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Abstract

A simplified one-dimensional thermal mathematical model with lumped parameters was used to simulate temperature profiles inside
Ž .lithium-ion cells. The model makes use of heat-generation parameters established experimentally for the Sony US18650 cell. The

simulation results showed good agreement with temperature measurements at Cr2, Cr3, and Cr6 discharge rates, while some deviation
was noticed for the Cr1 discharge rate. The model was used to simulate temperature profiles under different operating conditions and
cooling rates for scaled-up cylindrical lithium-ion cells of 10 and 100 A h capacity. Results showed a strong effect of the cooling rate on
cell temperature for all discharge rates. A significant temperature gradient inside the cell was found only at higher cooling rates, where
the Biot number is expected to be )0.1. At lower cooling rates, the cell behaves as a lumped system with uniform temperature. To
establish the limits of temperature allowable in scale-up by the simplified model, commercial lithium-ion cells at different open circuit

Ž . Ž .potentials were tested inside an accelerated rate calorimeter ARC to determine the onset-of-thermal-runaway OTR temperatures. Sony
Ž . Ž .US18650 cells at 4.06, 3.0, and 2.8 V open circuit voltage OCV were tested and their measured OTR temperatures were found to be
104, 109, and 1448C, respectively. A sharp drop in the OCV, indicating internal short circuit, was noticed at temperatures close to the
melting point of the separator material for all open circuit voltages. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

ŽLithium-ion ‘rocking-chair’ batteries in small sizes e.g.,
.AA-size are widely used to power personal electronic

Ž .devices because of their high voltage )4.0 V and high
Ž Ž . y1 .energy density ;265 W h L . Lithium-ion batteries

potentially have 4–5 times higher power density than
lead-acid batteries, but thermal stability problems must be
overcome. These batteries are investigated as a potential

Ž .power source for electric vehicles EV to provide longer
driving range, adequate acceleration, and long lifetime.

The primary challenge in designing a scaled-up lithium
Ž .battery system 1–4 kW h is safety, under abusive as well

as normal operating conditions. During battery chargerdis-
charge, various chemical and electrochemical reaction as
well as transport processes take place. Some of these

) Corresponding author: Tel.: q1-312-567-3970; Fax: q1-312-567-
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reactions and processes continue also under open circuit
conditions. They are largely exothermic and may cause
heat to accumulate inside the battery if heat transfer from
the battery to the surroundings is not sufficient. This may
be the case if the battery is operated under insulating
conditions or in a hot environment. It will cause battery
temperature to rise significantly, so ‘hot spots’ may form
within the battery, thereby risking thermal runaway.

Performance and thermal modeling in combination are
essential tools in optimizing the design of scaled-up cells
and batteries for automotive applications. Models of this
type are capable of accounting for battery performance and
durability. However, they may require as input many
system properties, as well as operational parameters. Of
these properties, for example, transport properties, thermo-
dynamic properties and heat effects, are difficult to esti-
mate quantitatively. Extensive experimental measurements
may be required to evaluate these quantities and to develop
a clear understanding of the role of different cell compo-

Ž .nents electrodes, electrolyte and separator in heat genera-
tion as well as cell performance. However, for the purpose

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
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of cell design a relatively simple model based on a limited
number of measurements may have much merit. The main
objective of this paper is to present such a relatively
simple model and explore its limitations.

In earlier work the heat effect of a commercial cell
Ž .Sony US18650 was measured using an Accelerated Rate

Ž .Calorimeter ARC in combination with a battery cycler,
during cycling over a range of operating parameters within

w xthe limits recommended by the manufacturer 1,4 . An
integral energy balance applied to the cell was used to
determine the total heat generated by the cell during
cycling.

Calorimetric techniques in combination with electro-
chemical measurements may also be applied to cell com-
ponents such as electrodes and separators. Integrated im-
plementation may then provide valuable information about
cell and component properties, behaviour, and character-
istics. However, as will be shown, detailed knowledge of
component behaviour is not necessary for a first approach
to optimized scale-up, for example, using simplified tran-
sient one-dimensional thermal model with lumped parame-
ters. It is the objective of this work to demonstrate the
validity of such an approach to simulate the thermal
behaviour of scaled-up Li-ion cells.

In this work we further present some thermal runaway
Ž .data for the Sony US18650 cell at different open circuit

voltages. These data allow us to indicate, in a preliminary
fashion, expected limits on the scale-up of batteries that
have a similar chemistry as the Sony battery.

2. Temperature effect on cell and battery performance

Temperature excursions and non-uniformity of the tem-
perature are the main concern and drawback for any
attempt to scale-up lithium-ion cells to the larger sizes
desirable for high power applications as in EV propulsion
systems. Basically, battery design requires a trade-off be-
tween the risk of overheating individual cells of relatively
large sizes, and the cost of insulating or cooling a complex
array of small cells. However, this trade-off can be as-
sumed to yield an optimum cell size that is significantly

Žlarger than the presently commercial Li-ion cells some-
.what larger than AA-size . Thus, a well-designed thermal

management system is required to ensure good battery
performance, safety, and higher capacity. Thermal man-

Žagement systems using active cooling forced circulation
.of air or liquid have been proposed and simulated for

w xlead-acid batteries in electric vehicle applications 5 . Sim-
ulation results showed that thermal management systems
of this kind might improve battery performance by 30–
40%. However, such active cooling systems introduce
another level of complexity in the design and operation of
the battery system.

The thermodynamics of lithium-ion cells are compli-
cated by the presence of liquid electrolyte mixtures as well
as single-phase and multiphase solids. Heat generation

may result from mixing and phase change, as well as the
main electrochemical reactions. Reliable prediction of tem-
perature profiles of individual cells, and of a battery
system as a whole requires first of all quantitative evalua-
tion of the total heat generation rate. Thus, measurements
of temperature rise and heat dissipation of small cells, are
essential for simple but accurate modeling of scaled-up
batteries. It would be advantageous to keep such a model
relatively simple, by focusing on the cell as a whole, its
geometry and its total heat generation rates.

3. Thermal modeling of Li batteries

Thermal models for batteries simulate temperature pro-
files inside the batteryrcell during charge and discharge.
Models available in the literature vary from relatively

w xsimple one-dimensional thermal models 6–14 , assuming
Žsimplified cell design and mode of operation isothermal,

constant current, lumped thermophysical properties, and
.constant heat generation rates , to comprehensive three-di-

mensional models with non-isothermal, temperature-de-
pendent thermophysical properties and heat generation rates
w x15,16 . These models describe in detail the heat effects
caused by ohmic resistance, chemical reactions, mixing
processes, polarization and electrode kinetic resistance.
Such models also presuppose a thorough understanding of
the thermodynamic properties of battery materials and
parts.

w xHowever, as shown in Ref. 14 , for cell performance
model under normal conditions of battery use, lumped
properties and heat generation rates are sufficient. For such
an application, a minimum set of data is necessary to
develop a satisfactory model to predict the thermal be-
haviour of Li-ion batteries. In the following, we present a
one-dimensional mathematical model to simulate the tem-
perature profile of cylindrical cells. The heat generation
rates required as input in the computer simulation are
estimated from experimental measurements of overpoten-

Ž .tial and entropy of reaction reversible heat effect during a
cycle.

4. Model development and theory

Ž .An unsteady-state one-dimensional radial direction
thermal mathematical model was developed to simulate the
temperature profile in the battery during discharge. It treats
the cell as a thermally homogenous body with effective
thermophysical properties. The cell properties are assumed
to be independent of temperature over the range of opera-
tion temperatures. Heat is assumed to be generated uni-
formly throughout the cell.

Ž .The energy balance in the cell is described by Eq. 1
Ž .and the boundary conditions are described in Eqs. 2 and
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Ž .3 . The cell temperature is initially uniform and equal to
Ž .the ambient temperature, as shown in Eq. 4 .

E2T 1 ET q 1 ET
q q s 1Ž .2 r Er k a EtEr cell

dT
s0 2Ž .

d r rs0

dT
yk sh TyT 3Ž . Ž .cell ad r rsR

TsT at ts t and for all r . 4Ž .a o

The volumetric heat generation rate, q, includes heat
generation by overvoltage and chemical reactions, and

Ž .neglects any other heat effect e.g., heat of mixing . Part of
the heat generated remains inside the battery as sensible
heat. Another part of the heat generated inside the cell
during discharge is conducted through the cell layers and
then transferred to the surroundings through the cell sur-

w xface. Evans and White 29 reported that the heat transfer
resistance of spirally wound LirSOCl cell in the radial2

direction was twenty times higher than that in the axial
direction. Similar results were found and reported by our
group for the Sony US 18650 cell, as reported elsewhere
w x17 . Therefore, the present model is restricted to the radial
heat transfer only.

5. Heat generation rates

Heat generation rate inside the cell is derived from the
Ž .governing thermodynamic relations described in Eqs. 5 –

Ž .9 :

QsDGqTDSqW 5Ž .el

DGsynFE 6Ž .eq

d Eeq
DSsnF 7Ž .

dT

W synFE 8Ž .el

d EeqXQ s I E yE qT 9Ž .Ž .eq dT

Ž .Eq. 9 is similar to the general energy balance pre-
w xsented earlier by Gibard 23 and is the summation of the

reversible and the irreversible heat effects. In this work the
overpotential was measured experimentally, while the en-
tropy term was estimated from the entropy coefficient
Ž .d E rdT measured experimentally as described earliereq
w x1 .

6. Results and discussions

6.1. Normal conditions— experimental data

The cell voltage on load of the Sony US 18650 cell was
measured experimentally at different depths of discharge

Ž .DOD for Cr1, Cr2, Cr3, and Cr6 discharge rates at
358C operating temperature, specifications and chemistries
of the cell are listed in Table 1. The open circuit voltage is
assumed to be equal to the equilibrium potential and was
measured experimentally by DC-current interruption at
different depths of discharge. This was achieved by dis-
charging the cell at Cr6 discharge rate, then interrupting
the current for 3 h while cell voltage and temperature are
monitored during that period. The cell temperature at the
end of interruption always had returned to its initial value;
this was important to eliminate any temperature effect on

Ž .the measured open circuit voltage OCV values. In any
case, the temperature rise at the end of discharge for
normal Cr6 discharge rate under ARC operating condi-
tions without interruption was less than 48C, which is
further assurance of negligible deviation of OCV due to
heat retained in the cell.

Fig. 1 shows the measured OCV and cell voltage on
load for all discharge rates at different depths of discharge.
The measured OCV values between 0.5–0.75 depths of
discharge were found to be less than the cell voltage on
load at Cr6 discharge rate. This may be explained by the

Ž .relatively short relaxation time 3 h used in this experi-
ment, since it is known that complete relaxation in this

w xrange may take days or even weeks 2 . It could also be
related to the reported hysteresis of Li-ion batteries in this

w xregion 3 . For all discharge rates, the difference between
OCV and cell voltage on load, at different depths of
discharge, was considered to be the overvoltage. These

Ž .values were used in Eq. 9 to calculate the irreversible
heat effects.

Ž .For the entropy coefficient d ErdT of Sony cells,
values of y0.429 and y0.753 mV Ky1, at OCVs4.044
and 3.227 V, respectively, were measured and reported

w xearlier by our group 1 . In this work linearly interpolated
values were used at other depths of discharge, to calculate

Ž .the reversible entropic heat effects. Results for reversible
and irreversible heat effects are shown in Fig. 2. At lower

Ž .discharge rates Cr2, Cr3 and Cr6 , most of the heat
Ž .generated during cell discharge is reversible entropic .

This is in agreement with the results of our earlier work
w x1 , which showed that 40–60% of the heat generated at
Cr1, Cr2 and Cr3 discharge rates is due to entropic
effects. Total heat generation rates for this work at 2C,

Table 1
Ž .Specification for the Sony US18650 cell

Capacity: 1.35 A h
Diameter, Ds18 mm; height, Ls65 mm
Height-to-diameter ratio, LrDs3.61

y1 y1Ž . Ž .k s3.0 W m 8C ; C s1.0 J g 8Ceff p

Cut off voltagess2.5 and 4.2 V for discharge and charge, respectively
Cathode material: LiCoO2

Anode material: disordered carbon
Electrolyte: PCqDECrLiPF6

Separator: polypropylene and polyethylene



( )S. Al Hallaj et al.rJournal of Power Sources 83 1999 1–84

ŽFig. 1. Open circuit voltage and cell voltage on load vs. DOD Sony Type
.US18650 , at Cr1, Cr2, Cr3, and Cr6 discharge rates.

Cr1, Cr2, Cr3 and Cr6 are shown in Fig. 3. The
calculated values of the heat generation rate were linearly
extrapolated at different DODs to estimate the heat genera-
tion rate at 2C discharge rate. Heat generation rates in-
crease sharply at the end of discharge. This is consistent

Žwith the sharp increase of the measured overvoltage im-
.pedance of the cell at the end of discharge, due to the high

concentration polarization.

6.2. Normal conditions— temperature profile

Ž .Eq. 1 was used to simulate the temperature profile
inside the cell. Thermal properties needed for the computer
simulation, listed in Table 1, were taken from measure-

w xments reported elsewhere 17 . Simulation results for the
Sony cell, at all discharge rates, are shown in Fig. 4. These
are in good agreement with experimental measurements

Fig. 2. Reversible and irreversible heat effects vs. DOD, for Sony Type
Ž .US18650 cell at Cr1, Cr2, Cr3, and Cr6 discharge rates.

Fig. 3. Volumetric heat generation rate for the Sony US18650 cell at 2C,
Cr1, Cr2, Cr3, and Cr6 discharge rates.

for Cr2, Cr3 and Cr6 discharge rates, while some
deviation is noticed for Cr1 discharge rate. This may be
due to the assumption that heat is generated uniformly
throughout the cell, which may not be true if discharge
takes place rapidly. At high discharge rates the temperature
build-up near the center may accelerate the local reaction
rate and cause an earlier onset of the irreversible heat
generation. At slower discharge rates, irreversible heat
generation dominates only near the end of discharge. Al-
ternatively, the rapid discharge rate may not leave enough
time for endothermic transformations to go to completion.
At low discharge rates uniformity is more likely, hence,
simulated results match the measured values.

At the 2C discharge rate, the cell temperature is ex-
pected to rise significantly toward the end of discharge. If
the initial temperature of the cell was higher than the one

Žshown in this work or if the cooling rate is lower h-10

Fig. 4. Simulation results against temperature measurements for Sony
Type US18650 cell at all discharge rates. T s358C, and hs10 W my2

a

Ky1.
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y2 y1.W m K , the cell temperature may be expected to
Ž .reach onset-of-thermal-runaway OTR temperature.

w xJohnson and White 25 showed that the Sony cell can
operate at 2C and 3C rates without risking thermal run-
away. However, the utilized portion of the nominal capac-
ity of the cell at 2C and 3C discharge rates were about 50
and 15%, respectively. This is due to the use of coke-based
anode in the Sony cell which sacrifice energy density for
excellent cycle life and performance. As a result, the
temperature rise of the cell did not reach OTR temperature,
since only small part of the cell was utilized at these high
discharge rates. While in the simulation part for the 2C
rate for the Sony cell in this work, we assumed that 80%
of the nominal capacity is utilized which allowed the
temperature of the cell to reach the OTR temperature.

6.2.1. Thermal runaway conditions
To establish the limits of application of the model,

thermal runaway tests were carried out. The results were
compared with temperature profile predictions for the criti-
cal temperatures observed. Fig. 5 illustrates thermal run-
away tests for Sony cells at different depths of discharge.
All experiments were conducted inside an Accelerated

Ž .Rate Calorimeter ARC 2000, Columbia Scientific in
Žcombination with a battery cycler Model BT 2042, Arbin

.Instruments . In each experiment, the cell was placed
inside the ARC and heated stepwise to thermal runaway

conditions. The cell temperature was measured using an
E-type thermocouple attached to the cell surface. The
experimental sequence is based on the ARC heat–wait–

Ž .search HWS mode, where the cell temperature is in-
creased 58C in each step followed by 15 min wait time.

Ž .During wait time, the self-heating rate SHR of the cell is
monitored carefully. If the detected SHR is larger than
0.28C miny1, this is considered an indication of the onset
of an exothermic reaction. The ARC then shuts down the
heating and records cell temperature till the end of the
thermal runaway process. Details about the ARC operating

w xmodes and specifications can be found elsewhere 18,19 .
The OTR temperatures at 4.06, 3.0 and 2.8 V open

circuit voltages, were found to be 104, 109, and 1448C,
respectively, as shown in Fig. 1a–d. The measured open
circuit voltage drops sharply during the thermal runaway
reaction and indicates an internal short circuit of the cell at
temperatures between 145–1508C for all open circuit volt-
ages. This is close to the melting point of polyethylene-
based material used as a separator in the Sony cells
w x22,25 . These experiments demonstrate that the OTR tem-
perature for Li-ion cells drops significantly, from 145 to

w x1098C, if the cell is only slightly charged. Saito et al. 2 ,
studied the current and temperature behaviour of Sony

Ž .cells at different states of charge SOC under short circuit
conditions. Initial peaks of current and temperature after
short circuit were noticed, followed by a breakdown of the

Ž . Ž . Ž . Ž . Ž .Fig. 5. Thermal runaway experiments for Sony US18650 Li-ion cell. 1a OCVs2.8 V, 1b OCVs3.0 V, 1c OCVs4.0 V, and 1d OCV vs. time.
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Table 2
Dimensions for scaled-up cells

Ž .Capacity A h LrDs3 LrDs4

Ž . Ž . Ž . Ž .D mm L mm D mm L mm

10 37.4 112.3 34.0 136.0
100 80 240 73.3 293.0

cell separator at temperatures above 1208C. However, the
cells at low SOC took more time to reach the shutdown or
breakdown temperature. Therefore, regardless of other
conditions for cell storage, it is recommended to store
these cells in the fully discharged states. In the scale-up
design calculation we adopted the following as local tem-
perature limits.

6.2.2. Scaled-up design
Sony, SAFT, and other battery companies have recently

designed and tested scaled-up Li-ion cells for EV applica-

Ž .Fig. 6. a Simulated temperature profile for the 10 A h cell at all
y2 y1 Ž .discharge rates, hs10 W.m .K . b Simulated temperature profile

for the 100 A h cell at all discharge rates, hs10 W my2 Ky1. DT :
Transient temperature increase at the center of the cell. LrD: Cell-
length-to-height ratio.

w xtion 26–28 . However, little or no data concerning their
performance and thermal behaviour are available in the

w xliterature. Maeda et al. 20 reported a 258C temperature
increase at the end of Cr1 discharge rate for a graphite–
cokerLiCo Ni O 30 A h cell. The cell has a cylindri-0.3 0.7 2

cal design with 60 and 185 mm diameter and height,
Ž . w xrespectively LrD;3 . Kanari et al. 21,24 carried out

thermal simulation for an 10–100 A h scaled-up
carbonrLi CoO cells, to study the effect of cell designx 2

and operating conditions on the temperature change of the
cell. The cells were assumed to have an LrD;3 aspect
design ratio. Simulation results showed a temperature in-
crease of 4 and 88C for the 1 and 30 A h cells, respec-
tively, at the end of a 0.2C discharge with hs10 W my2

Ky1. In both cases the temperature difference between the
cell surface and center was less than 28C. For a 10 A h
scaled-up cell at 0.2C discharge rate, a temperature rise of
4 and 208C for hs100 and 1 W my2 Ky1, respectively,
were estimated.

Ž .Fig. 7. a Simulated temperature profile for the 10 A h cell under
Ž .different cooling conditions, discharge ratesCr1. b Simulated temper-

ature profile for the 100 A h cell under different cooling conditions,
discharge ratesCr1. DT : Transient temperature increase at the center of
the cell. LrD: Cell-length-to-height ratio.
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Utilizing information and measurements available for
the Sony cell, we projected design for scaled-up cylindrical
Li-ion cells, of 10 and 100 A h capacity, respectively. The
cells are assumed to be assembled from materials similar
to those used in the Sony cell so that the thermal properties
are the same. The sizes of the scaled-up cells were deter-
mined based on the nominal energy density for the Sony

Ž . y1 Žcell, i.e., 80 A h L . The aspect ratio cell height to
.diameter, LrD was fixed at 3 or 4. The dimensions of the

scaled-up cells are listed in Table 2.
The temperature rise predicted for the center of the cell

at Cr1, Cr2, Cr3 and Cr6 discharge rates, assuming a
cooling rate of hs10 W my2 Ky1 are shown in Fig. 6a
and b for the 10 and 100 A h cells, respectively. The
temperature rise at the end of discharge at Cr1 rate is
expected to be 42 and 608C for the 10 and 100 A h cells,
respectively. Simulation results demonstrate the insignifi-

Ž .cant effect of varying geometry LrD , in the range of
ŽLrDs3–4. This agrees with the low Biot number Bis

. y2 y1hL rk for a cooling rate of hs10 W m K . The Biotc

number is less than 0.1 in the case of both scaled-up cells
described here, so the cell may be considered a lumped
system of uniform temperature. These results are in good

w xagreement with results reported by Kanari et al. 24
Ž .however, at high discharge rates e.g., at Cr1 rate and for

all cooling conditions, our results showed higher tempera-
ture rise than their predictions for the 10 A h scaled-up
cell.

Fig. 7a and b shows simulation results for both cells at
ŽCr1 discharge rate, assuming various cooling rates hs1,

y2 y1.5, 10, 20, 30, and 100 W m K . The temperature at
the center is expected to rise about 808C in the 100 A h
cell at the end of discharge under near-insulating condi-

Ž y2 y1.tions hs1 W m K . If the initial temperature was
above 308C, this will cause the cell temperature to reach
the lowest OTR point for the Sony cell. Under natural

Fig. 8. Simulated temperature profile inside the 100 A h cell under
different cooling conditions, discharge ratesCr1. DT : Temperaturef

increase at the end of discharge.

convection cooling conditions, e.g., hs5 or 10 W my2

Ky1, temperature rises of 70 and 608C, respectively, are
expected for the 100 A h cell. Temperature rises of 44 and
408C are expected for the same cell under moderate forced
convection, e.g., hs20 and 30 W my2 Ky1, respectively,

Ž y2 y1.while at high cooling rates hs100 W m K , the
temperature rise should not exceed 258C.

At low cooling rate, insignificant differences between
simulated results are found for LrDs3 and 4, while at
high cooling rates, 2–58C differences are noticed with Biot

Ž .number values higher than 0.1 . The value of the Biot
number was found to be higher than 0.1 for both cells at
high cooling rates, when hs100 W my2 Ky1. This will
result in a temperature gradient inside the battery as shown
in Fig. 8 for the 100 A h battery, where the cell center
temperature is 78C higher than the surface temperature. A
temperature difference of 2–48C results if h is in the range
of 5–30 W my2 Ky1. Almost no temperature gradient is

Ž y2 y1.noticed for near-insulating conditions hs1 W m K ,
Ž .where the Biot number is Bis0.00544 . This is in agree-

w xment with results reported by Kanari et al. 24 for similar
cell design and operating conditions.

7. Conclusions

A simplified one-dimensional thermal model with
lumped parameters was developed to simulate temperature
behaviour of Li-ion cell during discharge. The model was
verified against temperature measurements at different dis-
charge rates of the Sony US18650 cell.

Commercial Sony type lithium-ion cells at different
open circuit potential were tested inside an ARC to deter-
mine their OTR temperatures. Experimental measurements
showed that the thermal runaway reaction of slightly
charged cells starts at significantly lower temperature than
that of fully discharged cells. The results were used as
temperature rise limits in the design of scaled-up Li-ion
cells.

The simplified model was used to simulate temperature
profiles of scaled-up lithium-ion cells of 10 and 100 A h
capacity. The cell designs were based on the measured
nominal capacity of the US18650 Sony cell and were
assumed to contain the same materials and have the same

Ž .chemistry. A cell aspect ratio LrD of 3 or 4 was used to
fix the cell dimensions. Simulation results showed a signif-
icant effect of the cooling rate on the temperature rise of
the cell for all discharge rates, this was not influenced by
the LrD factor, in the range 3–4. The temperature non-
uniformity of temperature inside the cell was found to be
insignificant at low to moderate cooling rates, while a 78C
rise at the center was noticed at higher cooling rates, for
hs100 W my2 Ky1. This is in agreement with the
calculated Biot number under these conditions. Results
showed that scaled-up cells of 10–100 A h are expected to
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operate safely at low to moderate discharge rates under
natural cooling conditions. At high discharge rates or
under near-insulating conditions, cell temperature is ex-
pected to rise significantly, risking thermal runaway. Ther-
mal management systems using active or passive cooling
systems are required under such operating conditions.

8. Nomenclature

Ž .D cell diameter mm
Ž .E cell Õoltage on load V

Ž .E cell equilibrium voltage Veq

F Faraday’s constant
Ž y1 .G Gibbs free energy J mol

Ž y2h effective surface heat transfer coefficient W m
y1 .K

Ž .I applied current A
Žk effective radial thermal conductivity of a cell Wcell

y1 y1.m K
Ž .L cell height mm

n number of electrons
Ž y1 .q volumetric heat generation rate W L

Ž .Q overall heat generation J
X Ž .Q overall heat generation rate W

Ž .r radial distance mm
Ž .R cell radius mm

Ž y1 y1.S entropy J mol K
Ž .t time s

Ž .t initial time so
Ž .T cell temperature K

Ž .T ambient temperature Ka
Ž .W electric work Jel

Ž 2 y1.a thermal diffusivity m s
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