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Abstract 
In this paper, the electro-thermal model of Lithium-ion battery for electric vehicles and its related 

application were studied. The spatial variations of electrode parameter and the reaction heat generated 
inside battery must be considered when developing an electro-thermal model of Lithium-ion battery for 
electric vehicles, to ensure the applicability of the developed model under different operating conditions. 
The results showed that: with increasing state of charge, the spatial variations of net reaction current 
density, lithium ion concentration on the surface of active material particles, activation overpotential, 
equilibrium electrode potential and electrical potential of solid phase are reduced, but the spatial variation 
of electrical potential of electrolyte phase is enlarged. 
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1. Introduction 

According to the shape of automotive Lithium-ion battery (LIB), automotive LIB 
categories can be divided into square LIB and cylindrical LIB. Both types of batteries have 
similar internal structures, mainly including positive and negative current collector [1], anode and 
cathode electrodes and diaphragm, positive and negative current collector together with 
electrode can be referred to as pole piece. Positive and negative current collector generally 
consists of aluminum foil and copper foil respectively [2]. Positive and negative electrodes are 
mainly composed of active substances, the positive electrode active material usually uses 
cobalt acid lithium (LiCoO2), manganese acid lithium (LiyMn2O4), or lithium iron phosphate 
(LiFePO4), the cathode active material generally uses graphite, acetylene carbon black, beads, 
petroleum coke, carbon fiber and polymer pyrolysis or pyrolysis carbon, diaphragm mainly 
including polyethylene, polypropylene and so on [3]. 

Electrochemical-thermal coupling model should be in a reasonable model, including 
some considering factors and assumptions of the premise, ensuring the applicability and 
rationality of the model [4]. In order to ensure the electro-thermal coupling model for predicting 
power characteristics and the temperature rise characteristics of automotive LIB pack, the 
electrode parameters spatial difference and reaction heat generated by the battery charge and 
discharge process must be considered in the process of modeling [5]. Therefore, this paper 
considered the spatial variations of net reaction current density, lithium ion concentration on the 
surface of active material particles, activation overpotential, equilibrium electrode potential and 
electrical potential of solid phase in establishing automotive LIB electrochemistry-thermal 
coupling model. Then, this article used the established electrochemical-thermal coupling model 
to simulate the space distribution of electrode parameters and internal battery heat generated 
rate under different working conditions. 
 
 
2. Research Method 

LIB Solid-solution phase interface electrochemical reaction process can be actually 
decomposed into forward and reverse reaction. Ensuring the electrode on the two phase 
interface forward/reverse reaction rate and activation energy barrier changing extent is the key 
to calculate net current. According to the principle of kinetic reaction, the exchange current 
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density i0 (A/cm2) on the two phase interface, namely the interface reaction is in dynamic 
equilibrium, the forward/reverse reaction rate can be calculated by the Equation (1) [6]: 

 

     max0
a a ca a a

e s se sei kF c c c c                                                 (1) 

 
In which, k is the electrode reaction rate constant (cathode, anode); F is Faraday 

constant; ce is lithium-ion concentration in the solution phase; csmax is maximum lithium ion 
concentration of solid phcase (cathode, anode); cse indicates the lithium ion concentration on 
the solid and liquid phase interface (the active material particles surface, mol/cm3); aa is the 
anodic electron transfer coefficient, 0<aa<1, under normal circumstances, aa=0.5; while ac is the 
ccathode electron transfer coefficient, 0<ac<1, under normal circumstances, ac=0.5. According 
to the principle of kinetics reaction, the activation overpotential   characterizes the two phase 

interface activation energy barrier changing extent, 
 

s e U                                                                (2) 

 

Where, 
s  is the solid phase voltage (V); 

e  is potential of the solution (V); U is 

balanced electrode potential (V); U is mainly determined by the temperature of the battery and 
the electrode stoichiometric ratio 

max/se sc c  , their specific relationship should be confirmed by 

fitting test data. About electrochemical-thermal coupling model, the relationship between 
positive and negative electrode U and   is described based on battery temperature known. 

Anode: 
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U changing along with the change of the battery temperature is usually described by 

temperature coefficient /U T  , /U T   mainly depends on LIB  , usually setting   known to 
character temperature coefficient /U T  ; the relationship between   and state of charge 
(SOC) shows in (5). 

 

 1 0 00.01 SOC                                                           (5) 

 
In which, 

1  is a stoichiometric ratio in the battery full charge state (SOC=100%); 
0  is a 

stoichiometric ratio after the battery emitting the rated capacity (SOC=0%); SOC is equal to the 
ratio of the remaining power and battery capacity, 

 

01e QQSOC
Q Q

                                                            (6) 

 
In the formula, Qe is the remaining power in the current time, Q is the whole power of 

battery, Q0 is discharge capacity, usually SOC is belong to [0.2, 0.8] [7]. 
Figure 1 shows the active material particles LiFePO4 and LixC6 of positive and negative 

electrodes happen with the reduction reaction, temperature coefficient /U T   changes along 
with the change of electrode stoichiometric ratio   [8]. As shown in Figure 2, the same amount 
of lithium ion in different SOC, the entropy change extent is very different by finishing de-
intercalation reaction and re-intercalation reaction. 
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Figure 1. (a) SOC on variation of battery voltage versus depth of discharge (DOD); (b) variation 
of battery voltage versus battery temperature /U T   

 
 

 
 

 

Figure 2. Positive and Negative Electrodes versus SOC
 
 

Figure 2 shows that with the decrease of the SOC, the open circuit voltage amplitude of 
the modeling objects decreases gradually. Accordingly, the smaller the SOC is, the smaller U 
changing along with   changing is. However, as for the two phase interface in unit volume of 
the electrode electrochemical reaction net current j, j space distribution is different under 
different SOC during charging and discharging, j increases with the decrease of the SOC. At the 
same time, due to   dynamic change completely determined by j, hence,   increases with the 
decrease of the SOC. After respectively using (1) and (2) determine the exchange current 
density and activation potential, and then computing automotive LIB electrodes solid - solution 
phase interface reaction rate. By Butler-Volmer equation j is shown in (7) in detail: 

 

0 exp expa SEI c SEI
e

bat e bat e

a nF R j a nF R j
j s i

RT s RT s
 

                   
        

                            (7) 

 
Where, j is the two phase interface in unit volume of the electrode electrochemical 

reaction net current, A/cm3; se is the average active area per unit volume; R=8.314J/(mol-K) is 
the general gas constant; Tbat is the battery temperature, K, and this paper used Tbat =273+25K; 
RSEI is the active material particles surface passive film area resistance,   -cm2. 

According to ohm's law, the charge transfer flux produced by arbitrary cross-section 
conductors under the action of electrical driving force is equal to the product of the cross-section 
electric potential gradient and the conductivity. Combined with the law of conservation of electric 
charge, the relationship between the solid phase in porous electrode potential gradient and the 
net reaction current density is shown in (8): 
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The boundary conditions: 
 

0, 0; 0; ,; , , .eff eff eff effs s s s
n p
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In which, I is the battery charging and discharging current, I>0 indicates charging 

process, I<0 shows discharging process, A; Se=1.0452×104 is the total activation area in the 

battery pole piece, cm2; eff  is the effective electrical conductivity of solid phase electronic, 

S/cm; eff  can be calculated by (9): 
 

eff pe
s                                                             (9) 

 
In which,   is solid phase electronic conductivity, S/cm; 

s  is LIB positive and negative 

electrode active material volume fraction; pe=1.5 is Bruggeman porosity factor. Hence, the 
cathode: 0.58eff  ; the anode: 0.05eff  . 

Generally, due to porous electrode conductivity and diffusion coefficient variation are 
much smaller, so the electric potential gradient and concentration gradient are lithium ion 
(positive charge) driving force in the solution phase during the move. Hence, it cannot be able to 
directly use ohm's law to describe the net current density and solution phase electric potential 
gradient, and the equation modification [9] is shown below: 
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The boundary conditions: 0, 0; , 0.e ex x L
x x
     
 

 

In which, keff is lithium-ion effective electrical conductivity of solution phase, S/cm; the 
cathode: keff =3.9×10-4; the diaphragm: keff =7.21×10-4; the anode: keff =3.87×10-4; eff

D  is 

effective diffusional conductivity coefficient of solution phase, A/cm. The keff calculation formula 
is shown in (11). 

 
eff pe

e                                                               (11) 

 
Where, 

e  is the electrode porosity, that is to say 
e  is the volume fraction of the 

electrolyte;   is lithium ion conductivity of solution phase, S/cm,   is completely determined by 
electrolyte composition. And according to the theory of strong solution, eff

D  can be calculated 

by the (12): 
 

   2 2ln0 01 1 1
ln

eff effRT RTd feff bat batt tD F d c Fe

 


 
 
 
 

     
                              (12) 

 
In which, 1f   as the electrolyte activity coefficient [10][11]; 0 0.363t   for lithium ion 

transference number. 
As for LIB charge and discharge procedure, part of the inner heat generated raises the 

temperature of the battery itself, another transmits to the battery surface sending out into the 
surrounding environment by conductive effect. So many physical and chemical parameters in 
LIB are associated with battery temperature values, including the electrode reaction rate 
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constant, the lithium ion diffusion coefficient, electronic electrical conductivity of the solid phase 
and solution phase lithium ion diffusion coefficient and electrical conductivity. 
 
 
3. Results and Analysis 

Reasonably calculating the spatial distribution of parameters in LIB electrodes and 
internal heat generated rate is to ensure that the model can be applied to predict automotive LIB 
pack power characteristics and the temperature rise. To illustrate the rationality of the 
electrochemical-thermal coupling model established in this paper, this section will simulate the 
spatial distribution of the net current density, lithium ion concentration, the activation over 
potential, electrode potential based on the model of the battery under 80% SOC [12]. 

Figure 3~Figure 6 presented LIB seconds pulse charging and discharging, the SOC 
changing effects the spatial distribution of the net reaction in positive and negative electrode 
current density j, active material lithium-ion concentration and the ratio of the maximum 
concentration cse/csmax, the activation over potential  , balanced electrode potential U. Figure 3 

shows SOC=80% respectively, the temperature of the battery is 25℃, and charging and 
discharging currents are 5C. 

 
 

(a) SOC=80%, Pulse charge 
 

(b) SOC=80%, Pulse discharge 

Figure 3. The Spatial Distribution of j in the Battery Pulse Charging and Discharging under 80% 
SOC (Tbat=25 ℃, I=5C) 

 
 

Figure 3 indicates under 80% SOC, in the initial moment of the LIB pulse charging and 
discharging, a peak of j is always produced near the electrode area of the diaphragm, but along 
with progress through the charging and discharging, j in the positive and negative electrodes 
gradually tend to be uniformly distributed along the x axes. However, with the battery charging 
and discharging progressing, heterogeneous reaction rate will gradually lead to the spatial 
variation increasing of cse/csmax. 

 

(a) SOC=80%, Pulse charge (b) SOC=80%, Pulse discharge 
 

Figure 4. The spatial distribution of cse/csmax in the battery pulse charging and discharging 
under 80% SOC (Tbat=25 ℃, I=5C) 
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As shown in Figure 4, the smaller the distance of the active material particles and the 
diaphragm is, the bigger lithium ion concentration increases or reduces. Relatively larger or 
smaller cse/csmax will result in lithium ions de-intercalation reaction and re-intercalation reaction 
more energy consumed. 

 

(a) SOC=80%, Pulse charge 
 

(b) SOC=80%, Pulse discharge 

Figure 5. The Spatial Distribution of   in the Battery Pulse Charging and Discharging under 

80% SOC (Tbat=25 ℃, I=5C) 
 
 

Figure 6 indicates the spatial distribution U of positive and negative electrode is similar 
to the cse/csmax spatial distribution in Figure 5 when Charging, the U value of the positive and 
negative electrodes gradually reduces along the x axis. In contrast, U increases along the x 
axis. Because the lithium ion concentration csmax is smaller in the cathode active material 
particles than the anode’s csmax, that the same amount of lithium ions in the cathode progress 
de-intercalation reaction and re-intercalation reaction causes bigger change of cse/csmax than 
positive reaction. So generally speaking, a battery charging and discharging in the same current 
and different SOC, the space distribution variation of negative U is more apparent along the x 
axis than that of positive U. 

 

 
 

 

Figure 6. The Spatial Distribution of U in the Battery Pulse Charging and Discharging under 
80% SOC (Tbat=25 ℃, I=5C) 
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4. Conclusion 
Electrochemical-thermal coupling model should consider some more factors and 

assumptions to build a reasonable model to ensure the applicability and rationality of the model. 
An electro-thermal model of LIB for electric vehicles is developed based on the porous electrode 
theory with considering the spatial variations of electrode parameter and reaction heat, and the 
solution for the model to the effects of SOC, current rate and temperature on the spatial 
variations of electrode parameter and heat generation based on MATLAB language. The results 
indicate that: the spatial distribution   and dynamic change process is similar to j, SOC 

reduction will increase the spatial distribution difference of  . The spatial distribution U of 

positive and negative electrode is similar to the cse/csmax spatial distribution. When a battery 
charging and discharging in the same current and different SOC, the space distribution variation 
of negative U is more apparent along the x axis than that of positive U. Electrochemical-thermal 
coupling model to simulate the space distribution of electrode parameters and internal battery 
heat generated rate under different working conditions is reasonable and acceptable. 
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