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Abstract

The lithium ion batteries, thanks to their high densities and high power, became promotes
element for hybrid-electric and plug-in electric vehicles. Thermal management of lithium ion battery is
important for many reasons, including thermal runaway, performance and maintains a constant
temperature during the operating, security, lifecycle. However, in a battery pack, the batteries are stacked
against each other without cooling surfaces except the outer surface of the package and the cell in the
center of pack are exposed to overheating and thermal runaway. After several recent researches, it has
been proved that lithium ion batteries are currently confronts a problem of temperature rise during their
operation discharge, which affects the batteries performance, efficiency and reduces the life of lithium ion
batteries. However, this work is set to access the three dimensional analytical modeling based on Green'’s
Function technique to study the thermal behavior of lithium ion battery during discharge with different
discharge rates (0.3C, C/2, 1C, 2C) and strategies natural convection cooling on the surface of the battery
is performed.
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1. Introduction

The lithium ion batteries are well known for their high densities of energy (700-
150Wh/kg) and high power, with a large voltage (3.8-4V) and discharge rate, long cycle life,
almost no memory effect and low self-discharge rate of approximately 5% [1]. Currently, the
electrification of the vehicle with lithium ion batteries to reduce the pollution of the atmosphere
and the price of fuel is urgent. Lithium ion batteries became the favorable candidate because of
its system of energy storage [2].

Several articles deal with the thermal models of batteries, which use different
approaches such as: solving partial differential equations (PDE) [3], linear parameter-varying
(LPV) models, the finite element models or lumped models. To enable an accurate simulation of
the battery changes according to different temperature profiles used, or integrations, it is
necessary to couple a thermal model and an electrochemical model, which are strongly
dependent on one of the other. It is then possible to anticipate potential thermal runaway,
designing appropriate systems of cooling and allow more efficient energy management [4, 5],
However, for real-time implementation in a battery thermal management system (BTMS), some
approaches, such as finite element modeling cannot be used because they are too costly in
calculation. However, the challenge was reading on the application of lithium ion batteries on
the hybrid vehicles and electric vehicles, which is controlling the temperature of the battery
during operation by using lithium battery monitoring and control system [6]. Temperature rise
occurs generally in the discharge of the batteries by electrochemical reactions (exothermic and
the joule effect), which can cause thermal runaway, swelling of the battery and even the
explosion in the most extreme cases. thermal management simulation is used to predicate the
battery temperature during its operation condition (charge-discharge) and the modeling can
determine the temperature distribution inside of batteries module during charge and discharge
because several cell are connected together without enough cooling space.

Compared to recent study, the Green’s Function and strategies natural convection
cooling on the surface of the battery was used to investigate the heat generation of lithium ion
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batteries. The BTMSs are effective and the batteries are not critical but compulsory for safety,
performance and long lifetime. It is necessary to maintain the temperature of the batteries in an
ideal temperature range of 20~40°C and uniform the variations of temperature [7].

2. Research Method

The three-dimensional rectangular orthotropic solid of length L,, width L,, and Height L;
was studied. Heat is generated within the solid domain, while heat transfer with surrounding
medium is allowed at its boundary surfaces. The temperature distribution inside of batteries is
described by energy balance equation that only includes conduction terms,

Cg_ ﬂ+ ﬂ+kﬂ+ (1)
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Where , is density, ¢, is heat capacity per unit mass, k; k» k3 are the orthotropic

thermal conductivity coefficients, x=(x4,x2,x3) represent the components of position vector in
Cartesian coordinate system, t is time. The functions T(x,f) and g(x,t) represent the temperature
filed and heat generation rate per unit volume.

The boundaries of the domain convective heat transfer are following [8, 9].
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The initial temperature of the domain (battery), T, is the ambient temperature, T=T, at
t=0.
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Boundary condition:
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Bi = h.,i are the Biot numbers.
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And initial condition:
0=T, at r=0, Where Ty is the relevant temperature of 20C. The temperature rise ¢

and the source for temperature rise G in temperature unit are ¢ =T,[3], and;

G=—19 (5)
k /L

To determine the appropriate Green'’s function, we consider the homogeneous version
of this problem as:
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The desired Green’s function is:

Vo O N O (B2 )(tT) 1
G(x,y,z,t|x,y,z\7)= e Mo
;Z;‘; N(BIN(7,IN(7,) 9)

X (B, )X (B, XY (7, XY (7,.¥)Z(n,,2)Z(n,. 7))

Then the solution of the three-dimensional transient, nonhomogeneous heat conduction
problem g(x , X,, X,,z) Is:
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This paper used a simple lithium ion battery examined to analysis thermal management
of Lithium ion batteries. Figure 1 shows prismatic Lithium ion cells used in the battery for hybrid-
electric and plug-in electric vehicles (H/PEVs) applications. As for the thermal parameters of
lithium ion battery, the thickness and thermophysical properties of the battery core layers and
materials are provided in literature. Thickness, number of layers, density, heat capacity, and
thermal conductivity values are provided. Porous polymer layers must be measured after they
are soaked in the electrolyte liquid in the electrodes and separator sheets. Meanwhile heat
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capacity and thermal conductivity of wet layers use available data in the literature for a similar
battery type.
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Figure 1. (a) Multi-folded-layer structure of a prismatic cell; (b) Sectional view of X-ray pictures
showing battery layers in the cell

Based on Figure 1, for polymer lithium ion batteries, since the contact interfaces are wet
at the presence of the electrolyte liquid, the effects of contact resistance are assumed to be
negligible. This simplification is usually justified with the fact that thermal conductivities of
electrolyte and polymer compounds are in the same order. Detailed experimental study on
contact resistance issue in batteries is not available, and the authors believe that this important
phenomenon is overlooked and plan to further investigate this potentially critical issue in depth.
Due to its small thickness and polyethylene laminates, the heat capacity and thermal
conductivity of the case is negligible, hence, its effects can be excluded from the thermal
analysis. In order to complete the initial boundary value problem in (3) and (4), heat generation
rate g(x,t) should be determined. One of the most challenging tasks in thermal modeling of
batteries is the evaluation of heat generation rate during their operation. Complexities
associated with this task are rooted in the strong coupling of heat generation rate to chemical
reactions rates, and Joule heating inside the battery structure [10].

Bernardi proposed a general energy balance equation [3] for battery thermal models in
which the homogeneous heat generation rate is given by:

_ Ve 13
g U[(voc V)-T dT} (13)

The above formula simulates detailed thermal analysis. v is the volume of the battery,
V. is open circuit potential, V and [ is the voltage and current of the battery. For lithium ion
batteries, during normal operational temperatures, the derivative dV,/dT is a very small
constant [7] and can be safely neglected [11] Keeping intense attention that, V,. is a strong
function of ion concentration, and not the temperature in lithium ion batteries, which is measured
in non-operating condition, Nonetheless, at very high and low temperatures the dependency of
V,c on temperature is considerable [12].

Experimental data, reported by lithium ion batteries, on variation of cell potential
(voltage) versus depth of discharge (DOD) for different discharge rates are shown in Figure 2.
For discharge processes, the cut-off voltage of 2.8 V is considered.
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Figure 2. The Experimental Data on Variation of Battery Voltage Versus DOD for Different
Discharge Conditions in C-rate

3. Results and Discussion

As for different discharge modes, homogeneous heat generation rates g=g(t), are
obtained by fitting high-order polynomials to the data points in Figure 2, and using dV,/dT=0
[13] Curves in Figure 3 show the variation of volumetric heat generation rates versus DOD
during discharge processes (C/2, 1C, 2C). The sharp increase of g at the end of discharge is
rooted in the large differences between V.. and operating voltages.
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Figure 3. Variation of Heat Generation Rate Versus DOD during Discharge Processes (C/2, 1C,
2C) Experimental Data

Battery thermal management systems run procedure based on heat transfer at battery
surfaces depended on different parameters, this paper assumes small and moderate heat
transfer coefficients h <20, cooling with air. h at all surfaces are considered as constant, albeit
the method can handle different values for heat transfer coefficients. The ambient and initial
temperature is Tp=20 C, thus, based on the recommended operation temperature (-30 ~50 C),
the maximum temperature rise of 9=AT =T -T,=30°C is acceptable during the battery
operation. Throughout the results, this trend of the minimum temperature is more visible in
Figure 4, which indicates temperatures rise, is closed relative to the convective heat transfer
coefficients h, alone with DOD, h becomes bigger, 9 will becomes smaller.
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Figure 4. (a) Temperature Rise in the Battery during 20A Discharge (h=>5, 10, 20W/m*-K); (b)
Temperature rise in the Battery during 60A Discharge (h=10, 15, 20 W/m’-K)

The temperature distribution at the end of a 40A and 60A discharge process is shown in
Figure 5 and Figure 6.
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Figure 5. Temperature Rise at 40A Discharge with h = 25 W/m*-K

Plots (a)-(d) in Figure 5 have the maximum temperature rise of g =6.9K, the best

geometry choice for a two-dimensional modeling is x3-x, section surface. Figure 5 shows
temperature rise at the end of a 40 A discharge process is on X;=0.5, X,=0.5 section. Maximum
temperature rise g at the center of the battery, and minimum temperature rise ¢ at the

corners of the battery, e.g., since Biot number in x, -direction is always less than the other two

directions, a two-dimensional model in x4-x3 plane is also acceptable. Note that increasing of h
in x, -direction can change the choice for a two-dimensional model.
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Figure 6. Temperature Rise at 60A Discharge with h = 25 W/m*-K

In Figure 6, temperature rise distribution at the end of a 60A discharge process with the
above non-homogeneous heat generation rate is shown on X;= 0.5, X,= 0.5 planes. Boundary
conditions at all surfaces are the same with h = 25W/m?*K. As X;— 1, the magnitude of joule
heating increases and in contrast to the case of homogeneous heat generation, location of g

is not at the battery center but near the positive tab.
By using the Green’s Function and strategies natural convection cooling on the surface
of the battery, we can deeply investigate the heat generation of lithium ion batteries.

4. Conclusion

In this paper, the classical mechanism analysis technique of Green’s function was used
to control the temperature distribution of lithium ion batteries during discharge process; a
closed-form solution was proposed to study the temperature distribution in simple battery model.
The proposed approach takes account for, thermal conductivities, Multi-dimensional heat
diffusion, convective boundary condition, transient heat generation rate. And it provided a useful
and reliable approach for investigating thermal behavior of batteries under various conditions.
The proposed analytical model was employed to study the temperature distribution in a single
prismatic lithium ion battery during discharge processes, where transient heat generation rate
was approximated from the electrical performance of the battery. In large battery assemblies the
issue of temperature rise becomes more and more critical, as heat accumulates at the center of
the battery module.
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