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ABSTRACT

Secondary (rechargeable) electrochemical batteries provide
a means for supplying electrical power to equipment. Thermal
management is needed to reduce the temperatures caused by
internal energy generation inside the batteries, a direct conse-
quence of the chemical reactions required to produce the elec-
trochemical potential. Depending on the electrolyte, anode and
cathode materials, energy generation can occur during discharge,
recharge, or both. For particular electrochemical battery systems,
internal heat generation caused by IR losses can be considerable
as well. Energy generation is a detriment to the operation of the
battery, reducing life, increasing recharge time, and/or limiting
output due to restricted discharge rates.

We consider a strategy for thermal management of recharge-
able electrochemical batteries. The strategy consists of thermo-
electric (TE) elements placed at the battery boundary connected
to0 a heat conducting plate in contact with the energy-generating
electrolyte region of the battery. Quasi-steady, two-dimensional
analytical and numerical models have been developed for a Ni-
Zn battery system. Ni-Zn batteries are susceptible to thermal
build-up during excessive discharge; the increased temperatures
cause damage to cell structure components. The models include
heat generation due to the chemical reaction in the Ni-Zn cell,
and heat transfer in the cold junction plate of the TE cooler in
thermal contact with the electrolyte and the electrodes inside the
battery. The thermal models provide the temperature distribution
throughout the battery electrolyte region, as well as the tempera-
ture distribution in the cold-junction plate.
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The results have shown that better internal thermal man-
agement in electrochemical batteries utilizing TE coolers will
improve battery performance in the demanding applications re-
quired for the automotive industry and small battery-powered bi-
cycles. In particular, the ratio of the discharge time for a TE-
cooled Ni-Zn battery operating at a peak temperature of 332 K
to that for a non-TE-cooled battery at the same peak temperature
was calculated. The results showed that TE cooling of the battery
allows the discharge time to be reduced by more than a factor of
two over that for an un-cooled battery.

NOMENCLATURE

A area,m?

d area density

E heat,J

1 current, A

k  thermal conductivity, W/m-K
K thermal conductance, W/K
£ length in y direction, m

L lengthin x direction, m

n  number of TE modules

Q heat transfer rate, W

R electrical resistance, Q

S Seebeck coefficient, V/K

t thickness, m

T temperature, K

w  length normal to x and y, m
x coordinate, m
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coordinate, m

18] + 1551,V /K

coefficient of performance
aspect ratio, £¢ /L,

coefficient defined by eqn. (13)
coefficient defined by eqn. (15)
Ire /Ire max

electrical resistivity, Q-m
discharge time, min

AT 3 PHIRTR W

Subscripts

b Dbasecase

C  cold junction
e electrolyte
H  hot junction
max maximum
7 njunction

p pjunction

¢q quadrant

s strip

TE thermoelectric
v variation

x x direction

Yy y direction

Superscript
* no TE modules

INTRODUCTION

Secondary (rechargeable) electrochemical batteries provide
a means for supplying electrical power to equipment. Thermal
management is needed to control unwanted heat generation in-
side the batteries, a direct consequence of the chemical reactions
required to produce the electrochemical potential. Depending on
the electrolyte, anode and cathode materials, this heat genera-
tion can occur during discharge, recharge, or both. For particular
electrochemical battery systems, internal heat generation caused
by %R losses can be considerable as well.

Internal heat generation is a detriment to the operation of
the battery, reducing life, increasing recharge time, and/or lim-
iting output due to restricted discharge rates. Especially in
the automotive industry and for small battery-powered bicycles,
where traction batteries are required to power the vehicles, quick
recharge and extreme loading on the battery system are typical
during normal vehicle operation. This puts an excessive thermal
load on the battery, greatly reducing performance and longevity.
The physical size of the batteries limits the amount of heat that
can be removed from external surfaces, causing a damaging heat
buildup inside the battery and restricting operation.

There are several sources of heat generation in secondary
batteries that result in thermal build-up (Crompton, 1997). Some

are due to particular battery types or designs. However, there
are two main causes inherent to all batteries. One is electrical
I’R losses during discharge or recharging. Quick recharge times
requiring high charging rates can result in very large losses. Typ-
ically, with the resulting thermal build-up in the battery, charg-
ing must be interrupted to allow the heat to dissipate, extending
recharge time.

The second source of thermal energy in electrochemical bat-
teries are the various reactions that take place during both dis-
charge and charging. For example, in lead-acid batteries the
chemical reaction that produces the electromotive force, lead and
lead dioxide with sulfuric acid, causes an exothermic heating of
the battery. During charging, this is an endothermic reaction
that actually cools the battery. However, during typical recharge
rates, the I2R losses more than offset this cooling, resulting in a
net increase in thermal energy. And for very high charging rates,
the cooling effect becomes insignificant.

Thus, the primary source of heat production occurs in the
metal grid plates, both at their surface where the chemical reac-
tions take place and internally where the current flows and the
electrical resistance causes the heat generation. The heat gener-
ated in the battery is difficult to remove since this location is not
easily accessible. Thus, the bulk and configuration of large bat-
teries do not lend themselves to cooling strategies. Nonetheless,
if cooling can be provided at the point of this heat generation, im-
proved recharge times and battery performance will result. The
application of thermoelectric (TE) coolers at the source of heat
production will aid in battery longevity and increase practical
usage of the battery. The coolers may be positioned in any or
all of several locations internal to the battery for the best results
of heat removal. Several different configurations for TE cooling
were proposed in an earlier paper (Parise, 2000).

One of these strategies has the TE coolers installed between
the positive and negative grid plates of the cell pairs (see Fig. 1).
Construction has to be such that the electrolyte can still flow
easily between the plates during both discharge and recharge of
the battery. With this strategy, the coolers are in good thermal
contact with the prime source of heat production, the metal grid
plates. The cold junction plate appearing in Fig. 1 is a good heat-
conducting rectangular ring or strip that allows the free flow of
electrolyte between the grid pairs. The air-cooled, warm junc-
tions of the TE modules are on the exterior of the battery.

Under certain operating conditions, the interior of the bat-
tery may require heating. In this application, current flow can be
reversed in the TE modules to control the battery internal temper-
ature. Obviously, control circuitry would be needed to maintain
a specified temperature.

In this paper, two-dimensional, analytical and numerical
models have been developed to predict the thermal performance
of a Ni-Zn battery system. Ni-Zn batteries are susceptible to ther-
mal build-up during excessive discharge; the increased temper-
atures cause damage to cell structure components. The models
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Figure 1.  SCHEMATIC OF THE COLD JUNCTION PLATE PLACED BE-
TWEEN PLATE PAIRS IN THE BATTERY.

include heat generation due to the chemical reaction in the Ni-Zn
cell, 2NiOH(OH) + Zn + 2H — 2Ni(OH) + Zn(OH), and conduc-
tion in the cold junction plate of the thermoelectric cooler in ther-
mal contact with the electrolyte and the electrodes inside the bat-
tery. The models provide the temperature distribution throughout
the battery electrolyte region, as well as the temperature distribu-
tion in the cold junction plate.

MODELING
The Governing Equations

We consider quasi-steady, two-dimensional conduction in a
rectangular cell of a battery bounded by a cold-junction plate
which we model as a conducting strip. One quadrant of the
cell appears as shown in Fig. 2. The cell dimensions are 2L,
in the x direction, 2¢, in the y direction, and w, thick. There is
a quasi-steady, uniform energy generation rate per unit volume
which results in a heat transfer rate Oy at the boundary of the
cell. Thermoelectric (TE) coolers in the form of a number, n, of
TE modules are installed on the vertical side of the quadrant with
the cold side (at temperature Te(y)), in intimate contact with the
strip and the hot side at constant temperature Ty.

The temperature distribution in the electrolyte, T,(x,y), for

y Adiabatic Boundary

’? N T S e 5|
1 Conducting Strip
Ie& TeyW
IJ‘ To X — TE
i | Modules
|
| =]
I Electrolyte, To(x,y) | || T,
Qg —
S
L X

e

Figure 2. CROSS SECTION OF A QUADRANT OF A BATTERY CELL
FOR USE IN FORMULATING THE THERMAL MODEL.

0 <x<L;and0 < y < £, is governed by the heat conduction
equation
9T, 0°T,
S =0,
ox a9y L.l.w.k,

@M

The outer surface of the strip is insulated at the terminal-side
(i.e., top) of the battery, and has TE modules installed on the
vertical side. The strip has a thickness ¢, width wyg, and thermal
conductivity ;. The temperature distribution in the strip is from
the solution of

P T,
kstswre 2 —keWe Pt = 0, )
along the top side of the battery, and
k. 2T,y ,
stswre 47Ty ~keﬁ L Qre(y) —o0, 3)
we  dy? ox[~"  Arp

along the vertical side. Org(y) is the local heat transfer rate at
the cold junction of a TE module, Arg the cross-sectional area
for a TE module normal to the vertical side, and w, and k, are
the thickness and thermal conductivity of the electrolyte, respec-
tively.

The boundary conditions are

aTel’ ‘BTe}} _dT;,
T T e

dTyy _
=0 = W';/:O =0, @

along the battery centerlines, and a match between the strip and
battery temperatures where the two meet. Thus,

L(x,y=4e) =Tex(x), 0<x<L, (5)

and
Tz(szeJ) :Ts,y(}’)y 0<y<é, ©)
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along with

Tip(y =Le) = Tox(x =Le). M

Org(y) is from an energy balance on a TE module which

includes heat transfer from the Seebeck effect less the parasitic

heat transfer from both electrical resistance heating and conduc-
tion from the surroundings. We have (Angrist, 1982),

0r8(y) = oTey(WIre — IrgRre /2 — Kre(Tn — Tey (0)],  (8)

where o = |S,| +|S,|, and Rrg and Kyg are the electrical re-
sistance and thermal conductance of a TE module expressed as
follows

Rrg = Ppln[An~+PpLp/Any KTE = knAn/Ln+kpAp/Lp. (9)

Tcy(¥), Th, and Ig are the cold- and hot-junction temperatures
of the module, and module current, respectively.

As we discuss below, it will be convenient to consider the
situation for a uniform cold-junction temperature, 7¢. In this
case, the current required to maximize the heat transfer rate at
the cold junction of a TE module is determined by setting the
derivative of eqn. (8) with respect to Iy equal to zero and sclving
for Irg = ITE may. Obtain,

ale

—_— 10
R (10

ITE,mw; —
If we define 1 as the ratio of actual current supplied to the TE
modules to /7 max,
Irg
N=s — 5 1D
ITE max

eqn. (8) can then be solved for the ratio of T¢ to Ty and written

as
Ig 2 0y
e [O%5 JR  FRTRO._. S 12
Ty -1+ +x( +nT;,,KTE)]’ 08

where I is from

= M (13)
w*N(2—1)7x
Thus, we see by inspecting eqs. (12) and (13), that T is calcu-
lable for known values of Ty, the dimensions and properties for
a TE module, and specified values for the fraction of the maxi-
mum current, 7, and the heat transfer rate per module at the cold
Jjunction, Oy /n. Use will be made of eqn. (12) below.

Numerical Approach and Results

Equations (1)-(9) were solved numerically by writing
egs. (1)-(3) and the associated boundary conditions in finite-
difference form on a uniform grid. All derivatives were approx-
imated using second-order accurate differences. The resulting

3204 T T T

T T
-8~ At Terminal-Side, 1/16-in Thick Strip
-8 At TE-Side, 1/16-in Thick Strip

~A- At Terminal-Side, 0.001—in Thick Strip
- At TE-Side, 0.001—in Thick Strip
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Figure 3. TEMPERATURE DISTRIBUTION ALONG EDGES OF A
GELL IN THE BATTERY. FROM NUMERICAL SOLUTION.

system of non-linear algebraic equations was solved by iteration
and relaxation using MATLAB. We found that the results were
independent of the mesh size for a grid of 21 by 21 nodes in each
direction. A relative convergence criterion of better than 0.001
was used for the temperature at each node. About 800-1000 iter-
ations were required to achieve convergence.

Of particular interest from the results of the numerical so-
lution is the sensitivity of the results to the conductance of the
conducting strip. In Fig. 3, we show the temperature distribution
for an aluminum strip having the thickness values of 0.00254 cm
(0.001 in) (essential zero thickness), and 0.318 cm (1/16 in). The
values for ¥, Oy, and 1 are set equal to their respective base-case
values discussed below.

Itis clear from our inspection of Fig. 3 that a strip thickness
of 0.318 cm (1/16 in) or more is sufficient to produce a near uni-
form (say, better than 2%) temperature distribution at the bound-
ary of the battery.” An increase in the strip thickness to twice
this value resulted in a maximal temperature variation along the
length of the strip of less than 1 K.

A plot of the temperature distribution in the quadrant of the
battery for the base case is shown in Fig. 4. We note that the
peak temperature of the battery occurs at the battery center and
is about 332 K.

Analytical Approach

As discussed above, the temperature at the boundary of the
battery is uniform at ¢ for a sufficiently thick conducting strip.
The temperature distribution in the battery, T,, can then be writ-
ten as (Arpaci, 1966)
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Figure 4. TEMPERATURE DISTRIBUTICN IN A CELL OF THE BAT-
TERY. FROM NUMERICAL SOLUTION.

Ly -Tc _ 1-(x/L)*

Qq/ (wekey) — 2 (14)
2 m); (;é)"' %WTC{L)J c08(hmx/Le),
where
km:(”“r%)ﬂ, Y:%- (as)

The maximum temperature, T, qy, Occurs at the center of
the battery. Thus, we can write

Te,mar - TC

_ _l s =D
O] ):¢(v)~2 ZED“ (16)

— A3, cosh(Awy)

Equations (12) and (16) can be combined to obtain an ex-
pression for the maximum temperature in the battery relative to
Ty

Temm’ 2 Qq Qq C]J(Y)
el Ll B 1 O = e O — (17
T, [ H”/HF(HnTHKTE)HwekETH ¥ an

The first term on the RHS of eqn. (17) accounts for the differ-
ence in temperature between Ty and T¢ across the TE modules,
and the second term, for the difference in temperature between
the center of the battery and T. As seen in Fig. 5, the function
&(Y) /7 is a maximum of 0.281 at y of 1 and decreases for larger
and smaller values of . Since a reduction or an increase in y
places one of the TE-cooled boundaries closer to the center of
the battery, the maximum battery temperature decreases with a
departure of y from unity in either direction.

0 -1 ku

10 10f 10"
Battery Aspect Ratio, y

Figure 5. THE FUNCTION ¢(7) /7.

With no TE modules attached to the battery, Tg = Ty, and
eqn. (17) becomes
T;:,ma.x £=; Qq ¢(Y)

=14 ——1 18
Ty WwekeT Y (18)

THE DATA

‘We have obtained limited data (Cao, et al., 2000; Cao, 2001)
for a 30 A-h, Ni-Zn battery of cross-sectional dimensions 2/, of
10.2 em (4 in) high by 2L, of 7.62 cm (3 in) wide. Thus, 7, is
1.33. In the battery there are 7 cells, each having 20 plate pairs.
Each plate pair is separated by an electrolyte of proprietary com-
position and thickness w, of 0.038 cm (0.015 in). The thermal
conductivity of the electrolyte is about 75% of that of water and
calorimetry tests on the battery during discharge have shown a
release of 8.4 kJ of heat in a 3-h period. The heat release over the
discharge period is calculated as 63 J/quadrant for a plate pair in
the battery.

Additional heat release data may be obtained by assuming
a conversion efficiency of 85% for a battery which possesses
a conventionally accepted energy density of 95 W-h// (Cromp-
ton, 1997; Cao, 2001). These data result in a heat release of
39 J/quadrant for a plate pair. With these two data sets, we may
estimate the quasi-steady heat transfer rate from the quadrant of
the battery, Q,, as

_ {[(63+39)+ (63—-39))/2]1 _ E,%E,
T T

Q

, o (19)

where E, = 51 J (the base case), E, = 12J, and 7 is the discharge
time.
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In the results that follow, the plate area for the battery, A,
and battery volume will be held constant for the sake of consis-
tency in the comparisons that appear below. Thus, we may write

Le= /AN, .=/Ap, (20)

where A, = (10.2x7.62)/4 cm?,

RESULTS AND DISCUSSION
The Parameters

An inspection of the above equations shows that the follow-
ing four dimensionless groups determine the maximum battery
temperature ratio, Temax/Ta: I',Qq/(WekeTu),Qq/(nTuKre),
and 7. In this section, we choose the base-case values for several
of the parameters in these groups. Key among these parameters
are the aspect ratio, v, current ratio, 1, and the heat flow rate, Q4.

The base-case value for Ty is held constant at 313 K to corre-
spond to battery usage in warm environments (Cao, et al., 2000).
The parameters n and I" are determined by the battery geom-
etry, as well as the selection of the type of TE element. We
consider bismuth-telluride TE elements, each 1 mm by 1 mm
(=wrE) in cross section and 2.54 cm long for which the fol-
lowing data apply: S, = —199 x 10~6 V/K, Sp =202 x 1076
VIK, pr =0.9813 % 10~% Q-m, pp = 1.0702 x 10> O-m, and
kn =k, = 1.5 W/m-K. We assume a total of 0.5 mm of distance
between consecutive TE modules (an area density for the mod-
ules, drg, of 0.8) so that the number of modules may be written
as

_ Ledre
n— 4TE

T 2wrE o

The base-case value for 7 is about 20.

The base-case value for 1 is chosen such that, when com-
bined with Ty from above and E}, from eqn. (19), the value for T¢
will satisfy the following. First, from the standpoint of practical
considerations, T should obviously be above the local dew point
temperature, Second, we consider that the Ni-Zn cell performs
optimally when it is in the temperature range of 298-301 K (Falk
and Salkind, 1969). Given the relatively small value for the ther-
mal conductivity of the electrolyte, and thus the associated large
value for the temperature gradient through it, we arbitrarily se-
lect a base-case value for T¢ of 283 K. Through eqn. (12), Ej,
Y. eqn. (21), and the above properties, T¢ of 283 K produces a
base-case value for 1 of about 0.23.

The Results

The maximum battery temperature as a function of the dis-
charge time appears in Figs. 6 (without TE cooling) and 7 (with
TE cooling). In each case, as the discharge time increases, the
reduction in the energy generation rate results in a lowering of

440 ~©- 1, (base case)
-9~ 2%,
- 1,/2
420
400 i
380+ 1
<
=, 360 |
5
£
s
= a4t i

=y 20 40 80 80 To0 120 140 oo 180
Discharge Time, © (min)

Figure 6. MAXIMUM BATTERY TEMPERATURE VS. DISCHARGE
TIME AND ASPECT RATIO, ¥y, WITHOUT TE MODULES. MAXIMUM

BATTERY TEMPERATURE OF 332 K IS SHOWN.

a0t -6~ 7, (vase case)
<21,
- 1,02

400 E

Tomax (K)

o 20 40 60 80 100 120 140 160 180
Discharge Time, © (min)

Figure 7. MAXIMUM BATTERY TEMPERATURE VS. DISCHARGE
TIME AND ASPECT RATIO, ¥, WITH TE MODULES. MAXIMUM BAT-
TERY TEMPERATURE OF 332 K IS SHOWN.

the peak battery temperature. The maximum useful battery tem-
perature of 332 K (Cao, et al., 2000) is shown on each of these
figures. For peak temperatures greater than 332 K, battery per-
formance decreases sharply.

It is more enlightening to compare the relative reduction in
discharge time due to TE cooling of the battery. This is presented
in Fig. 8 where we show the ratio of the discharge time for a TE-
cooled battery operating at a peak temperature of 332 K to that
for a non-TE-cooled battery at the same peak temperature. The
results are calculated as a function of the current ratio, 1, for
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OUT TE MODULES TO PRODUCE A MAXIMUM BATTERY TEMPERA-
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Figure 9. COLD JUNGTION TEMPERATURE, T¢ VS. CURRENT RA-
TIO, 1, AND ASPECT RATIO, Y.

three values of the aspect ratio, y. From inspection of this figure,
itis clear that TE cooling of the battery allows the discharge time
to be reduced by more than a factor of two. In fact, for the base
case value of 1, the ratio of the discharge times is about 0.4.
However, the reduction in discharge time comes with a low-
ering of the temperature at the outside surface of the battery.
Thus, attention must be given to Fig. 9 to ensure that a value for
1 is chosen that will produce an acceptable value for Tc. With
TE cooling, the discharge time for the base case is about 28 min
which produces a base-case value for @, of 0.0320 W. For the

o1 T T T T T
-9 1, (base case)
otl |= 2% ]
- %/2

0.08+
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—0.08[ 1
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3007 4
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ot \ . L . " . \ .

0.05 0.1 0.15 0.2 0.25 03 035 0.4 0.45 05 0.85

Current Ratio, n

Figure 10. CURRENT TO TE MODULES VS. CURRENT RATIO, 1],
AND ASPECT RATIO, .

higher value of the energy dissipation of 63 J, the discharge time
is about 33 min. Both cases assume a constant battery tempera-
ture of 332 K during discharge'so that 0, is the same for each.

The current to the TE modules, shown in Fig. 10, is used
to calculate the required TE electrical power and coefficient of
performance, B (Fig. 11). The slight non-linear variation in Irz
with 7 evident in Fig. 10 is due to the influence of Tr which also
varies with 7 (see eqgs. (10)-(11)).

The COP, B, calculated from

9y

B= (MIrEmax)?Rren’ @
is seen to range from 5 at the smallest value of 1 to slightly less
than 1 for the largest (Fig. 11). There is only a weak sensitivity
of B with v as shown in Fig. 11. The reciprocal of B, the ratio
of the electrical power to the TE modules to the heat transfer
rate, thus spans from 0.20 to about one. However, for a nominal
battery efficiency of 85%, the ratio of electrical power to the TE
modules to the electrical power output of the battery is calculated
to be less than 15%.

The influence of aspect ratio, ¥, on maximum battery tem-
perature arises solely from the change in the internal thermal
resistance between the battery center and the cooled boundary
as the aspect ratio is changed. This effect is manifested by the
term () /v in egs. (17)-(18). For y of s, 2Ys, and y,/2 (1.33,
2.66, and 0.667; v, and 7,/2 are both relatively close to one)
the values for ¢(y)/y are 0.281, 0.182, and 0.269, respectively.
Thus, the small difference between (Y, ) /Y, and &(Y5/2)/(V5/2)
causes only small differences in the results for these two cases
appearing in Figs. 6-8 above.
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Figure 11.  COEFFICIENT OF PERFORMANCE FOR TE MODULES, B,
VS. CURRENT RATIO, 1, AND ASPECT RATIO, .

The dependence of 7¢- on y as seen in Fig. 9 may be ex-
plained by the following, The heat transfer rate from a quadrant
of a cell is relatively small (of the order of 0.03 W) so that, in
general,

Qq
I, 23
nTy Krg <k 23)

and we are able to write eqn. (12) as,

Tc Qq

— = 24
TH a HTHKTE ’ ( )

where a and b are constants. Therefore, for a fixed value of Oy,
T is inversely proportional to n through eqn. (24). An increase
in y causes an increase in £, (through eqn. (20)), a subsequent
increase in n (through eqn. (21)), and by eqn. (24), a decrease
in Te. Our inspection of Fig. 9 confirms this trend. Thus, Tg is
inversely proportional to n, v, and £, and directly proportional to
Q.

The effects of an increase in heat release from the battery
during discharge are addressed next. We will consider the influ-
ence of the release of 63 J of energy over the discharge time of
28 min which produces 0.0375 W of thermal power dissipated in
one quadrant of a battery cell.

The basic assumption underlying Fig. 8 is that the peak
battery temperature is fixed at 332 K. Thus, the heat flow rate
through the boundary of the battery, and the results appearing in
Fig. 8, are the same independent of the value of the heat release.
Therefore, the conclusions drawn above concerning Fig. § are
unchanged for the larger dissipation rate.

The effect of O, on 1 is the focus of Fig. 12. In Fig. 12, we
plot the current ratio, 1, as a function of the heat transfer rate, Oy

027f 4

° o
B 3
T T
L L

Current Ratio, n

Y
¥
T

023 4

0.22 L - L
0.025 0.03 0.035.

0.04
Heat Transfer Rate, qi w)

Figure 12. CURRENT RATIO, M, VS. HEAT TRANSFER RATE, Oy
FOR Tc=283 K.

.
0.045 0.05

for a fixed cold plate temperature of 283 K. From our inspection
of Fig. 12 for @, of 0.0375 W, the value for 1 increases to 0.25
from the base-case value of 0.23. The value for the current, Ig,
increases 0.02/0.23, or about 9%.

Equation (22) shows that B is a function of Q,/m?. Thus,
since 1) depends linearly on Q4 (Fig. 12), then B is inversely pro-
portional to Q,. For 0, 0f 0.0375 W, B is about 24% less than its
base-case value.

CONCLUSIONS

A strategy for the internal thermal management of electro-
chemical batteries was considered in this work. The strategy
utilizes thermoelectric (TE) coolers and a heat conducting strip
or cold plate in contact with the energy-generating components
of the battery. The results have shown that better internal ther-
mal management in electrochemical batteries utilizing TE cool-
ers will improve battery performance in the demanding appli-
cations required for the automotive industry and small battery-
powered bicycles.

Quasi-steady, two-dimensional, numerical and analytical
models were produced and an investigation of the effects of sev-
eral key parameters on the performance of a Ni-Zn battery was
undertaken. Among the salient results from this study are the
following:

1. For the range of heat transfer rates from the battery consid-
ered in this work, a conducting strip thickness of 0.318 cm
(1/16 in) or more is sufficient to produce a near uniform (say,
better than 2%) temperature distribution at the boundary of
the battery.
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2. The ratio of the discharge time for a TE-cooled battery op-
erating at a peak temperature of 332 K to that for a non-TE-
cooled battery at the same temperature was calculated. The
results showed that TE cooling of the battery allows the dis-
charge time to be reduced by more than a factor of two over
that for an un-cooled battery.

3. A cold junction temperature, ¢, of 283 K is chosen by con-
sidering the optimal mean operating temperature of the bat-
tery and the practical constraint that T¢ be above the local
dew point temperature.

4. Since T¢ is specified as described above, the heat transfer
rate from the battery determines the:

(a) Current, and thus electrical power, to the TE modules
through eqn. (12),

(b) Peak battery temperature through eqn. (17),

(c) Coefficient of performance of the TE modules through
eqn. (22).

5. The influence of battery aspect ratio on maximum battery
temperature arises solely from the internal thermal resis-
tance between the battery center and the cooled boundary.
In particular, this thermal resistance is a maximum for as-
pect ratio of one, and reduces for aspect ratios either less, or
greater, than cne.

6. The TE modules require less than 15% of the electrical
power output of the battery and operate with a coefficient
of performance of approximately one.

FUTURE WORK

The next part of this work will address the transient per-
formance of the battery. In most cases, the battery load is in-
herently time dependent, i.e., I7g is a function of time. In ad-
dition, the energy generated within the battery becomes time-
dependent through the resulting time-dependent electrolyte tem-
perature. Among the cases that will be considered in this phase,
we will address the battery performance under conditions of re-
peated short-term, peak-power demand each followed by a cool-
ing period.
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