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Abstract

Safety problems caused by thermal runaway have been restricting the popularization and application of power lithium-ion battery (LIB).
As Electrical Resistance Tomography (ERT) method can potentially detect the variations of internal cell apparent resistivity influenced by
temperature, the simulation of the relationship between the internal cell temperature and apparent resistivity is presented to monitor the
thermal circumstance inside LIB cell. Using the linear interpolation functions, the LIB model is built and meshed. The appropriate boundary
conditions are imposed to simulate the cell virtual heating process and ERT process. During the simulations, the distributions of the
apparent resistivity at different temperatures are given. It is found that the correlation of apparent resistivity and temperature is well fitted
by quintic function. Meanwhile, the evaluation of quintic fit under cell discharge reveals a deviation of 6.2K between the cell core
temperature and the surface temperatures. The presented method cannot only be applied in thermal balance management, life prediction
and load control, but also afford a possible way for monitoring the health of separator structure of LIB.
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1 Introduction

The lithium-ion battery (LIB) cells with the advantages of
high energy density and long cycle life have been the re-
search hotspot of the new energy automotive technology [1].
With the rapid development of new energy vehicle, an
increasing number of problems on the LIB cells are fre-
quently occurring. As a result, the related cell performance
test is highly valued. As the irregular change of internal cell
temperature is the roots of many security problems, such as
leakage, fire, explosion, and so on, the thermal security
problems of LIB cells are urgent to be resolved.

There are many researches focusing on LIB cells tem-
perature measurements, which mainly concentrate on de-
veloping numerical models of LIB cells to estimate the core
temperature. Kim et al. [2] developed a model of LIB con-
sidering the possible internal thermal reaction, which was
used in the temperature field simulation of small cylindrical
LIB. Then the researchers investigated mutual effect bet-
ween a battery cell of thermal runaway and another normal
cell [3]. It is particularly gratifying that some novel advan-
ced techniques have been generating in recent years. Sri-
nivasan et al. [4] (2011) proposed an Electrochemical Impe-
dance Spectrum (EIS) method to explore the correlation
between the internal cell temperature and the phase angle of
electrochemical impedance at a certain frequency. The me-
thod increases the accuracy of the temperature measurement
without setting up additional external sensors and wires.
Subsequently, Schmidt et al. [5] (2013) investigated the
sensitivity of the method on temperature and state of charge
(SOC). However, these current methods can only measure
or estimate the overall internal cell temperature, but cannot
effectively detect the local cell temperature, which is the
essence of thermal safety problems of LIB.

Electrical Resistance Tomography (ERT) method is
used to assess the internal structure conditions of objects,

and has been widely applied in many fields such as concrete
structure investigation, two-phase flow detection and medi-
cal inspection. For example, Paulo et al. [6] performed three
dimensional detection analysis of massive concrete in diffe-
rent conditions using the relative excitation. Rodgers et al.
[7] studied the regional network model of fluid distribution
of turbulent pipeline using the adjacent excitation. Though
the ERT technique has been used widely in many fields,
there is little research for condition assessment of LIB cells.

The feasibility of ERT method to investigate the distri-
bution of internal cell apparent resistivity has been validated
by the authors [8]. This study aims to explore the relation-
ship between the internal cell temperature and apparent resi-
stivity by simulating the cell virtual heating process and
ERT process. For this purpose, a steel shell LIB cell model
was built and the appropriate boundary conditions were app-
lied. Then the distribution of the cell internal temperature
distribution was achieved, as well as the apparent resistivity.
Finally, the correlation of the temperature and the apparent
resistivity was fitted and evaluated under cell discharge in
experiments.

2 Modelling
2.1 HEAT GENERATION MODEL FOR LIB CELL

Sato et al. [9] have obtained the total heat Q generated from
the LIB cell and Ni-MH cell in experiments. The results
show that the heat from battery mainly contains four aspects,
joule heat Q; from ohmic resistance, side reaction heat Qs
from internal waste gas, heat Q, from electrodes pola-
rization, and heat Q, from chemical reaction. Generally, heat
release and heat absorption occur in charge and discharge.
Under a certain temperature and pressure, a constant
thermodynamic relation would exist in LIB cell, and the heat
energy of chemical reaction equals to the change of standard
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Gibbs free energy change AG of current described as follow,
AG=AH-TAS, (@)

where AH and AS respectively denote the enthalpy and
entropy changes of chemical reaction, and T is the absolute
temperature. As the processes of charge and discharge are
reversible and the term TAS just represents the reaction heat
Qr, which can be further expressed as,

NG
=TAS =T(—), 2
Q ( 5AT) (2)
where
AG =-nFE,, 3)

where n denote the charge number of chemical reaction, F
indicates the Faraday constant and Ee is the electromotive
force of reversible cells. Furthermore, Qrcan be deduced as,

)

E
=nFT €
2 ( oT

). (4)

In normal circumstances, side reaction of waste gas
would not happen, namely Qs=0J. Therefore, the total heat
Q generated from charge and discharge can be expressed as,

E
Q=Qr+Qj+Qp+Qs=nFT(%)+I2(Re+Rp), (5)

where Re and R;, are cell ohmic resistance and polarization
resistance. In practical, the heat generation rate q is used for
evaluating the cell thermal performance as follow,

q9=Q/V,, (6)

here, Vj is the volume of battery cell. It can be seen that Q
and q both correlate with reaction heat, charge and discharge
current and internal resistance. In order to accurately esti-
mate the heat generation rate and total heat produced in cell
operation, these three parameters just mentioned above
should be known in advance.

2.2 TWO DIMENSIONAL FEM MODEL OF LIB CELL

The rationale of ERT technigue can be explained by electro-
magnetism, and a two dimensional Finite Element Method
(FEM) model in electromagnetic is used to solve some engi-
neering matters. The main concept of the FEM is based on
subdividing the geometrical domain of a boundary-value
problem into smaller sub-domains, called the finite elements,
and expressing the governing differential equation along
with the associated boundary conditions as a set of linear
equations that can be solved computationally using linear
algebra techniques [10]. The nodal FEM will be applied to
a generic 2-dimensional (2-D) Boundary Value Problem
(BVP) in electromagnetic for LIB model. Specifically, a
proper application of the FEM for the solution of 2-D BVPs
must involve the following major steps:

(a) Discretization of the 2-D domain.

(b)Derivation of the weak formulation of the governing
differential equation.

(c) Proper choice of interpolation functions.

(d) Derivation of the element matrices and vectors.

(e) Assembly of the global matrix system.

(f) Imposition of boundary conditions.
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(9) Solution of the global matrix system.

(h) Post-processing of the results.

Here, three of the most important steps below are consi-
dered before the modeling.

Problem definition: A BVP characterized by a generic
form of a second-order partial differential equation will be
considered to illustrate the major steps involved in a 2-D
nodal,

K
oy

where ax, ay, B, and g are constants to be defined by the
specific application and u is the primary unknown quantity.
Poisson’s equation, for a linear and isotropic medium, is
given by

V(&'VV) =—pP>

a_u)+

> (@, )+ pu=g,

0
= & U]

®)

where & presents the dielectric constant, V denotes the fixed
potential and p, is the uniform electron volume charge
density. In a 2-D space, Equation (8) is often written as

v

o, oV
)+—(—)=—p,.
OX

o oy

Equation (9) is a special case of the generic form given
by Equation (7). Comparing this two equations, it can be
easily realized that these two partial differential equations
would be identical if u=V, ax=ay=¢, =0 and g=—p, .
Consequently, the 2-D Poisson’s equation, which is widely
used to solve electrostatic problems, is a special case of
Equation (7). The set of boundary conditions could be either
of Dirichlet type

%(e ©)

u=u, onlj, (10)
or mixed type

au . ou .\ .

—a +a,—4a,)-a +yu=q onl,, 11
(ax aX X ay ay y) n v q ( )

where & is the unit vector normal to the boundary I'> and y,
g are constant to be defined.

Domain discretization: The domain of a 2-D BVP usual-
ly has an irregular shape. Using the FEM, the first step is to
accurately represent the physical domain of the LIB model
by a set of basic shapes. In general, a triangle is used instead
of a rectangle as the basic element for the meshing of the 2-
D domain, the discretization error would be effectively
much smaller. A linear triangular element in the xy-plane is
illustrated in Fig. 1(a). The triangle consists of three vertices
which correspond to the three nodes of the element.
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FIGURE 1 Linear triangular element respectively in the xy-plane (a) and
(b) in the &p-plane.
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Interpolation functions: The nodes are locally numbered
in a counter-clockwise direction to avoid having a negative
area using the Jacobian definition. This element has coor-
dinate (x;,y;), which correspond to local nodes i = 1, 2
and 3, respectively. A linear interpolation function spanning
a triangle must be linear in two orthogonal directions. These
could be the orthogonal axes defined by the natural coor-
dinates ¢ and # in Fig. 1(b). For isoparametric elements, the
functions used to interpolate the space coordinates x and y
can be described as

X=Xf+Y21§+Y3177
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The LIB cell with steel shell was investigated as shown in
Fig. 2(a), which has a capacity of 10Ah, the maximum allo-
wed discharge current of 40A and the internal resistance of
10mQ. The cell size is 130*65*16.5mm? and the weight is
0.4Kg. Discharge cut-off voltage is 2.7V at least and the
maximum charge voltage is 4.2V at most. In the right one of
the Fig. 2(a), 14 electrodes have been placed on one side of
the battery. The electrode is made up of red copper, which
size is 10*5*0.2mm? and the distance between two adjacent
electrodes is 9mm.

In order to synchronously produce the thermal field and
the electric field, a two-dimensional hybrid model of the LIB

Y=Y+, +731,7’ (12) cell is built using the ANSYS software and the mesh is

divided by the linear interpolation function as discussed in
where X, =X —X , Xy =X-X , V,=VYs-Vy; , Section2. Fig.2 (b) shows the LIB cell model, which will be
Vai=Ys— VY. used in simulations below. In total, there are 14679 triangular

2.2 STEEL SHELL LIB MODEL

(a) Physical photo of steel shell LIB

clectrode

V'. A A WV, =
triangular mesh 'X/L\y
(b) LIB model

FIGURE 2 Investigated steel shell LIB with14 electrodes arrayed on one
sides

TABLE 1 Thermal performance parameters for mainly material models

meshes with 26132 nodes. Corresponding to Fig. 2(a), there
are also 14 electrodes model placed on the cell model. The
thickness of steel shell model is 0.6mm. In order to simulate
the real conditions, red copper with higher conductivity than
that of steel, is chosen as the cell electrode material.

3 Simulation and Analysis
3.1 THERMAL SIMULATION

The component of the LIB cell mainly consists of electrode
(anode, cathode), electrolyte (mainly consists of Polycarbo-
nate (PC) and Diethyl carbonate (DEC)), separator and cell
case. Just as mentioned in Section 2, the cell internal heat
mainly generates from four aspects, namely the joule heat of
ohmic resistance, the side reaction of internal waste gas, the
electrodes polarization and heat of chemical reaction. So the
distribution of internal cell temperature can be determined by
simulating with thermal specific parameters according to
Table 1.

To comprehensively understand the change rule of the
thermal field of the LIBs, the thermal simulation was per-
formed to obtain the internal temperature distributions. Du-
ring the process, the condition inside the LIB cell is consi-
dered as a homogeneous medium. The mass and specific
heat capacity of the cell are constant and the thermal con-
ductivity in x-y-z directions d keeps the same irrespective of
the temperature and the cell capacity. The heat generation
rate is consistent with a constant current in Table 2.

Battery component Material Density[kg/m®]  Specific heat[J/[kg:"C]] Heat conducticity[W/[m-C]] Resistivity[ohm.m]
electrolyte PC/DEC 2335 300 =12, 4,=15,,=1.0 10x 10
case steel 7850 460 80 9.78X10°®
electrode Red copper 8800 381 386.4 1.8 x10%

TABLE 2 Heat generation rates of LIB cells under different discharge rates and currents

Discharge rate [C] Current[A] Heat generation rate [W/m?®]
1.0 11 6335
2.0 22 19800
3.0 33 43345
4.0 44 75344
5.0 55 117725
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Temperature (C)

32.4 7 .92 069
FIGURE 3 Internal cell temperature distribution in thermal simulation
during discharge

In simulation, the environment temperature was set at
20°C, the battery model was discharged with the current of
1.0C discharge rate. The temperatures were recorded as the
core temperature rising up 3°C. Due to the heat diffusion and
convection on cell surface, the internal cell temperatures
tend to be a gradient distribution. Fig.3 shows the distri-
bution simulating at 15minutes. During the period, the inter-
nal cell temperature rises up rapidly, and the heat diffusion
and convection are prominent. The internal temperatures
apparently and gradiently distribute with the depth. The red
area represents the highest temperature of 37°C, and the blue
region represents the lowest temperature of 32°C. It is
obvious that the temperatures in central place are higher
than that in the verge of the cell.

3.2 ERT SIMULATION

Electric Potential (V)

FIGURE 4 Transient of ERT simulation with four electrodes

It’s important to note that the ERT simulation was perfor-
med simultaneously with the thermal simulation. The model
parameters of the material resistivity were set in terms of
Table 1. The boundary condition of excitation current | was

set at 0.5mA. Before the simulations, the Wenner configu-
25 35 45
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T

Hong XB,LiNZ, YinWW, et al.

ration was chosen to excite the model. Four electrode mo-
dels with a spacing of 9mm were selected to excite and mea-
sure respectively. Just as described in Fig. 4, four electrodes
from the third to the sixth in the left were chosen to work; in
which the bipolar pulse currents at a certain frequency were
imposed on electrodes A and B. As a result, a stable electric
filed is gradually produced, which is described with a va-
riety of color ribbons in the figure. Then, the electric poten-
tial of electrodes M and N was recorded. After one set of
measurements finishes, another four electrodes would be
selected to repeat in the same way. The recorded electric
potential difference AU between the electrodes M and N
can be transferred into resistivity data as

(13)
where K is the geometrical factor.

In total, four layers including twenty six data points can
be obtained, which have a gradient distribution with the
depth. Fig.5 shows the distribution of the apparent resistivity.
It seems that the ERT method divides the internal complex
structure of a battery cell into four independent levels. Each
level, depending on the number of electrodes, can be further
subdivided into many simple model blocks with the total
number of thirty eight. The effective blocks determined by
datum points would be constructed into images of apparent
resistivity distribution.

Number of electrodes 14

B Model block

®  Datum point

Number of model blocks 38

Number of datum points 26

Number of model layers is 4 Unit electrode spacing is 0.9cm

Minimum pseudodepth is 0.4lcm  Maximun pseudodepth is 1.6cm

FIGURE 5 Arrangement of model blocks and datum points

Then, the distribution of the apparent resistivity at diffe-
rent temperatures can be achieved by the least square algo-
rithm, which is used to reconstruct the inversion image of
complex structure conditions of the objects. Fig.6 describes
the apparent resistivity distribution respectively at 25°C and
30°C for LIB cell model. The two images reflect the changes
of the apparent resistivity with the temperatures. It can be
found that the apparent resistivity significantly distributes
with the depth, more importantly, the color ribbons of same
region exist obvious discrepancy with temperature. It is
suggested that the relationship between the apparent resis-
tivity and temperature can be inferred by the difference. The

further analysis of fit results will be demonstrated.
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FIGURE 6 Apparent resistivity distribution of LIB cell at respectively at 25°C (a) and 30°C (b)
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FIGURE 7 Fitted results with three different fitting methods

3.3 FITTING ANALYSIS

At the end of the simulations, the internal cell temperatures
approached to 45°C, and a set of data of the apparent
resistivity and temperature has been obtained. Due to the
attenuation of current density in cell deeper region, the
apparent resistivity value would tend to increase up with the
depth. However, the apparent resistivity value of the same
depth would remain in a smaller range. Therefore, one set of
the data in the first layer was chosen to analyze at first. In
order to seek the relationship between the apparent
resistivity and internal cell temperature, the data was fitted
respectively by polynomial functions.

Here, the scatter plots of the data are presented in Fig. 7.
Each data in the graphs is the average value of ten
independent simulations. It can be inferred that the apparent
resistivity substantially increases with the temperature rises
up. This law also can be found in other data at different
depth. Furthermore, it suggests that the internal cell
temperature can be determined by the apparent resistivity
via a certain function.

Therefore, the correlation of internal cell temperature
and apparent resistivity is fitted by three different fitting
functions, which are cubic fit, quartic fit and quintic fit. It
can be seen that the fitting effect of the quintic fit, which has
a lower mean square error of 3.06e-04, gets better than that
of other two fits, 3.38e-04 for (a) cubic fit and 3.37e-04 for
(b) quartic fit. As a result, this quintic function can be
considered as a preliminary principle for the correlation
under simulation conditions,

p=a,T°+bT*+¢ T +d,T?+e,T +f,.
d

(14)

Herein, a, , b

(V) C
coefficients.

o+ dy , g and f, are the fitted

4 Evaluation under cell discharge

Usually, the core temperature would get higher than other
regions in LIB cell. Evaluating the core temperature makes
sense for thermal management of LIB cell. Meanwhile, in
order to evaluate the quintic fit results, apparent resistivity
measurements were performed under cell discharge. The
experimenal set-up can be seen in the Fig.8. Using the
quintic function, the cell core temperature T, can be
determined. As there is no effective method of internal cell
temperature measurements as a reference for ERT results,
the calculated results will be compared with cell surface
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FIGURE 9 Comparison between core temperature and measured surface

temperatures during LIB cells discharge (right). The initial ambient
temperature was set at 30°C. Surface temperatures on top and bottom of
the cell were measured with thermacouples type K

As can be observed in Fig.9, the core temperature T,
determined bv abparent resistivitv rises up normallv. and do
not coincide with the measured surface temperatures T, ..
and T,... especially as times goes on. After cells discharge,
the core temperature reaches the highest of 43.5°C, which is
6.2K higher than T, . In some degree, this is approximate
to the results from a similar experiment conducted by
Schmidt [5]. Meanwhile, the two surface temperatures are
also not equal with each other. The temperature of top
surface with 37.3°C would be almost 1k lower than that of
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bottom surface. In some case, an inhomogeneous distri-
bution of internal cell temperature is the root of the surface
temperature difference. In detail, the great temperature dif-
ference could result in a great delay for heat transfer. For
example, there is a delay of almost 10 minutes when T,..
reaches to T... at t,. This underlines the importance of lo-

rora

cal cell temperature, as already described in the Introduction.

5 Conclusions

This article first put forward the ERT method as a potential
solution to measure the internal cell temperature for LIBs,
which can be realized by the determination of the apparent
resistivity on temperature. The correlation of apparent
resistivity and temperature was effectively investigated by
FEM simulation on steel shell LIB model.

The distribution images of the apparent resistivity indi-
cate that the internal cell temperature significantly affects
the apparent resistivity. This effect can be described by
quintic fitting curve, which has been evaluated under cell
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