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Abstract

A lithium-ion battery employing a novel phase change material (PCM) thermal management system was designed for an electric scootel
Passive thermal management systems using PCM can control the temperature excursions and maintain temperature uniformity in Li-io
batteries without the use of active cooling components such as a fan, a blower or a pump found in air/liquid-cooling systems. Hence, the
advantages of a compact, lightweight, and energy efficient system can be achieved with this novel form of thermal management systen
Simulation results are shown for a Li-ion battery sub-module consisting of nine 18650 Li-ion cells surrounded by PCM with a melting
point between 41 and 4€. The use of aluminum foam within the PCM and fins attached to the battery module were studied to overcome
the low thermal conductivity of the PCM and the low natural convection heat transfer coefficient. The comparative results of the PCM
performance in the presence of Al-foam and Al-fins are shown. The battery module is also simulated for summer and winter conditions.
The effect of air-cooling on the Li-ion battery was also studied. These simulation results demonstrate the successful use of the PCM as
potential candidate for thermal management solution in electric scooter applications and therefore for other electric vehicle applications.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction energy density of NiMH battery and if the thermal safety
issue is successfully addressed, Li-ion batteries have the po-
The automotive market demands high specific power and tential to replace the NiMH battery for HEV applications.
high specific energy density batteries to meet the operational In order to achieve the power demand in electronics or
needs of electric vehicles without adding substantial weight propulsion power in an electric vehicle, a number of Li-ion
to the vehicle. Lead—acid batteries have served the batterycells have to be connected in series and parallel to form a
market needs for more than a century in terms of cranking battery pack. Hence, the safety of the battery pack and elec-
power, life and low cosftl]. Lead—acid batteries face a tough tric vehicle apart from the user becomes a big concern owing
challenge to meet these criteria while advanced battery tech-to their higher volumetric heat generation rate as compared
nology such as nickel-metal hydride (NiMH) and lithium-ion to valve-regulated lead—acid (VRLA) or NiMH battery
batteries have demonstrated superior performance compareB]. Hence, effective heat dissipation and thermal runaway
to lead—acid batterie§able 1summarizes the characteris- safety are the major concerns in the commercialization of
tics of few commercially available rechargeable batteries. As Li-ion batteries for high power applications. Therefore, a
shown inTable 1 lithium-ion batteries have four to five times  successful thermal management solution is required. There
higher energy density than the lead—acid batteries, whichexists a strong interdependence between the temperature
makes them suitable for electric vehicles providing longer distribution within the battery and electrochemical perfor-
range, sufficient acceleration and high calendar[ie Al- mance[4], which would require a proper thermal man-
though, NiMH batteries is currently the battery of choice in agement system for optimal performance of these battery
hybrid electric vehicle (HEV), Li-ion battery has twice the packs. Consequently, temperature uniformity and heat dis-
sipation are important factors in the development of thermal
management systems for Li-ion batteries. An ideal thermal
* Corresponding author. Tek:1-312-567-5118; faxs 1-312-567-6914.  management system should be able to maintain the battery
E-mail addressalhallaj@iit.edu (S. Al-Hallaj). pack at an optimum temperature with small variations within
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Nomenclature

mpcvmass of the PCM (kg)

Tn PCM melting point (K)
Ti  PCM initial temperature (K)
A latent heat of the PCM (kJ/kg)

C, specific heat of the PCM (J/(g K))
C,. effective specific heat of the PCM ((J/(g K))

QuiscrLi-ion battery discharge heat (kJ)

Table 2

Specifications of Zappy electric scooter model no. 02&ihice Zappy

Technical Manua(7])

Features

Specifications

Operating voltage
Battery

Battery dimension
Battery weight
Speed

Driving range
Motor

Motor power
Motor control

12V dc
Sealed, maintenance free lead—acid battery
7inx 7in. x 3in.
12.51bs (5.7 kg)
11-13 mph (17.7-20.9 km/h)
8miled
Permanent magnet direct current motor
0.5hp at 3500 rpm peak
Single speed, solid

the modules and within the pack and also meet the other re- state/electro-mechanical system
quirements namely compact, light-weight, easy packaging, prive train Silent belt drive
inexpensive, low parasitic power demand featufgks. Brakes Rear band brake, hand operated
Conventional heat dissipation methods such as forced Overall dimension Length: 41in.; width: 11in.; height: 11in.
air-cooling and liquid-cooling have been extensively devel- OVerall weight 371bs (16.8kg)
oped as thermal management tools for electric vehicles. Such  *On level ground, depends on the rider's weight and road inclination.
thermal management systems may prove to be effective but
they tend to make the overall system too bulky, complex and The Zappy electric scooter is a lightweight, foldable elec-
expensive in terms of blower, fans, pumps, pipes and othertric scooter powered by a 12V, 18 Ah lead—acid battery. The
accessories, which add on to the system weight and parasiticspecifications of the Zappy electric scooter are summarized
power requirementg3]. in Table 2
A novel thermal management solution, which uses phase Fig. 1(a)shows the Zappy electric scooter in the folded
change material (PCM) as a heat dissipation source, wasview andFig. 1(b) shows its full view. The electric motor
proposed for electric and hybrid electric vehicle applications is located at the rear end and the battery is situated at the
[6]. The major advantages for such a thermal managementbottom as shown in the figure.
system are a compact, inexpensive, low maintenance system
with no parasitic power requirements. A Li-ion battery sys-
tem for electric vehicle applications such as electric bikes, 2. Development of Li-ion battery for the Zappy €electric
electric two to four wheeled scooter, electric cars and hy- scooter
brid electric vehicles requires a well-designed thermal man-
agement system with a reliable safety circuit design. In this  The detailed outline in developing the Li-ion battery may
paper, a Li-ion battery design with a PCM thermal manage- be summarized as follows.
ment system is presented and simulated for a Zappy electric
scooter model no. 02815B (ZAP, Santa Rose, CA). Results2.1. Performance evaluation of the electric scooter
show that a PCM thermal management system appears to be
an ideal thermal management solution for electric scooters This test was conducted to verify the manufacturer’s spec-
given the vehicle space constraints and absence of auxiliaryifications for the electric scooter. Various parameters such
power sources. as the mileage, speed, battery charge/discharge time were

Table 1
Characteristics of the rechargeable battefids
NiMH Lead-acid Li-ion Li-ion polymer

Gravimetric energy density (Wh/kg) 60-120 30-50 110-160 100-130
Internal resistance (includes peripheral circuits) (mW) 200-300, 6V pack<100, 12V pack 150-250, 7.2V pack 200-300, 7.2V pack
Cycle life (to 80% of initial capacity) 300-500 200-300 500-1000 300-500
Fast charge time 2-4h 8-16h 2-4h 2-4h
Overcharge tolerance Low High Very low Low
Self-discharge/month (room temperature) 30% 5% 10% ~10%
Cell voltage (nominal) 1.25V 2V 3.6V 3.6V
Load current

Peak 5C 5C >2C >2C

Best result 0.5C or lower 0.2C 1C or lower 1C or lower
Operating temperature (discharge only) —20 to 60°C —20 to 60°C —20 to 60°C 0-60°C
Maintenance requirement 60-90 days 3—-6 months Not required Not required

Commercial use since 1990 1970 1991 1999
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2.2. Electrical characterization test

This test is carried out in order to determine the size of
the battery needed to meet the power requirements. The
voltage—current characteristics of the battery and the electric
motor characteristics were obtained by using an onboard data
acquisition system (DAQ). Various time-series data were
recorded by the DAQ system such as the current, voltage
and the motor temperature.

Fig. 2 shows the results obtained from the test run of the
Zappy scooter on a relatively flat ground with small inclines
with rider weighing 145 Ibs (65 kgs).

The following conclusions were drawn based on the pre-
liminary vehicle test results:

e the surge current during the start-up of the electric motor
, . was around 50-55 A,
Fig. 1. (a) and (b) Zappy electric scooter model no. 028158ulce . .
Zappy Technical Manugb]). o the average current during the scooter operation on a flat
ground was found to be 18-24 A, which is the current

determined under different operating conditions such as vari-  "ating of the present lead—acid battery in the Zappy electric

ation in the load, level and inclined road conditions. scooter; _ . _
From these tests, it was concluded that the Zappy elec-® the current requirements of the battery during an uphill

tric scooter did not meet the performance specifications set €an easily reach 60 A; _ _

by the manufacturer; however, these results have to be veri-® the temperature of the lead—acid battery remains between

fied with few more scooters. The average speed was around 20 and 30C; ) )

8 mph (13km/h) with a medium and heavy weight rider on ® the temperature of the electric motor rises tdZ0from

a level ground; the driving range was about 5miles (8km) @ Start temperature of 2C.

for a fully charged battery. These tests were performed with  gjnce the temperature rise of the lead-acid battery is

varying Io_ads and dlfferent_road conditions. The average not significant as compared to NiMH and Li-ion battery,

charging time of the lead—acid battery was around 8 h. From the |ead-acid battery does not require a thermal manage-

this test, the performance limits of the electric scooter were ment system in this electric scooter. In lead—acid battery, the

set and will be used for comparison with the Li-ion battery. gischarge reaction of the battery is not highly exothermic

Current, Voltage, Temperature response of Lead-acid Battery in Zappy
Electric Scooter
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Fig. 2. Preliminary testing of Zappy electric scooter.
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Table 3 The current and voltage requirement of the Zappy elec-
Specifications of the 18650 Li-ion cell tric scooter is 20-24 A and 10-12V, respectively under the
Nominal voltage 3.67V normal operating conditions on a flat ground. Hence, two
Nominal capacity 2.0Ah modules have to be connected in parallel to meet the current
Energy 7.34Wh requirements. During the start-up of the vehicle, the cur-
Size Diameter: 18 mm; length: 65 mm

rent requirement is 55 A for 300 ms and each string of the
module would discharge at 2.4 C rate for 300 ms. Here, the
C-rate refers to the amount of current supplied/withdrawn

Weight 429
Energy density

Gravimetric 160 Wh/kg N . . .

Volumetric 300 Whil for a specific time period during the charge/discharge of the

Charge duration 2-4h (100%) 1h (80%) Li-ion cell [5]. The Li-ion battery module design is shown
Operating specifications in Fig. 3

Operating voltage 4.2-3.0V o o

Charge voltage 4.2\& 50mV 2.4. Onboard Li-ion battery module safety circuit

Cut-off voltage 3.0V

Temperature range —20 10 60°C The Li-ion cell should be protected against any danger

of overcharge, which can cause undesirable effects on the

as compared to NiMH and Li-ion battery and hence, do battery operation and thermal protectii@j.
not require a sophisticated, well-designed thermal manage- All the six strings in the module will be connected with a
ment system. In general, most of the commercially available safety circuit which is rated at 5 A and 12 V. This can ensure
light-weight electric scooters employing lead—acid battery safe monitoring of each string of Li-ion cells for overcharge
do not contain a cooling system. and short-circuit danger. The safety circuits from the two

With the above current requirements, it is now possible modules will be integrated together to meet the total current
to design a Li-ion battery module configuration. The 18650 requirement.
type Li-ion cells were used in designing the Li-ion battery

to power the Zappy electric scooter. 2.5. Thermal characterization of the Li-ion cells
The specifications of a commercial 18650 type Li-ion cell
are summarized iffable 3 The heat generation of the Li-ion cell used in the sim-
ulation is based on the experimental data obtained from
2.3. Li-ion battery prototype design accelerating rate calorimeter (ARC). ARC experiments are

carried out to determine the amount of heat generated by

The Li-ion battery prototype for the Zappy electric scooter the cell during the charge and discharge cycle. Selman
is designed in order to replace the existing lead—acid batteryet al. [9] reported the heat generation values of four dif-
given the space and operational constraints. ferent commercial 18650 Li-ion cells using ARC-Arbin

The Li-ion battery for the Zappy electric scooter will con- battery cycler set-up. The ARC-battery cycler experi-
sist of two modules each containing 18 cells. Each module mental set-up is described elsewhdi®,11] The heat
consists of six strings with three cells in series while the generation results of the 1.5 Ah Panasonic 18650 Li-ion
six strings of cells are connected in parallel. The nominal cells were chosen and scaled up to 2Ah Li-ion cells,
voltage and capacity of each module is 11.1V and 12 Ah, which is the capacity of the commercially available cells

respectively. today.
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2.6. Simulation of the Li-ion battery module for the battery in the scooter is constrained which makes it
difficult to accommodate any kind of air-flow passage, duct-

The Li-ion battery module consists of 18 cells arranged ing, fans that may be required for forced air-cooling of the
in three rows with six cells in each row as showrFig. 3. module.

Two battery modules are placed adjacent to each other in In the Zappy electric scooter, there exists an aluminum
the Zappy electric scooter in such a way that each moduleframe casing, which covers the electric motor and the battery
rests on one of its longer sides, side C. When the scooter isbox, as shown ifrig. 1L There is a close contact between the
moving, the side edges of the battery are exposed to forcedbattery box and the aluminum frame, which can dissipate
air circulation. The battery compartment is made up of fiber- the heat during the battery discharge. This aluminum frame
glass on three sides and covered on top by the aluminumincreases the heat transfer area available for heat dissipation.
scooter frame. Side A is assumed to be in close contact withIn order to show the benefit of this large heat transfer area
this frame and the bottom side C and other sides B and D on heat dissipation rate, the sub-module is simulated with
are also assumed to be in close contact with the fiberglass.aluminum fins attached on the external sides of the battery

A single sub-module containing nine cells was simulated space provided in the Zappy scooter.
because of the symmetry in arrangement of the cells and The temperature profiles of the Li-ion cell and the sur-
similar boundary conditions of the battery. Forced cooling rounding air are shown ifrig. 4 The temperature of the
was assumed to take place on three sides (A, C and D) of theLi-ion cell at center location (3) rises by 46 whereas the
battery during the discharge of the battery module when the cell exposed to forced air-cooling during discharge at loca-
scooter is moving and adiabatic condition along the other tion (1) (inFig. 3 rises by 35 C, with a temperature gradient
side (line of symmetry). The heat transfer coefficient dur- of 10°C between the cells. There also exists a large temper-
ing forced cooling was calculated to be 20 WA() using ature gradient of about 2@ between the air at the center of
a heat transfer correlation available in literat{t&]. Dur- the module and the air exposed to forced air-draft convection
ing the battery charge, when the scooter has stopped onlyat the outer location. Such thermal gradients within a bat-
free convection cooling is assumed to take place on the threetery module can result in unequal charge/discharge capacity
sides of the module (A, C and D). The heat transfer coeffi- of the individual cells over the cycle life. Wright et §20],
cient during free or natural convection was considered to be conducted several experiments with Li-ion cells exposed to
5W/(nm? K) [12]. The simulations are carried out for con- various temperatures and showed that the cell capacity de-
tinuous three cycles representing the most abusive batterygrades significantly affecting the calendar life when exposed
operation. to a temperature >6(C. Also, the onset of the thermal run-

It is assumed that the battery box surfaces are in closeaway reaction of the Li-ion cells starts in the temperature
contact with the battery compartment sides in the presentrange of 70-100C depending on the electrolyte composi-
Zappy scooter design. The existing battery design and itstion and electrode materi§l3]. As a result, the Li-ion cell
orientation in the battery compartment can replace the exist-in this case is prone to a thermal runaway risking the safety
ing lead—acid battery in the Zappy scooter without making of the battery and vehicle.
any design changes. Modifications to the battery compart- In order to reduce the temperature rise of the Li-ion cells,
ment have to be made in an alternative design to incorporatethe heat transfer coefficient of the surrounding air has to
the aluminum fins on the battery compartment. be increased significantly, which can be achieved only via

The initial temperature of the Li-ion battery module was forced air-cooling which adds to complexity in design in-
assumed to be 3@ in the simulations, except during the corporating fans if needed, ducting and other accessories.
summer and winter conditions where the initial temperature All these features require major modifications in the existing
was 40 and 0C, respectively. scooter. But even with forced air-cooling, external power is

required to keep the cooling system operational which raises
2.7. Modeling and simulation of the Li-ion battery module a question of safety risk in case of external power break-
with air-cooling thermal management system down or mechanical failure of any of its components.

A simplified unsteady-state two-dimensional thermal 2.7.1. The need for a passive thermal management system
model [2] was employed for simulating the Li-ion cell An especially difficult problem that must be addressed by
operation. The simulations were conducted for three dis- an active cooling system is the battery temperature rise when
charge/charge cycles to verify the thermal stability of the the vehicle is parked on a hot day. Nelson ef4] analyzed
battery module. the consequences of a battery temperature rise of upt6 45

The sub-module shown iRig. 3is simulated to under- in the absence of active cooling when the vehicle is turned
stand the thermal effect of the module during the battery off. Under such circumstances, starting the car again can
operation with air-cooling. The air flowing in between the result in the battery temperature exceeding safe limits. They
Li-ion cells is assumed to be in natural convection with a showed that a dedicated refrigeration system is necessary to
heat transfer coefficient of 5W/@K) [12], since the box keep the battery at close to ambient temperatures during the
is covered completely on all sides. Also, the space availablewarm summer months. Increasing the amount of insulation
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Fig. 4. Temperature rise of the Li-ion cells and dir=t 5 W/(nm? K)).

around the battery was considered, but this increases desigrsence of a thermal management system for the Li-ion batter-
complexity and adds further parasitic power requirements ies. The Li-ion battery in this case depended on the natural
when the vehicle is turned off. air-cooling of the battery alone for heat dissipation, which
On the other hand, this problem can be solved relatively proved to be disastrous because of insufficient cooling.
simply without any additional power requirement by a pas- Nelson et al.[14] discuss the disadvantages of an
sive thermal management system via phase change materiahir-cooling system in detail for Li-ion batteries for hy-
integrated cooling system (with proper PCM mass and tem- brid electric vehicle applications. They concluded that
perature optimization). It is not suggested that active cool- air-cooling system requires high power because of the
ing is completely unnecessary when using PCM integrated large volume of air required at low speed, as well as large
cooling. But the design and control of the active compo- cross-sections in the flow passages from and to the supply
nent is much simplified. However, to achieve this simplicity, and exit manifolds. Also, parallel air-flow channels must be
PCM integration has to be considered from the outset. In provided to all modules, which further complicates design
our opinion, retrofitting will not work. and wastes battery power. Liquid-cooling, which has not
Recently, EV Global Motors Co., which manufactures
electric scooters with Li-ion batteries recalled 2000 Li-ion
batteries in Mini E-bike electric bicycles, after it received Table 5
five reports of battery over-heating, three of which caught Specifications of the Li-ion battery module with PCM system for Zappy
fire [15]. The main reason for this incident was the ab- Sectric scooter

Specifications Value
No. of modules 2
Table 4 No. of 18650 Li-ion cells per module 18
Properties of paraffin waj6] Weight of the cells 7569
- Volume of the cells 297 ch
Melting temperature 4044 Weight of the PCM 2169
Latent heat _ 195KJ/kg Volume of the PCM 237 chh
Specific heat capacity L77KIkGK  eight of Al-foam, safety circuits, 2509
Thermal conductivity battery box (approximately)
Solid phase 0.21W/mK PCM/battery weight ratio 28.6%
Liquid phase 0.29 W/m K PCM/battery volume ratio 79.7%
) Dimensions of the battery box Length: 15 cm; width:
Den5|.ty 7.8cm; height: 7.5¢cm
Solid phase 822kg/fh Total weight of the Li-ion 1.2kg (2.7bs)
Liquid phase 910kg/fh

battery/module
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yet been introduced anywhere, may allow smaller cooling is much less than that of Li-ion batterig&)6]. The control
flow cross-sections, but barely yield a reduction in mass strategy employed in the Toyota Prius forces the NiMH bat-
flow rates and cooling channel mass. tery to utilize only part of its power capability and about 40%
Toyota Prius employs a sophisticated air-cooling thermal of the total charge of the battery, thus sacrificing the bat-
management for the NiMH batteries (whose heat generationtery capacity and power for longer cycle life and to control
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Fig. 5. (a) Temperature contours of Li-ion cells and PCM. (b) Temperature rise of Li-ion cells and PCM. (c) Effective specific heat of PCM.
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Fig. 5. Continued.

the temperature rise due to specific thermal and mechanicalpack casing. Also, the battery casing has to be completely
design constraints of the air-cooling system. leak-proof to avoid any possible leaks of the PCM when it
Implementing a PCM thermal management system canis in the liquid phase.
avoid the above-mentioned disadvantages of the air-cooling
system, limited battery capacity and power use with a
well-designed optimized PCM system. The thermal re- 3. Modeling and simulation results for the phase
sponse of the Li-ion battery in the presence of a PCM will change material thermal management system
be explored in the next few sections.
A simplified unsteady-state two-dimensional thermal
2.8. Phase change material (PCM) thermal management model[2] was employed for simulating the Li-ion cell op-
system design eration. The PCM was modeled using an effective heat ca-
pacity method as explained elsewhgr@]. The simulations
Based on the heat generation data from the ARC resultswere conducted for three discharge/charge cycles to verify
[9], the mass of the PCM required is calculated as follows: the thermal stability of the battery module. The temperature
, rise of the Li-ion cells and PCM shown in simulation are at
heat discharged by the battery the numbered locations shown fiig. 3

= sensible heat of the PCM latent heat of the PCM
Quisch = mpcwCy(Tm — Ti) + mpeyh 1)

The properties of the Paraffin wax used as a PCM
for Li-ion batteries thermal management are as shown in  The effective specific heat(,,) accounts for the latent
Table 4 heat, in the phase change region which gives an indication

The quantity of the PCM required was calculated to be of the extent of melting and solidification of the PCM. The
approximately 12 g for each 18650 Li-ion cell. Hence, for a values ofC,, change from a small value of the solid phase
Li-ion battery module consisting of 18 cells, the total mass to a maximum value of the order of a hundred or less at the
of the PCM is 216 g. The specifications of the Li-ion battery melting temperaturgl7]. Rising peaks in the effective spe-
prototype are summarized fable 5 cific heat curves of the PCM show the transition from the

Another issue to be addressed with the PCM system is solid phase to the mushy phase during the discharge of the
the volume expansion encountered upon solidification of the battery. Higher values of the effective specific hea? {l<
PCM after melting, which can induce mechanical stress on Cp,, < 130) denote the latent heat of melting/solidification
the battery pack casing. This was accounted for in the batteryof the PCM; the higher the peaks, the greater the extent of
design by allowing an additional 10% volume in the battery melting. Smaller peaks in the curves signify little melting of

3.1. Analysis of the effective specific heat curves in
simulation
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Fig. 6. (Continued.

the PCM. When the PCM has completely melted, the peaksis assumed to stop after 1 h of use for the battery to be
drop down showing the transition from the mushy phase to charged. The normal charging period for the Li-ion batter-
the liquid phase. During the rest period when the tempera- ies is usually 2—4H9]. During this period, cooling of the
ture of the Li-ion cells and the PCM drops, the PCM changes battery is assumed to occur by natural convection cooling.
into the mushy phase again, represented by a broad peakin the first cycle of discharge, complete melting takes place
The width of the peaks during the melting and solidifica- at the center location (7) with only partial melting at loca-
tion stages signifies the time length of the PCM transition tion (5) and very little melting at location (4) exposed to
from solid-mushy phase (melting-battery discharge period) forced air-draft cooling during discharge; these locations
and liquid-mushy phase (solidification-battery rest/charge are shown inFig. 3. During the following charge period,
period), respectively. Usually, the width of the peaks is nar- the post-discharge heat evolution from the cells causes the
row during the PCM melting when the battery is discharging temperature of the PCM increases slightly whereas the
and broad during solidification of PCM under the battery temperature of the cells keeps decreasing. But due to poor
rest/charge condition. thermal conductivity of the PCM, the PCM at locations (5)
and (7) remain in the mushy phase at the end of the first
cycle whereas the PCM at location (4) solidifies due to little
melting experienced during discharge.

During the second and the third discharge cycles, the
PCM at the inner locations are in the mushy phase at the
at the end of the third discharge cycle.Rig. 5(a) one side beginning, which causes the temperature of the cells and the
is modeled as perfectly insulated (due to line of symmetry) PCM to increase significantly. The latent heat of the PCM
and the other three sides (A, C and D) are subjected tois completely utilized during the pre-discharge period re-
forced cooling when the scooter is moving. As seen from sulting in complete melting of PCM at inner locations turn-
the module arrangement, the cell at the center of the moduleing them into liquid phase. The temperature of the cells
experiences the highest temperature rise compared to thestarts rising along with the liquid PCMEig. 5(c)shows the
other cells as indicated iRig. 5(a) The non-uniformity in effective specific heat profiles of the different PCM loca-
temperature distribution of the Li-ion cells and the PCM in tions. The PCM at locations (5) and (7) show peaks during
the module is clearly represented by the different contours the three cycles indicating their melting and solidification
shown inFig. 5(a) during discharge and charge cycles. The PCM at the outer

The temperature distribution of the cells and the PCM end of the module exposed to forced air-convection dur-
during the three cycles is shown fig. 5(b) The scooter ing discharge starts melting during the third discharge cycle

3.2. Case study 1

3.2.1. Li-ion battery module with PCM alone
Fig. 5(a)shows the temperature contours of the module
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indicated by the small peak with no peaks during the previ- interface boundaries between cel-PCM and PCM-PCM
ous cycles. similar to that shown in the previous case for PCM alone
Hence, the effect of the poor thermal conductivity of the (i.e. Fig. 5(a). The role of the aluminum foam in fast heat

PCM is evident, resulting in non-uniform temperature dis- dissipation can be observed kig. 6(b) After the first dis-
tribution in the module and ineffective heat dissipation. The charge cycle of the battery, the PCM is completely melted
performance of the Li-ion cell is strongly dependent on the in the module similar to the previous case but solidification
temperature, which affects its cyclic capability and capacity of the PCM occurs during the charge/rest period. In the sec-
retention. Li-ion cells exposed to higher temperature can re- ond discharge cycle, the temperature of the module begins
sult in higher capacity fade and faster agja§], resulting at 8°C higher than the first cycle. Although the temperature
in an imbalance in terms of charge acceptance and dischargeise is almost same as the first discharge cycle, more latent
capability of the cells in the module. As a measure of improv- heat of the PCM is utilized. In the third discharge cycle, the
ing the thermal performance of the phase change material,initial temperature of the module is close to the melting point
the effect of the encapsulating the PCM in aluminum-foam of the PCM. The temperature rise is relatively same com-

in studied in the next section. pared to the previous cycles because the latent heat of the
PCM is utilized more at the beginning of discharge period.
3.3. Case study 2 The effective specific heat curves Kig. 6(c) indicate
the uniform melting and solidification of the PCM during
3.3.1. PCM with Al-foam the three cycles. Although, the addition of aluminum foam

In this simulation, the poor thermal conductivity of the created a uniform temperature distribution in the module
PCM is overcome by using aluminum foam. Commercially and a stable thermal response of the PCM as compared to
available Duocel aluminum foam with a density of 8-10% the previous case, it is desired to operate each discharge
and 40 ppi (pores per inch) was used for this purfasa. cycle from the same initial temperature operating condition.
The aluminum foam used enhances the thermal conductiv- The next simulation study demonstrates the effect of adding
ity of the PCM approximately by one order of magnitude or aluminum fins to achieve this goal.
greater. The effective thermal conductivity, which accounts
for the combined conduction through the aluminum foam 3.4. Case study 3
material and the PCM, which fills up the voids, was calcu-
lated to be approximately 3 W/@iK) [19]. 3.4.1. PCM with Al-foam and Al-fins

Fig. 6(a) and (b)learly show the uniform temperature This conceptual design incorporating aluminum fins is
distribution throughout the entire PCM and the cells as suggested as an alternative design of the existing Zappy
compared tdrig. 5(a) and (h)due to the encapsulation of scooter design. In the previous case study, the thermal re-
the PCM in the Al-foamFig. 6(a)shows the temperature sponse of the Li-ion cells and the PCM was not stable
contours of the module. There are no multiple temperature in the consecutive cycles, resulting in a different starting
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Fig. 8. Continued.

temperature during each cycle. The addition of aluminum 3.5. Case study 4
fins on the external surface of the module can overcome this

problem as explained below. 3.5.1. Performance of the Li-ion battery during the
The temperature contours of the module is shown in summer and winter conditions
Fig. 7(a) depicting the uniform temperature distribution In the previous simulations, the starting temperature of

because of the combined effect of the aluminum foam and the PCM was assumed to be Q0D and the temperature
fins. Fig. 7(b) shows the thermal response of the mod- rise shown was for this reference temperature. In order to
ule with a stable temperature profile of the cells and the evaluate the adaptability of the PCM to varying climatic
PCM as compared tBig. 6(b) The PCM undergoes com- conditions, the simulation is performed for the summer and
plete solidification during the charge/rest period due to the winter ambient temperatures. Since the thermal response
inclusion of aluminum-fins, which boosts the heat dissipa- of the module is more effective only with the presence of
tion rate from the cells and the PCM when compared to Al-foam and Al-fins, the simulation results are presented
aluminum foam alone. The PCM undergoes little melting for this case alone.
during all of the discharge cycles by observing the narrow  During summer, the reference temperature is chosen to
peaks inFig. 7(c) indicating that a large latent heat is still be 40°C. Hence, as soon as the battery starts discharging,
available. the PCM begins melting and it is very interesting to observe
From these simulation results, it can be understood thatthe behavior of the PCM during all the three cycles. The
the thermal stability of the entire module requires the ad- temperature profiles of the Li-ion cells and the PCM region
dition of aluminum-fins in addition to the aluminum foam. is shown inFig. 8(a) and (h)In the first discharge cycle,
Since our main objective is to replace the existing lead—acid most of the PCM is melted with maximum utilization of the
battery with minimal changes in the scooter design, the ad- latent heat, resulting in a temperature rise of"€5During
vantages of the Al-fins can be realized with the presence of the following charge/rest period, the PCM does not recover
the Al-frame covering the battery as showrFig. 1, which to its original solid phase and stays in the mushy phase at
was not considered in the simulations. Because of its largethe end of rest period.
heat transfer area available, the Al-frame can act as extended The second discharge cycle begins with immediate uti-
heat transfer surfaces for dissipating the heat. lization of the latent heat of the PCM, which regulates the
Another important conclusion from this simulation is the temperature of the Li-ion cells to a minimal increase. But
availability of the latent heat of the PCM. This can prove to as soon as the PCM turns into a liquid phase, the tempera-
be an effective reserve heat sink in case of a higher ambientture of the Li-ion cells and the PCM increase significantly
temperature or in the event of the battery abuse caused byas the PCM no more acts a heat sink with the temperature
mechanical crushing or short-circuit, which can result in a rising by 9°C. The Li-ion cells and the PCM show similar
thermal runaway situation of the Li-ion cells. thermal response during the third discharge cycle with the



306 S.A. Khateeb et al./Journal of Power Sources 128 (2004) 292-307

Initial Temperature = 0°C - cell
14 - PCM Melting Temperature = 40°C —— Cell-3
] PCM-4
12 [ | | PCM-5
‘ ] PCM-7
& i
104 | 11 | PCM does not melt in winter
eg 3 ! A-Discharge
‘g' i | ; i B-Charge/Rest
E E -
g
3
ki
g 4
G
B,
04
[a] 5 [A] s |a| e
2 : — - —i — —
0 10000 20000 30000 40000 50000
Time (s)

Fig. 9. Temperature rise of Li-ion cells and PCM during winter.

temperature rise of 1°C at the end of discharge. Hence, the adding to design complexity, addition of many components
module is expected to be within the safe temperature oper-needed for forced air-cooling and major modifications of the
ating limits in summer which cannot be achieved in the case existing scooter.
of an air-cooling system or using PCM alone. Simulation results of the Li-ion battery module employ-
The winter condition was simulated with an initial tem- ing PCM alone indicated that the heat dissipation capability
perature of 0C and the temperature rise is reported with this of the PCM is ineffective due to its poor thermal conductiv-
reference temperature. In this case, only the sensible heatty; furthermore it may cause thermal runaway. The thermal
of the PCM is utilized with no melting taking place as seen performance of the PCM was significantly improved by the
in Fig. 9. The thermal response of the module is repetitive addition of aluminum foam, which increased the thermal
over all the three cycles. conductivity of PCM by one order of magnitude. Though
It should be noted that the electrochemical performance of the addition of aluminum foam decreased the temperature
the Li-ion cells drops at low and elevated temperat(dgs rise of the Li-ion battery module by 2%, it proved to be
For simplification purposes, in the above simulations under ineffective when the electric scooter is driven for continuous
summer and winter conditions, the temperature effects onthree cycles due to the PCM completely melting during the
the Li-ion cell capacity were neglected and the performance second cycle, risking the battery module to high temperature
of the Li-ion cell was not altered as compared to the previous rise and thermal runaway. Aluminum fins were added to the
simulation. existing battery module to overcome this problem. Numer-
From the above simulation case studies, the phase changeus simulations were conducted to obtain a stable tempera-
material clearly demonstrates the possibility of achieving ture profile of the Li-ion battery module by optimizing the
an efficient thermal regulation of the Li-ion battery via a length and the number of fins. The aluminum fins proved to
simple, inexpensive passive thermal management system. be very effective in maintaining the temperature uniformity
and suppressing the temperature rise during the three cy-
cles of scooter operation. During the summer operation, the
4. Conclusions Li-ion battery module showed a temperature rise of@5
starting with 40°C initial temperature, which reflects a safe
A detailed design procedure of a Li-ion battery contain- temperature situation for the Li-ion battery module. There
ing PCM for thermal management was shown. The thermal was no melting of the PCM under the winter operating con-
response of the Li-ion battery module with air-cooling was ditions with a start temperature ofC.
evaluated in the presence of Al-fins. The simulation results  In this work, the modeling and the simulation work did not
showed that the Li-ion module was prone to thermal run- consider the thermal runaway effects during the abuse oper-
away due to inadequate air-cooling. Alternatively, the Li-ion ating conditions of the Li-ion battery. Future work will incor-
battery can be operated safe only with forced air-cooling, porate these simulations and also include the experimental
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