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Abstract the charging performance of lithium-ion batteries is greatly affected by the ambient temperature. The problem of
increasing the charging polarization voltage and lowering the charging capacity under low temperature conditions has always
limited the development of lithium-ion batteries.Based on the theory of electrochemical kinetics, charge conservation, mass
conservation and energy conservation, an electrochemical-thermal coupled transient calculation model based on
LiFePO4/graphite lithium-ion battery was established. The model studies the variation of the terminal voltage and the diffusion
polarization voltage electrolyte of the positive electrode with the SOC during the charging process of lithium-ion battery under
the three low temperature conditions of -5°C, -10°C and -15°C. The variable Pqep is used to quantitatively analyze the effect of
low temperature conditions on the diffusion polarization electrolyte of positive electrode. Finally, the cause of the polarization
change is analyzed by the electrolyte salt concentration and the electrolyte current density.The results show that the low
temperature condition will increase the diffusion polarization electrolyte of positive electrode of the lithium-ion battery to a
certain extent, and the lower the temperature, the stronger the polarization effect, and the positive electrode electrolyte
concentration and electrolyte current density can better characterize this phenomenon.
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Introduction

charge transport of species. Yu et al. [8] introduced an approach to

Lithium-ion batteries have promoted the rapid development of
hybrid vehicles and electric vehicles due to their high energy
density, high power density and long cycle life [1-3]. The
influence of ambient temperature on the charging of lithium-ion
battery is very obvious , and the ambient temperature in most parts
of northern China is below 0°C for a long time. The low
temperature environment changes the conductivity of the electrode
material and the viscosity of the electrolyte, and changes the
charging polarization characteristics of the lithium-ion battery to
some extent. Charging in a severe low temperature environment,
lithium dendrite is also formed inside the lithium-ion battery. It
has a great impact on the safety of charge and discharge of
lithium-ion batteries [4,5].

In view of the phenomenon of charging polarization and low
temperature operation of lithium-ion batteries, relevant scholars
have made some research. Feng et al. [6] designed a kind of
polypropylene/hydrophobic  silica-aerogel-composite  (SAC)
separator which provided a new way to improve the safety and
simultaneously reduce the polarization of the lithium-ion batteries.
Bo et al. [7] calculated the average variables such as lithium-ion
concentration and reaction current density, and polarization due to
different sub-processes, such as activation of electrochemical in
each subdomain finding that microstructural inhomogeneity in the
3D model has significant impact on global polarization and
polarization distribution in the electrode reactions (PAER) and
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compensating the capacity loss of LTO based lithium-ion batteries
at low temperature by increasing the charging cut-off voltage
which enlarge the charging capacity of the LTO batteries at -20°C.

In this paper, the electrochemical-thermal coupled transient
calculation model of LiFePO4/graphite lithium-ion battery was
built based on the model proposed Nyman et al. [9] using
simulation software COMSOL Multiphysics 5.4. The diffusion
polarization electrolyte of positive electrode during the 1C
constant current charging of lithium-ion batteries at three low
temperature environments of -5°C, -10°C and -15°C were studied.

2. Coupled Electrochemical-thermal Model

21 Computational Domain and Model Assumptions
A cylindrical 18650 lithium-ion battery was used as the research
object to establish a coupled electrochemical-thermal model. The
model consists of a one-dimensional electrochemical component
and a three-dimensional solid heat transfer component. The
one-dimensional electrochemical component simulates the
electrochemical reaction Kkinetics, mass transfer, and current
balance of a lithium-ion battery [10,11]. The three-dimensional
solid heat transfer component simulates the temperature field
distribution of the battery and the heat transfer process with the
external environment. The model couples the heat of the
one-dimensional electrochemical component with the temperature
of the three-dimensional heat transfer component, more
realistically reflecting the effect of temperature on the charging
process of the lithium-ion battery [12].

In the model, the negative current collector material is metal
copper, the positive current collector material is metal aluminum,
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the negative active material is graphite (Ce), the electrolyte is
LiPFs solution (3:7 EC/EMC solvent), and the positive active
material is lithium-ion phosphate ( LFP)[13].The model assumes
that the electrode active material consists of ideal spherical
particles of uniform size, regardless of the electric double layer
effect, the reaction occurs only at the electrode/electrolyte
interface, and no secondary reactions occur in the reaction process,
and no gas is generated [14]. The 18650 lithium-ion battery has a
multi-layer winding structure [15]. The one-dimensional
electrochemical component simplifies the battery into a linear
structure on the model according to the main moving direction of
lithium ions during the actual charging process of the battery, as
shown in Figure 1.

Negative Electrode  Separator Positive Electrode

1019310 a.N) aAReSaN
J013|0) JUB.LIND IARISO4

ﬁhi) active material particle
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. active material particle
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Fig.1. Electrochemical charging diagram of lithium-ion battery

During the charging process of the lithium-ion battery, the
positive electrode material in the lithium-rich state undergoes
oxidation reaction and loses electron-generated lithium ions. This
part of lithium ions enters the electrolyte and diffuses through the
separator to the negative electrode and electrolyte, and the
electrons reach the negative electrode from the external
circuit.During the charging process of the lithium-ion battery, the
positive electrode material in the lithium-rich state undergoes
oxidation reaction and loses electron-generated lithium ions
[16-18]. This part of lithium ions enters the electrolyte and
diffuses through the separator to the negative electrode electrolyte,
and the electrons reach the negative electrode and the negative
electrode from the external circuit. The lithium ion in the
electrolyte undergoes a reduction reaction to form a solid lithium
embedded in the negative electrode. Because the transmission
speed of electrons in the external circuit is much larger than the
movement speed of lithium ions in the electrolyte, this causes an
imbalance in the ion concentration distribution inside the lithium
ion battery to cause polarization phenomenon [19]. The equation
for the above electrochemical process is as follows:

Positive Electrode :

......... 1

LiyFePO, —"29° | i FePO, +zLi* +ze” ™)
Negative Electrode :

charge . L s )

Liy_,Cg + zLi" + 26" ——"Li,Cg

where X is the stoichiometric coefficient or the number of moles of
lithium present in the graphite structure (Cs), y is the
stoichiometric coefficient or the number of moles of lithium in the
olivine structure of iron phosphate (FePOus), Li* is the lithium-ion,
z is the number of moles of lithium taking part in the
electrochemical reaction.

2.2 Electrochemical Kinetics The Butler-Volmer equation

in electrode dynamics gives a calculation of the local reaction
current density:

a F a F
[2—n]—exp[-—
RT RT
where jo is the exchange current density, da and ac are the charge
transfer coefficients, F is the Faraday constant, R is the molar gas

Jn = JoleXPp

constant, T is the reaction thermodynamic temperature, 5is the

reaction overvoltage.
The exchange current density is given by
1 — aa aa ac
o= Fk0C| (Cs,max _Cs,sun‘) Coqurt Q)
where ko is the reaction rate constant, c| is the electrolyte salt
concentration, Csmax IS the maximum lithium concentration in the
active electrodes, cssurt is the surface lithium concentration in the
active electrodes.
The reaction overvoltage is given by

77=¢S_¢I_Ueq ......................................................... (5)

where ¢s is the solid phase potential, where ¢\ is the liquid phase
potential, Ueq is the electrode equilibrium potential.

2.3 Charge Conservation The governing equation of charge
conservation in electrode can be described as follows:
Vi +V-ii=0 V-ii=-S_j, V-i==S,],®

where is is the electronic current density in the electrode, i is the
ionic current density in the electrolyte, and Sa is the specific
surface area.

2.3.1 Charge Conservation in Electrode The transport of

electrons in the electrode follows Ohm’ s law which can be

expressed as follows:

Where o' is the effective electrical conductivity of electrode.

2.3.2 Charge Conservation in Electrolyte The transport of
lithium ions in electrolyte can be expressed as follows:
2RTo{™ , 0OInf

+ _ ... (8
S (1+aInCI Y1-t,)V(Ing,) = (®)

i, =—07"Ve+

S

Where o—,eﬂ is the effective electrical conductivity of electrolyte,

f. is the average molar activity coefficient, t. is the transferring

number of lithium ions in electrolyte.
2.4 Mass Conservation

2.4.1 Lithium in Electrode Material Active Particles
The mass conservation of lithium in electrode material active
particles can be described by Fick’ s law:
oc, 10 oc
S+ —(-r’D, ==
ot r°or or

):O ................................. 9)
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where ¢s is the concentration of lithium in electrode material
active particles, t is the time, r is the radial coordinate inside a
spherical particle of electrode material, Ds diffusion coefficient of
lithium in the active material.

2.4.2 Lithium in Electrolyte
The mass conservation of lithium in electrolyte can be
expressed as follows:

8|%+V-J| :i ...................................................... (10)
ot F
eff i| 't+
J,=-D,;" V¢, + g ———— (11)

where ¢ is the electrolyte volume fraction in the electrode, JI is

the molar flux of lithium ions, Df’ff is the effective diffusion

coefficient of lithium ions in the electrolyte.

2.5 Energy Conservation Due to the different heat generation
mechanism during charging and discharging, the heat of the
lithium-ion battery is derived from reaction heat, Qrea, Ohmic heat,
Qonm, activation polarization heat, Qact. The energy conservation in
the lithium-ion battery can be expressed as follows:

or
pC P E AV = Qrea + Qact + Qohm """""" (12)

where the p is the density, Cp is the heat capacity, Ais the

thermal conductivity.
The reaction heat that due to electrochemical reaction can be
expressed as follows:
ou AS
_ . eq .
Qrea = Sa JnT ? = Sa JnT ? ...................... (13)

The ohmic heat that due to electrical ohmic losses in electrode
and ionic losses electrolyte can be expressed as follows:

Qohm = _i1 ’ V¢1 - iz : V¢2 """""""""""""""""" (14

The activation polarization heat that due to electrochemical
reaction polarization between the particle surface of the active
material and the electrolyte can be expressed as follows:

Quat = SoJ 17 eeveeeesssssssssssssssssin (15)

2.6 Diffusion Polarization Electrolyte of Positive Electrode
According to the different generation mechanism, the charge and
discharge polarization of lithium-ion batteries is divided into
ohmic polarization, electrochemical polarization and concentration
polarization [20]. The polarization phenomenon is closely related
to the ambient temperature of the lithium-ion battery, the charge
and discharge current, and the battery SOC [21-23]. Lithium-ion
batteries belong to the electrochemical product so the generation
of polarization voltage appears with charge and discharge and this
phenomenon can not be eliminated.This paper focuses on the low
temperature characteristics of the diffusion polarization electrolyte
of the positive electrode.The average polarization voltage is as
follows [7]:

1 2RT
v | /K
Joo ¢F

ac,
OX

where the J; is the total current per cross-sectional area, « is the

J,dX .............................. (16)

concentration conductivity.
The total current per cross-sectional area can be expressed as
follows:

2.7 Model Validation In order to verify the validity of the
model, a Chinses manufacturer's LR1865EC lithium-ion battery
(nominal voltage 3.2V, nominal capacity 1.3Ah, charge cut-off
voltage 3.6V) was used as the test sample, and the Arbin-LBT
battery test system and The temperature box is the test platform.
The test samples are subjected to 1C constant current charging test
under the three low temperature conditions of -5°C, -10°C and
-15°C respectively. The structure of the test platform is shown in
the Figure 2.

-——-

Power Connection
s

Host Computer <+——  Signal Connection

Lithium-ion Battery

Arbin-LBT

Battery test system Temperature Box
~——

Fig. 2. Experimental setup of charging system in low
temperature.

In the state of full battery, the commercial lithium-ion battery
is surrounded by an outer protective shell, which is a very closed
system. The data of the positive electrode, the separator, the
negative electrode is difficult to collect.Therefore, in this paper,
the validity of the model is verified from the side by comparing

36|

34 F

32

Terminal voltage [V]

= simulation

¥ -5C experiment
@  -10°C experiment
@ 15 experiment

26

1 1 L 1 L

J
0 20 40 60 80 100
SOC[%]

Fig. 3. -5°C, -10°C, -15°C,1C charge validations.
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the experimental and simulated values of the charging terminal
voltage curve of the lithium-ion battery [24,25]. At the same
temperature, a total of 4 samples are tested simultaneously, and the
average voltage of the four samples is taken at the same time.
Figure 3 is a comparison of the test results and simulation results
of the 1C constant current charging terminal voltage in three low
temperature environments. It can be seen that the simulated values
and experimental values are consistent at three temperatures,
indicating that the model has good accuracy.

3. Results

3.1 Diffusion Polarization Voltage of Positive Electrode
in Electrolyte Figure 4 shows the variation of diffusion
polarization voltage of positive electrode in electrolyte with the
overall SOC of the battery in three low temperature environments.
It can be seen from the figure that the diffusion polarization
voltage in electrolyte is divided into three stages: initial period,
plateau period and rising period. These three stages together
constitute a basic trend of rising first, then stabilizing and finally
rising again, and the temperature decrease does not affect the trend
of this polarization voltage , which indicates that diffusion
polarization voltage of positive electrode in electrolyte is
independent of the SOC of lithium-ion battery but is related to the
charging process.
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Fig. 4. -5°C, -10°C, -15°C,1C charge validations.

The variables SOC1, SOC», and SOCs are set to represent the
initial battery SOC during the plateau period, the initial battery
SOC and the charge end SOC of the rising period of diffusion
polarization voltage of positive electrode in electrolyte,
respectively; the variables Vpp_ave and Vpr_max are set to represent
average polarization voltage value during the plateau period and
the maximum polarization voltage value during the rise period,
respectively. Table 1 shows the values of each variable under three
low temperature conditions.

Table 1. Variable value table in polarization voltage curve.
Temperature SOCy SOC> SOC3 Vpp_ave Vopr_max
-5°C 5.28% 66.94% 96.94% 31.39 mv 51.85 mV
-10°C 5.28% 50.28% 86.94% 47.82mV | 12237 mV
-15°C 6.94% 20.28% 42.14% 60.48 mV | 126.35 mV

It can be seen from Table 4 that the decrease of the ambient
temperature in the initial period will not affect the value of SOCi,
and this variable will only increase slightly at -15°C. As the
temperature decreases, average value of the polarization voltage
during the plateau period Vpp_ave Will gradually increase. The SOC
interval of the platform period is gradually shortened, it can be
seen the SOC interval width of the -15°C in the platform period is
only 21.63% at -5°C, while the average value of the polarization
voltage Vpp_ave is 192.67% at -5°C. The polarization voltage will
be significantly different in the three ambient temperatures during
the rising period, the slowest rise and the minimum peak value of
the polarization voltage appear at -5°C, the fastest rise and the
maximum peak value of polarization voltage appear at -15°C,
which indicates the lower temperature at this stage, the faster the
polarization voltage changes, and the more severe the degree of
diffusion polarization voltage of positive electrode in electrolyte.

The above variables can well explain the change about
diffusion polarization voltage of positive electrode in electrolyte.
In this paper, the dimensionless function Pge is used to
characterize the degree of this kind polarizationat low
temperature.lts definition is as follows.

\ \ \

P — pp_ave pr_max - pp ave
** "~ 50C, - SOC, SOC, -SOC,

It can be seen from the values in the Table 2 that the
temperature decrease will enhance the diffusion polarization
voltage of positive electrode in electrolyte, Especially when it
reaches -15°C, this phenomenon will increase significantly.When
the ambient temperature is -10°C and -5°C, the value is 2.49% and
15.81% of the value at -15°C, respectively.

Table 2. Variable value table in polarization voltage curve.

Temperature -5°C -10°C -15°C
Pape 034 2.16 13.66

3.2 Analysis of Positive Electrolyte Salt Concentration
Gradient The main cause of diffusion polarization in
electrolyte is the accumulation of lithium-ion concentration
gradient in the electrolyte, and the main manifestation of this
accumulation is the time-space distribution of the positive
electrolyte salt concentration.

During charging, charge transferring and generation of a large
amount of lithium ions occur simultaneously in the oxidation
reaction of the positive electrode material. These lithium ions
move toward the separator under the interaction of electric field
force and concentration gradient, but the movement speed of
lithium ions is relatively slow and the porous electrode material

has a certain thickness, lithium-ions near the side of separator will

preferentially enter the separator, and lithium ions near the side of
the current collector will lag behind,which caused the
phenomenon that the electrolyte salt concentration near the
collector side will be higher than the side close to the separator in
the positive porous electrode and the concentration gradient is thus
formed.The decrease in temperature has a negative effect on the
conductivity, activity dependence and diffusion coefficient of the
electrolyte. Macroscopically, the viscosity of the electrolyte
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increases, which makes the diffusion of ions slower and the
diffusion polarization of positive electrode in electrolyte is more
serious.

Figure 5, Figure 6 and Figure 7 show the change of electrolyte
salt concentration with time in the thickness direction of the
positive electrode under three low temperature conditions
respectively. The conclusions we can draw are as follows.

(1)The electrolyte salt concentration in three low temperature
environments has a process of first rising, then stabilizing, and
finally rising again during charging progress.This is because the
addition of lithium ions at the initial stage of charging causes a
rapid increase in the initial concentration of the electrolyte.During
the middle of charging,the generation and diffusion of lithium
ions will balance the electrolyte salt concentration. However, as

the degree of charging increases, the ability of the negative
electrode to receive lithium ions decreases, and the salt
concentration in the negative pore electrode increases, which
cause the decreasing of concentration gradient in the lithium ion
battery as a whole ,the reduction of diffusion effect in positive
electrolyte and the accumulation of lithium ions in the positive
electrode.As a result, the concentration of the positive electrolyte
salt finally rises once.It can be seen from the following three

figures that the gradual decrease in temperature causes the liquid

phase diffusion ability of lithium ions in positive to decrease,

resulting in an overall rise of electrolyte concentration in the
middle and late charging stages.

114

1161

I‘ZOQ

S 1256

@
=1
=3

Nes MR
> =
-1 3

\g-w ow) WOLEIWIDIUOD
=
=Y
S

Fig. 5. Time and space distribution of electrolyte salt
concentration at -5°C.

(2)  Time accumulation of electrolyte salt concentration: the
overall level of electrolyte salt concentration under three low
temperature conditions has greatly improved with time.lt can be
seen from Figure 5 that the electrolytic salt concentration will not

(3)  Spatial accumulation of electrolyte salt
concentration:Since the continuously generated lithium ions
cannot diffuse to the side of separator in time, as the temperature
decreases, lithium ions will accumulate to a certain extent at the
side of the current collector, which is evident in Figure 7.1t can be
seen from Figure 7 that a stable concentration appears near the end
of the current collector at 600s, and as the charge progresses, this
concentration increases in the thickness direction of the electrode
to cause an electrolyte salt concentration platform which is also a
certain manifestation in Figure 6.This indicates that under certain
low temperature conditions, the lithium ions near the side of the
current collector appear to diffusion stagnation. The phenomenon

that the lithium ions are continuously generated but cannot be
time-shifted greatly aggravates the diffusion polarization of
positive electrode in electrolyte at low-temperature charging

progress.
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exceed 1600 mol/m? during the entire charging process at -5°C,
but the electrolytic salt concentration within 150 s will reach or
exceed this in the low temperature conditions of -10°C and
-15°C.which can be seen from Figure 6 and Figure 7.This is due to
the influence of low temperature on the diffusion coefficient and
other parameters of positive electrolyte. As the charge progresses,
the positive electrode continuously generates lithium ions by the
charge transfer of the oxidation reaction, but as the temperature
decreases, the parameters such as the liquid phase diffusion
coefficient are continuously reduced.The generated lithium ions
cannot be moved to the side close to the separator in time, so that
the electrolyte salt concentration is increased as a whole.

Fig. 7. Time and space distribution of electrolyte salt
concentration at -15°C

3.3 Analysis of Positive Electrolyte Current Density The
current in the external circuit comes from the movement of
electrons and the current in the electrolyte comes from the
movement of lithium ions.The electrolyte salt concentration can
only indicate the instantaneous distribution of lithium ions in the
electrolyte and the electrolyte current density can indicate the rate
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of movement of lithium ions in the electrolyte.The electrolyte salt
concentration can only indicate the instantaneous distribution of
lithium ions in the electrolyte and the electrolyte current density
can indicate the rate of movement of lithium ions.This explains
the accumulation of lithium ion concentration gradients in the
electrolyte from another perspective, and also explains the
diffusion polarization of positive electrode in electrolyte.

Figure 8 shows the distribution of electrolyte current density in
the thickness direction of the positive electrode under three low
temperature conditions at 300s. The positive electrode current
density generally shows a tendency to grow from the current
collector to the separator in the thickness direction, and the initial
value and the peak value are consistent. This is because the
positive electrode generates lithium ions simultaneously in the
thickness direction while charging in the one-dimensional
electrochemical model,but these lithium ions move toward one
end of the separator.The greater the lithium ion flux near the end
of the membrane, the greater the corresponding electrolyte current
density, reaching a maximum at the junction where the positive
electrode is connected to the separator.
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Fig. 8. Positive electrolyte current density at 300s

Figure 8 shows the distribution of electrolyte current density in
the thickness direction of the positive electrode under three low
temperature conditions at 300 s.

At 300s, the decrease in temperature will cause the current
density of the positive electrolyte to decrease, resulting in the
lowest electrode current density at the same thickness of the
positive electrode at -15°C, the highest at -5°C. And this gap is the
largest at the midpoint of the positive electrode thickness.On the
other hand, the gradual decrease in temperature causes a certain
increase in the growth rate of the electrolyte current density. From
Figure 8, it can be seen that the electrolyte current density
increases fastest at -15°C. This is because the decrease in
temperature increases the viscosity of the electrolyte, which
causes the movement speed of lithium ions to be slower at the
same thickness, so that the corresponding current density
decreases as the temperature decreases. However, the decrease in
temperature also aggravates the accumulation of lithium ion
concentration in the liquid phase, so that the absolute value of the
lithium ion flux on the adjacent back end unit is large, so that the
lower the temperature, the faster the current density of the positive
electrolyte increases.However, the decrease in temperature also
aggravates the accumulation of lithium ion concentration in the
liquid phase, so that the absolute value of the lithium ion flux on

the adjacent thickness unit is relatively large.Thus, the lower the
temperature, the faster the current density of the positive electrode
electrolyte grows.

Figure 9 is a distribution diagram of the current density of the
positive electrode electrolyte. Under the three low temperature
conditions, a certain current density platform appears in the
positive electrolyte during charging, wherein the -5°C and -10°C
corresponding platforms appear in the part near the separator, and
the platform height is consistent with the maximum current
density; and the -15°C corresponding platform appears near the
current collector, and the platform is close to zero.
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Fig. 9. Positive electrolyte current density at the end of charging

This is because the increase in electrolyte viscosity caused by
the decrease of temperature has a cumulative phenomenon of
electrolyte salt concentration. The above curve shows that the
accumulation of -5°C and -10°C appears on the side close to the
separator because the current density at the intersection of the
separator and the electrode is constant but the accumulated lithium
ion concentration near the side of the separator exceeds the
requirement corresponding to the maximum current density, and
the positive current has a maximum current density within a
certain width near the side of the separator.At -15°C, the
electrolyte viscosity is further increased due to further decrease in
temperature, and a large amount of lithium ions generated by the
oxidation reaction on the side close to the current collector cannot
be actively transported to the side of the separator, and the
retention of lithium ions causes the electrolyte current density to
be almost zero. The phenomenon, which at the same time
corresponds to the electrolyte concentration platform in Figure 7.

4  Conclusions In this paper, the electrochemical-thermal
model was used to study the variation of the diffusion polarization
electrolyte of positive electrode in the low-temperature conditions
under the constant-current charging process, and the degree of this
polarization was characterized by the variable Pdpe, and the cause
of this polarization change was analyzed further by the electrolyte
salt concentration and electrolyte current density. The conclusion
is as follows.

(1)The low temperature condition increases the diffusion
polarization electrolyte of positive electrode in the process during
constant current charging of lithium ion battery to a certain extent,
and the lower the temperature, the greater the degree of influence.

(2)The spatial and temporal distribution of electrolyte salt
concentration and electrolyte current density in the thickness
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direction of the electrode explains the effect of the accumulation
of concentration gradient on diffusion polarization of positive
electrode in electrolyte from another point of view.
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Nomenclature

List of Symbols

Jn
Jt
ko

Cs

CI
Ds

SOC

Qrea
Qohm
Qact

Greek

a

e

Os
ol

s

9]

&s
€l

Ke

Distance in porous electrode(m)
Particle radius(m)
thickness of battery component(m)
Local reaction current density(A m?)
Exchange current density(A m-2)
Total current per cross-sectional area(A m2)
Reaction thermodynamic temperature(K)
Reaction rate constant
Concentration of lithium
particles(mol m-3)
Electrolyte salt concentration(mol m3)
Diffusion coefficient of electrode
Diffusion coefficient of electrolyte
thermal conductivity (W (m K)1)
State of charge
Reaction heat(W m-)
Ohmic heat(W m-3)
Activation polarization heat(W m-3)

in electrode material active

Over potential (V)
Transfer coefficient in positive electrode

Transfer coefficient in negative electrode

Solid phase potential (V)
Liquid phase potential (V)

Electronic conductivity of electrode(S m™)

lonic conductivity of electrolyte (S m)

Active material volume fraction
Electrolyte volume fractioncon

Concentration conductivity

Subscripts and Superscripts

neg
sep
pos
S

|

t
eff
surf

Negative electrode
Separator

Positive electrode
Solid phase
Liquid phase

Tota
Effective value

Surface of active material particle

H T 00 V00 e 000
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Appendix A. Dynamic Variables

The model in this paper is calculated under three different low temperature conditions. Many important variables in the model will
vary with temperature and electrolyte salt concentration. These variables are as follows:

Table Al. Variable expression that changes with temperature and electrolyte salt concentration.

Variable Expression
— s,D,ne 1 1
Ds,neg (T) s neg =3.9x10 H exp(—% ?_ﬂ))
1.18x107*® E.o 1 1

D T _ ~ —sD,pos 4+ L

s,pos( ) S, pos (l+ y)l_e exp( R (T Tref ))
Ke g (T) K, peq = 3%10° llexp(—w(l—i))

S,neg S, neg T Tref

— s,k,ne 1 1
ks,pos (T) ks,neg =3x10 H exp(_#(?_ﬂ))
54.0 46
~4.43 2.2x107*
D (c.T) D, = 1x107* %10 T-229.0-0.005C
K (c.T) k, =1.12x107*(~8.2488+0.0532848T —2.9871x107°T * +0.26235c,
C 1

a —~9.3063x1073¢,T +8.069x10°c,T2 +0.22002¢,% —1.765%10*c,’T)
v(c,T) v=0.601-0.24 10‘3c| +0.982(1-0. 0052(T —294.0),/10°¢,%)
t.(c,T) t, =2.67x10*ex p( )( ) +3.09x10°° xexp( )( ) +0. 517exp(—@)

©.T) o, =10 c,><1.2544><(—8.22088+—0.053248T—2.987><10 5T +0.26235x10°c,
o1\4y,

—9.3063x107° x0.001c, T +8.069x107° x0.001c, T * +0.220022x10°¢/T)?

Appendix B. List of Material Parameters in the Model

Table A2. Material parameters used in model.

) Negative Positive
Parameter Unit Eleftro de Separator Electrode
L Lm 34 25 70
r Lm 0.0365 - 3.5
€s 0.56 - 0.435
€l 0.268 0.54 0.306
Cs,max mol m-=3 31370 - 22806
clLo mol m-=3 - 1200 -
Qa 0.5 - 0.5
e 0.5 - 0.5
Ds m2s! Table Al - Table Al
D m2s! - Table Al -
ks m?25mol03s1 Table Al - Table Al
ki m25mol-0-3s1 - Table Al -
Esp kj mol! 35 - 35
8
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Esx kj mol! 30 - 20
Os Sm- 100 0.1
D1 - Table Al -
k1l - Table A1l -
Y - Table A1l -
t. - Table Al -
0, - Table Al -
k W mt K1 1.04 1 1.48
P Kg m- 2660 492 1500
cp,s J kg'K1 1437 700 1260
cpl Jkg1K1 2055
Tret K 273.15
F C mol?! 96487
9 BT s 00 Ve ve 000



