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Abstract

Based on reported galvanostatic charge and discharge data of a Li/P(EO)LiCIO, /TiS, cell, heat generation rates within u battery
during the USABC Dynamic Stress Test (DST) were calculated and compared with those during the Simplified Federal Urban Driving
Schedule (SFUDS) dynamic power profile. Also, calculations of temperature rise in the C/Polymer electrolyte /LiMn,0, batteries of
Sandia conceptual designs for a Ford van and GM Impact, during a DST /Fast Charge /DST /Full Charge cycle were conducted with a
three-dimensional thermal model. © 1998 Elsevier Science S.A.
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1. Introduction

Safety issues associated with lithium batteries have, to a large extent, delayed the successful commercialization of
rechargeable and large-size lithium batieries. Battery failure could result from or cause significant temperature rise within a
battery. Thermal management [1] is crucial to the safe operation of, and the achievement of normal /optimal performance of
electric vehicle batteries. Thermal mathematical modelling [2] has been widely applied to analyze lithium battery thermal
performance under galvanostatic charge /discharge conditions [3-6]. A thermal analysis of lithium /polymer-electrolyte
batteries during the Simplified Federal Urban Driving Schedule (SFUDS) dynamic power profile has been conducted by
Chen and Evans [7,8] at Lawrence Berkeley National Laboratory (under the support of the US Department of Energy). The
investigation provided information on thermal characteristics of batteries of this type, and guidelines for designing suitable
thermal management systems. With the support of the United States Advanced Battery Consortium (USABC). Sandia
National Laboratory (SNL) [9] conducted studies on the design and thermal analysis of lithium polymer batteries. As an
additional part of the present work, heat generation rates within a battery during the USABC Dynamic Stress Test (DST)
were calculated and compared with ttose during the SFUDS. Also, calculations of temperature rise in the C/Polymer
electrolyte /LiMn, O, batteries of Sandia conceptual designs for a Ford van and GM Impact, during a DST (10 80%
DOD) /Fast Charge (put 40% of the total battery energy back in 1 h) /DST (to 80%DOD)/Full Charge (C/4) cycle, were
conducted with a three-dimensional thermal model.

2. Conceptual battery designs

A conceptual battery design of the C /Polymer electrolyte /LiMn, 0O, system for a Ford van consists of five modules [9].
Each module (monopolar design) is 28-cm high, 28-cm wide, and 31-cm long {each side of the module includes I-cm thick
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polypropylene for packaging). Each modul contains 20 series connected blocks of 38 parallel cells. Each cell is 20 X 20
cm. A 1-mil (25.4 uwm) Cu anode current zollector has 6-mil thick C (composite electrode) on each side, and a 1-mil Al
cathode current collector has 6-mil thick LiMn, O, (composite electrode) on each side. The polymer electrolyte separator is
2-mil thick. The battery design for the GM Impact also consists of five series-connected modules. Each module is 32-cm
wide, 32-cm high, and 20.3-cm long. The packaging is 1-cm thick polypropylene. Each module contains 20-series-con-
nected blocks of 38 parallel cells. Each cell is 30 X 30 ¢cm. A 1-mil Cu anode collector has 3.5-mil thick C on each side. A
1 mil-Al cathode collector has 3 mil-thick LiMn,0, on each side. The polymer electrolyte separator is 2-mil thick.

3. Thermophysical properties

Because of the shortage of the thermophysical properties data of some cell components, the following data from Refs.
[10.11] are adopted in the present calculations.

C Thermal conductivity k=0.0205W cm~' K™! (petroleum coke)
Density p=1.55gcm™? (petroleum coke)
Specific heat C,=0.717J g ' K" (graphite)

LiMn, 0, Thermal cenductivity k=0.0343 Wem™!' K™ (Mn,0,)
Density p=421gem * (Mn,0,)
Specific heat C,=06295] g K™' (MnO,)

The thermophysical properties of the composite anode and cathode can be estimated in terms of the above data and the
composition data of the electrodes.

Composition of composite electrode

Composite anode C 50% (volume) 55.6% (mass)
polymer electrolyte 50% (volume) 44.4% (mass)
Composite cathode LiMn,O, 50% (volume) 80% (mass)
polymer electrolyte 42% (volume) 16.1% (mass)
C 8% (volume) 3.9% (mass)
Thermophysical properties of cell components
k(Wem ™' K1) plgem™¥) C, g ' K™
Cu 393 8.96 0.385
Al 2.37 270 0.900
Polymer electrolyte 0.0016 1.20 2.050
Anode 0.0110 1.38 1.309
Cathode 0.0195 273 0.862

4. Mathematical model

In an electric vehicle, several battery modules are placed next to each other. However, under optimal conditions, a
battery stack may be placed into an enclosure, and the stack is installed in such a way that convective air cooling can be
made at the cooling channels among cell stacks and at the external surface of a stack. Therefore, heat transfer modelling can
be made for the basic unit of a battery module, that is, a compact cell stack. Fig. 1 shows the schematic diagram of a battery
module. The mathematical mode! has been described in reference [7]. In the present calculations, the heat transfer
coefficient at cell stack surface is assumed to be 6 W m ™ K™ for natural air flow, and 25 W m~> K™ for convective air
flow.

5. Results and discussion
5.1. Heat generation rate during DST power profile, compared to that during SFUDS

Fig. 2 shows the USABC DST powar profile [12] (solid line) and the SFUDS power profile [13] (dashed line). In
consideration of the availability of the experimental charge /discharge data (at different rates), the Li /P(EO),LiClO, /TiS,
cell [14] is chosen in the present simulation.
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Fig. l. Schematic of a battery module.

A monopolar design, which is a more mature design at the present stage of development (as compared with a bipolar
design), is adopted. The thickness of each cell component is assumed to be: 25 wm [15] of Al current collector, 50 pm [16]
of Li negative electrode, 50 um [16_ of polymer electrolyte, and 50 pm [16] of TiS, composite positive electrode. If
package and other accessories are assumed to be 9% of the cell weight, the specific energy of the Li/TiS, cell under
constant-current discharge (average voltage: 2.2 V) is estimated to be 62 W h kg™' (for lithium/polymer batteries with
V,0,, as active material of the composite electrode, much higher specific energy, e.g., 200 W h kg~!, may be achieved).

A simulation of the Li/P(EO),LiClO, /TiS, battery predicts an operation time of 2.4 h under the DST profile (that is,
24 6-min DST subcycles), which is close to the operational time of a bipolar nickel-metal hydride battery [17] with similar
specific energy. In other words, the simulation predicts a specific energy of 43 W h kg~' during the DST dynamic power
profile. After 2.4 h, the battery is unable to provide the maximum peak power of 120 W kg ™' (cell voltage drops below 1.4
V). A simulation of the battery during the SFUDS profile is also conducted, which predicts an operational time of 4.9 h and
a specific energy of 56 W h kg™'.

Fig. 3 shows the variation of cell voltage, current density, and heat generation rate during the final 6-min subcycle of the
DST profile. Fig. 4 presents the heat generation rates during the whole battery operation process under the DST profile. It
can be seen that the maximum heat generation rate at the initial stage (high state of charge) of battery operation corresponds
to the regenerative braking at the 60 W kg™' power level, while as the battery operation proceeds, heat generation rate
during the maximum power extraction of 120 W kg ~' increases significantly (especially at high depth of discharge). Fig. 5
shows a comparison of heat generation rates at the end of battery operation during the DST profile and the SFUDS profile.
Fig. 6 shows the heat generation rate averaged over each 6-min subcycle during the two dynamic power profiles. As would
be expected, the heat generation rate during the DST profile is much higher than that during the SFUDS profile. The total
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Fig. 2. DST(

) and SFUDS (- --) power profile (negative powers correspond to charging during regenerative braking).
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Fig. 3. Variation of cell voltage, current density, a1d heat generation rate in a Li/TiS, cell during the final 6-min subcycle of the DST power profile.

Fig. 5. Comparison of heat generation rate during the final 6-min subcycle of the DST (
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Fig. 4. Heat generation rate in a Li/TiS, cell during the DST power profile.

o
o

q, mW /cm’

20

FS
(@]
lllllllll|lllllll[lllllllllLlJ

=5k Al

'
'
'
]
1
|
|
'
'
]
'
'
'
|
|
'
)
'
'

T |’|‘|’l‘1‘\’ﬁr11
0 120 240
Time, sec,

) and SFUDS (---) power profile.



244 Y Chen et al. / Journal of Power Sources 70 (1998) 240-246

(&)
}

co

DST

q, mW /[ cm®
[e)]

SFUDS

S

Ny

et e Lrcar bva ol

O

IR N AN S TSt A S SR ANt M Ay i
60 120 180 240 300

Time, min

(&}

Fig. 6. Heat generation rate averaged over each 6-min subcycle During the DST and SFUDS power profile.

heat generation is 15.7% of the energy initially stored in the battery during the DST profile, and 13.6% during the SFUDS
profile, respectively.

5.2. Temperature rise in the batteries of the Sandia conceptual designs

In discharge of all practical batteries, heat generation rate will increase with the increasing depth of discharge and
charge /discharge rate. However, in many cases, due to the shortage of experimental charge /discharge data (at different
rates), and for simplicity, a constant heat generation rate during the a dynamic power profile may be assumed. Fig. 7 shows
the percentage of heat generation in the total energy (delivered electric energy plus heat) obtained from a
Li /P(EO),LiClO, /TiS, cell as a function of constant current discharge rate (C-rate). It can be seen that the battery energy
efficiency is from 70% to 90% during a single discharge process. In many cases, it is widely assumed that heat generation is
about 10% of the electric energy of the battery on both charge and discharge at low or medium rates (e.g., C/3). Under this

assumption, for the C/Polymer electrolyte /LiMn,O, batteries, the corresponding heat generation rate may be estimated
according to the following simple expression,

g=10%(Pp)

g: heat generation rate (W cm ™ *); P: power (W kg™ !); p: module density (kg cm™*); 1.96 X 10~* kg cm™* for the Ford
van battery module; 1.98 X 107% kg cm ™ for the GM Impact battery module.
The full discharge power in the DST profile is chosen to be 120 W kg~ ' (see Fig. 2), namely, 80% of the USABC

midterm goal of 150 W kg . Therefore, heat generation rates for different power levels of the DST profile (see Fig. 2) are
shown below.

Discharge Charge
Power (W kg™ ") 15 30 75 120 —15 —30 - 60
Heat generation rate (mW cm™?) 2.94 5.88 14.70 23.52 2.94 5.88 11.76

Heat will be generated during both discharge and charge process, and the average heat generation rate during the DST
power profile is 4.12 mW cm~*. During each 6-min subcycle of the DST profile, the extraction of specific energy is 1.8 W
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Fig. 7. Percentage of heat generation in total battery energy as a function of constant-current discharge rate of 4 Li /TiS, cell.
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Fig. 8. Variation of temperature at module center during one cycle consisting of DST/-h fast charge /DST /4-h full charge: battery for GM Impact
( ). battery for Ford Van (---).

h kg~ '. The specific energy returned to the battery through regenerative braking is 0.3 W h kg~ ". The net energy extraction
during each 6-min subcycle of the DST profile is 1.50 W h kg ™'. The specific energy of the conceptual battery designs for
the Ford van and GM Impact is 134 W hkz ™' and 116 W h kg ™', respectively. If the depth of discharge is 80%, the battery
operation time (after a full charge) under the DST profile is 6.44 h and 5.57 h, for the Ford van and GM Impact batteries,
respectively.

If 40% of the battery energy is put back by a 1-h fast charge, the heat generation rate (10% of the passed energy) is 10.36
mW cm ™ * and 9.19 mW cm~*, respectively for the Ford van and GM Impact batteries. Similarly, if full charge is realized
over a 4-h period, the heat generation rates within the two batteries are estimated to be 5.18 mW ¢m ™" and 4.60 mW c¢m ™.

Fig. 8 shows the temperature rise at the center of a battery module during a cycle consisting of DST/1-h Fast
Charge /DST /4-h Full Charge, for two cooling conditions. The solid line is for the GM Impact battery, while the dashed
line is for the Ford van battery. Under natural air flow condition (A =6 W m™% K~ '), the predicted temperature rise at the
end of one cycle is 38°C in the GM battery, and 44°C in the Ford battery, that is, battery temperature reaches 63°C and
69°C, respectively. If convective air cooling is applied, the corresponding temperature rise is 13°C and 14°C, respectively.
Because the battery operational time is long (e.g., over 5 h from full charge to 80% DOD under the DST profile, if the 120
W kg ™! of peak power can be obtained al 80% DOD for the battery). the convective air cooling is expected to be effective
in reducing battery temperature at the end of one cycle, although rapid temperature increase is caused during the 1-h fast
charging.

6. Summary

Heat generation rate in a Li/P(EO),LiCl0, /TiS, cell during the DST profile has been examined and compared with
that during the SFUDS profile. The heat generation is significantly greater for the former profile with correspondingly lower
specific energy. Also, the calculations of the temperature rise in the Sandia conceptual battery designs of C/Polymer
electrolyte /LiMn, 0, batteries for a Ford van and GM Impact have been conducted, indicating the need for convective
cooling to avoid significant temperature increase in the batteries. The analysis of this paper provides a methodology for
examining battery thermal behaviour under dynamic power profiles.
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