(Tini_Tsurr)] -ét
(T - Tsurr) = 7 - (18)

T_Tsu‘r‘r) — 1_[1_((Tini_Tsur‘r)]e_&

Tsurr

Or,etemp—nonadiabatic = ( (Tourr

(19)

for Penerma (= |1(E = Eopen)|) > ot ini [= (Z)[(he +

hy j )Asurf.j]) (Tini - TSWT)]

(20)
= Lt Asursj pr-1
where { = TE=Eopon) K (21)
= ZjhethrAsurr; o1
¢= Zj(mjCp,j) (157 #2)

All the algebraic steps to arrive at the final expression in Eq.
(19) are not shown here for the sake of brevity.
For the case where Poermar (= [I(E = Eppen)|) <

Qtot,ini [: (Zj[(hc + hr,j)Asurf,j]) (Tini - Tsurr)]the cell
body cooling starts from the very beginning of the galvanic
cell discharge. For this case, the appropriate differential form
of the thermal energy balance over the cell during its
discharge period at any time is given as

(_ ﬂ) _ {Zj[(hc"'hr,j)(T—Tsurr)Asurf,j]}_U|E—EOCV|)

dt (Xjmjcp,j)

(23)

or, [_ a(r—drtsum] _

{Zjl(re+hr ) (T =Tsurr) Asurs,jI}-UIE=Eocv]) 24)

Ejmjcp,)
Solution of this differential equation leads to:
6temp—nonadialmtic = (%) =
1+ (Tini=Tsurr) —1le =8 (25)

cTSuTT

for the case where Permar (= |[1(E = Eopen)|) < Gtot,imi [=

ke + b Asurr 1) (Tog = Tourr)|
(26)

where T;,,; =initial temperature of the cell [K].
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The cell cooling, as suggested by Eq. (25), would continue
until the cathode active material capacity to store lithium or
charge would be completely exhausted.

11.C Natural Convection and Radiation Heat Transfer
Coefficients
For the situation of temperature, T, of a cell component j

being equal to the temperature of the environment
surrounding the cell, Tg,,,, the heat transfer coefficient, h.,
can be computed from the following equation [19]:

heD

Nup =722 = 045 7)

where Nuy is the Nusselt number for heat transfer; h. is the
natural convection-conduction heat transfer coefficient for
the transfer of heat through the thermal boundary layer
around a cell of the cylindrical type of diameter, D,
Us™tem™2K~1]; D is the diameter of the cylindrical-type
cell, [cm]; k¢ is the thermal conductivity of the surrounding
air, [Js7'em™'K~'], at the film temperature, T, =

T+T.
e ()

For AT = (T — Tgy) > (a few degrees), h. can be
estimated from

0.25

_ heD .
Nup = -2° = = 0.53(GryPry) (28)

Eq. (28) is valid for GryPr; = 10° —10°. The Grashof
number for heat transfer, by definition, is: Gry =

[D3gﬁ (AT) pf ] [D 9by (AT)] the Prandtl number for

heat transfer, Pry = i acceleration due to  the
ky

gravitational effect, g = 981.0,[cms™2]; coefficient of
thermal expansion of air following ideal-gas behavior at the

film temperature, ,8f=Ti,[K‘1]; cell surrounding air
f

density, ps,[gem™3], dynamic viscosity, ug,[gem™ts™],
and kinematic viscosity, vy, [cm?s~*], at the film temperature
and atmospheric pressure; the cell surrounding air thermal
conductivity, ks, [Js™'em™K~'], and heat capacity at
constant pressure, C,r, [Jg~'K~']. For the values of
(GrPr); = GryPry outside the range of 103 — 10°, see Fig.
7-11 [19] or Fig. 12-8 [20].

The radiative heat transfer coefficient, h,;, for heat
exchange between the ‘skin’ surface of component j of the
galvanic cell of surface area, Agy,, s, and emissivity, & ;, is
given by:

h .= Uss,j(T‘L_TsALurr) (29)

) T=Tsurr

For the situation of AT = (T — Ty,,-) = 0, or AT < 5K, Eq.
(28) is reduced [20] to:

h,; = 4oe;;T? (30)

where ¢ =5.67051 x 10~8 [Wm 2K ~*] = 5.67051 X
10712 [Wcem~2K ~*]is the Stefan-Boltzmann constant [24].
If AT is more than a few degrees but less than 20% of the

absolute surface temperature, T, [K], then Ty = (@) is

recommended [20] for use in Eq. (30) in place of T to improve
the accuracy.

Il11. COMPUTATIONS USING THE MODEL
EQUATIONS

The parametric information about the ‘model’ button cell
depicted in Figure 1 was employed to calculate the

. . T-Tini .
dimensionless temperature, O¢ep, = - T versus time from

ini

Eqg. (9) under adiabatic discharge conditions for typical cell
currents of 0.0182, 9.1 x 10™%, 4.55 x 10™%, and 1.138 X
107* A, and the corresponding |E — Eneoreticarocy| =
|E — 4.57| voltages [18,23]. For the nonadiabatic cell

. . T—T. .
discharge operation, 6y, = — versus time was

Tsurr

computed from Eq. (19) for the case of Pyrermar > Grotinii
and from Eq. (25) for the case of Pyermar < Grotini fOr the
above-mentioned cell discharge currents.

IV.RESULTS AND DISCUSSION

Figure 2 shows the cell temperature versus time plots for the
‘model’ button cell discharge under the adiabatic conditions
for the cell currents. The dimensionless temperature, 8¢y, =
ﬂ varies linearly with the cell discharge time. The
average cell temperature rise rate at the cell ‘1C’ discharge
rate is very high relative to the other cell discharge currents.
It should be noted that corresponding to any cell discharge
time, the cell cathode active material capacity exhausted to
hold charge (or lithium amount) at a constant cell discharge
current is given by: (It). The theoretical capacity for the
‘model’ button cell depicted in Figure 1 is, Qineoreticar =
0.0182 Ah. So, at a given cell discharge current, I, one can
always determine the maximum discharge time. However, if
the average cell temperature approaches very close to the
melting point of lithium metal, acting as the cell anode, in a
time period shorter than the maximum discharge time
required to utilize the cathode active material capacity
depending on the cell discharge current; the cell discharge
must be stopped to avoid damage to the cell components and
its rupture (for the case of cell inadequate design pressure)
due to the internal pressure rise because of the vaporization
of the solvent of the cell electrolytic solution. For example,
the vapor pressure of the solvent dimethoxy-ethane (DME)
used as an electrolytic solution at 180.5°C (the melting point
of Li (s)) is 10.25 bar. One should also realize that other cell
components such as the Celgard separator and PVDF binder
would melt before the melting of the cell anode, lithium metal
sheet. This situation would lead to the failure of the galvanic
cell to deliver electric power to an external circuit.
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Figure 2. Plot of 6;¢p, = % versus time, t [hr]. Cell
discharge at the current levels shown is under adiabatic
conditions; T;,; = 293.15 K.

Figure 3 shows the dimensionless cell temperature,

T-T.
Otemp = ——— as well as the actual cell average

Tsurr

temperature, T, versus time for the four cell currents under
the nonadiabatic conditions where the heat exchange between
the cell outer ‘skin’ surface and its surrounding environment
can take place via the natural convection and radiation
mechanisms. For the discharge currents of 0.0182 and 9.1 x
10™* A, heating of the cell takes place. Eventually, the cell
average temperature reaches its steady-state value in each
case in a time period shorter than the time required for the
complete utilization of the cathode active material capacity to
store charge. Also, it is apparent that the steady-state
temperatures are safe for its discharge operation for these cell
currents. One should realize that, at the steady-state cell
temperature, the thermal energy production rate in the cell is
equal to the rate of heat loss from the cell to its surrounding
environment. For the cell currents of 4.55x 10~*, and
1.14 x 107* A4, cell cooling is represented. For each of these
currents, the cell average temperature decreases and reaches
its steady-state value as shown in Figure 3. Figure 4 is the

T=Tsurr

amplification of the O, =
surr

Lo =455%x10"*4, T, =323.15K(=50°C) and
Tourr = 293.15 K (= 20°C).

versus time plot for
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Figure 3. Plot of 8¢y, = versus time for the

surr

nonadiabatic discharge operation of the galvanic ‘model’
button cell.
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Figure 4. Plot of 6., = versus time for the

surr
nonadiabatic discharge operation of the galvanic ‘model’

button cell (amplification).

V. CONCLUSION

The formulation presented in this paper was developed to
predict the average cell temperature of a lithium-based
electrochemical cell for its discharge at a given cell current
and initial temperature under adiabatic and nonadiabatic
conditions. The predicted average cell temperature versus
time profiles show the linear behavior for the discharge of the
lithium-based ‘model’ button cell, Li(s)/electrolyte/CF(s),
discharged at a fixed current level under adiabatic operational
conditions. The cell average temperature could reach the
melting point (180.5°C) of the solid lithium sheet (acting as
the cell anode) before the cell composite cathode active
material capacity to hold charge is completely exhausted.
Note that at this temperature, the predicted vapor pressure of
the solvent, dimethoxy-ethane (DME) is 10.25 bar. For the
nonadiabatic operation of the cell, where the heat exchange
between the cell outer surface and its surrounding
environment takes place via both the natural convection and
radiative heat transfer mechanisms, cell heating ensues for the
discharge currents of 0.0182 4 and 9.1 x 10~* A whereas for
the cell discharge currents of 4.55x 10™* and 1.14 x
107* A, cell cooling starts from the beginning of the cell
discharge. The cell dimensionless temperature, ey =
T=Tsurr

, reaches its steady-state value in each case long before

Tsurr

the complete exhaustion of the composite cathode active
material capacity to hold charge.

Finally, it is stated here that the developed analytical
formulation presented in this paper, with some adjustment,
can be employed to predict the average cell temperature as a
function of time for any galvanic cell during its discharge at
a fixed cell current level for operation under adiabatic and
nonadiabatic conditions. The predicted cell average
temperature versus time information is of paramount
importance for the safe operation of a galvanic cell at any cell
current level. It is strongly recommended to determine the
cell temperature versus time data through a carefully
designed experimental program to validate the models
presented in Sections 1I.A and 11.B.
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