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Abstract—A two-dimensional electro-thermal model has
been developed to provide a tool that can be used to gain
a better understanding of dynamic behaviour of lithium-
ion (Li-ion) batteries. The model incorporates an equivalent
circuit model (ECM) and a coupled electro-thermal model to
simulate the non-uniform heat generation rate, the temperature
distribution, and the voltage response of the Li-ion cell across
variety of operating conditions. The ECM is comprised of two
resistance-capacitance (RC) networks, one sires resistor, and
one voltage source that are all function of state-of-charge (SOC)
and temperature (7). Hybrid pulse power characterization
(HPPC) test is applied to extract the ECM parameters at
different ambient temperature. The simulations results of the
cell model under constant current discharge tests show a good
agreement with the experimental data at different environ-
mental temperature. The developed model can be employed
for battery thermal management system (BTMS) and battery
management system (BMS) design with a light computational

demand.

Battery thermal modelling, Lithium-ion battery, Electro-

thermal model, Equivalent-circuit-model

I. Introduction

Li-ion batteries have been identified as a promising solu-
tion to meet the increasing demands for alternative energy
in electric and hybrid electric vehicles (EVs and HEVs)
(1). Among various types of energy storage solutions, Li-
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ion batteries feature relatively high power and high specific
energy, high operating voltage, longevity, and low self-

discharge rates (2).

Safety issues and cost (related to cycle and calendar
life) are the main obstacles to the development of large
fleets of vehicles on public roads equipped with Li-ion
batteries. Li-ion batteries can generate a large amount of
heat while in use especially at severe discharge rates and
high temperature which involve high rate of exothermic
electrochemical reactions and Joule heating. Such excessive
heat, if not removed appropriately from the battery pack, can
cause shortened battery life, thermal runaway, electrolyte
fire, and in extreme cases explosions. Moreover,eexposure
of Li-ion batteries to sub-freezing environment drastically
reduces their energy and power delivery.

Hence, for optimal performance, the battery pack should
operate within a controlled temperature range, ideally 20°C
- 40°C, and temperature distribution along the cells and
across the module should be as uniform as possible. Hence,
the development and implementation of Li-ion batteries,
particularly in automotive applications, requires a substantial
diagnostic and practical modeling efforts to fully understand
the thermal characteristics in the batteries across various
operating conditions (3; 4; 5). Thermal modeling prompts an
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understanding of the battery thermal behaviour beyond what
is possible from the experiments and it can provide a basis
for exploring thermal management strategies for batteries in
hybrid electric vehicles (HEVs) and electric vehicles (EVs)
(6).

To accurately predict the thermal response of the Li-ion
batteries across variety of operating conditions, it is essential
to evaluate the pattern and magnitude of heat generation and
heat diffusion inside the cell. This can be done through a
physics-based thermo-electrochemical models; nonetheless,
such detailed models are mostly recommended for cell
design and optimization purposes due to their high fidelity,
and they are not practical for real-time applications due to
their high order of complexity. Alternatively, when a battery
exists and the lab-generated data for the battery is available,
empirical-based models which mimic the electrochemical
performance of the battery can be developed. The simplicity
of robustness of such models enables them to be applied
in real-time embedded systems. Equivalent circuit models
(ECMs) (7; 8), and fitting function models (9), which is a
simplified version of ECMs, are common methodologies in
this categories. In our previous works (10; 11; 12) the fitting
function approach was applied to develop analytical tools
for thermal simulation of Li-ion batteries. This paper that
forms a sequel to our previous works, the ECM approach
is employed to provide a comprehensive model for simu-
lating the distributed electro-thermal response of the Li-ion

batteries across variety of operating conditions.

II. FORMULATION OF THE PROBLEM

Figure la schematically shows the core of a pouch-type
lithium-ion battery that is constructed of several cell assem-
blies, also known as electrode assemblies. In Fig. 1b, a single
cell assembly is depicted. For better illustration, different
layers in the cell assembly are shown separated while in
the actual battery these layers are compressed; see Fig. 1b.
Each cell assembly includes a negative electrode, two layers
of separator sheets, and a positive electrode. The electrodes

include active materials, required in the battery chemistry,

coated on both sides of current collector foils. In most Li-
ion batteries, the current collector in positive and negative
electrodes are foils of aluminum and copper, respectively.
The separator sheet is an electrically inert membrane for
transportation of cations (Li") between the electrodes. All
layers, except current collectors, are porous and are soaked
in a concentrated electrolyte liquid. The electrode tabs are
the current collector foils extending outside the electrode
plates for the purpose of electrical connection, and they are
not covered by active materials. Arrows in Fig. 1b present
current streamlines during discharge processes. The through-
plane straight arrows represent the transport of Lit between
the electrodes, i.e., transfer current. The in-plane arrows
in x-y plane represent the transport of charges (e™), i.e.,
the electrical current, on the electrode layers. The direction
of transfer and electric currents is reversed for a charging
process. As shown in the Fig. 1b, electrical constriction
occur at the tabs of positive and negative electrodes. For
the sake of convenience, the transfer current on both sides
of each electrode can be considered to occur on one side of

the electrodes. This approach is common in the literature.

A. Electrical model

A dimensional analysis can be performed to show that
owing to the small thickness of layers in the cell assembly,
compared to their dimensions in x- and y-directions, the
distribution of potential in the electrodes is two-dimensional
in x-y plane (13). Accordingly, the governing differential
equation for the charge balance in each electrodes reads

*V'iﬁﬁzo (j=p.n) (D

Oclec, j

where i; = {iy,i,,0}; is the in-plane current density vector
on each electrode (Am~2). The subscript j corresponds
to domains of the positive electrode Q, and the negative
electrode €,,. The reaction current density vector on the elec-
trodes is J = {Jy,Jy,J} in (A m~2), where J, and Jy are side
reactions and are considered to be negligible. The through-

plane component of the reaction current, J, referred to as

transfer current, corresponds to the intercalation of lithium
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Fig. 1. a) Core (electrode-separator stack) of a pouch-type lithium-ion battery is shown. b) Schematic of a single cell assembly in the battery is shown. The

battery core is constructed by repeating the cell assembly. Different layers of the cell are separated for the sake of presentation. The arrows in z-direction

correspond to transfer current, the transport of Li* from the negative electrode to the positive electrode during a discharge process. The arrows in x-y plane

represent current streamlines on electrodes.

ions in active materials on both sides of the electrodes. The
electrode thickness in z-direction is Sejec,j in (m), and n; is
the unit normal vector on each electrode surface pointing
outward; n, = {0,0,—1} and n, = {0,0,+1}.

According to the Ohm’s law, components of i; are related
to the potential distribution via

ID;

. D; . .
ly,j = _Geff,ja_x] and lyj= _Geff,ja_y (] :p,l’l) 2)

where x and y indicate the spatial position (m), and ®; =
®(x,y) is the two-dimensional potential distribution in the
electrode (V).

The quantity O ; is the effective electrical conductivity
(Sm™1), that for each electrode is

1
Oeff,j = S

elec, j

(Scc,j Occ,j 1 2821m,j O-am,j) (] =p, n)

where

Selcc,j = 6cc,j +26am,j (j=p,n)

and & ; and 8, ; are thicknesses of current collector and
active material layers, respectively. Electrical conductivity
of the current collector and the active material are denoted

by O ;j and Oum,;. As depicted in Fig. 2, each electrode

i

Fig. 2. Two-dimensional schematic of electrodes in x-y plane. Width and
height of electrodes and width of the electrode tab are the same for both
positive and negative electrodes. The distance of the tab centre from y-axis,

denoted by e, differs between the electrodes.

can be considered as a rectangular domain in x-y plane of
width a and height c. The through-plane current enters (or
exits) the domain through its surface in x-y plane, whereas

the in-plane current is allowed to exit (or enter) the domain



through the tab constriction of width b on the boundary at
y = c. The distance between the centre of the tab and y-axis
is denoted by e;.

With reference to Fig. 2, the relevant boundary conditions

for Eq. (1) at the positive domain are

0o
—ceﬁ,,,a—xpzo at x=0 (3a)
0P
—ceff,pa—xf’zo at x=a (3b)
29,
—Oeffp—=— =0 at y=0 3o)
elr,p ay
29, . b
7Geﬁ’p87y:ltab’p at epfi <x<€p+§7 y=c¢
(3d)
0P b b
—Geff’paiypzo at ep+§<x<e,,—§, y=c (3e)
Similarly, for the negative domain
>}
_Geff.nia =0 at x=0 (4a)
" ox
0P,
—Oeffn—— =0 at x=a (4b)
" ox
0d
faeff,na—” =0 at y=0 (4c)
y
b b
$, =0 at en—§<x<en+§, y=c (4d)
0d b b
7Geff’n87yn:0 at en+§<x<enf§, y=c (4e)

The above boundary conditions imply that no current
passes through boundaries of €, and €, except for the tab
boundaries. In Eq. (3d), iwp,p is the in-plane current density

(Am~2) at the tab of positive electrode

i o Leen
tab,p =
P b(selec,p

&)

where I is the applied discharge current (A) for a single
cell (electrode) assembly, and b Ggjec. p is the cross-sectional
area of the positive tab. In Eq. (4d), potential at the tab
boundary of the negative electrode is set to zero in order to

provide a reference for voltage distribution (14).

B. Equivalent circuit model

Distribution of the transfer current density, J, which
appears in the electrical model [cf. Eq. (1)], is dictated by
the local rate of electrochemical reactions in electrodes. For

an accurate description of J a distributed electrochemical

model (6; 13) is preferred. In this study, instead of us-
ing an electrochemical model, an equivalent circuit model
(15; 16; 17; 18) is employed to predict the time dependent
distribution of J in the experimental battery during different
operating conditions.

ECMs are the lumped models that utilize the electrical
circuit elements to simulate the current-voltage characteri-
zations of the cell with the modest computational effort. A
typical circuit is composed of a voltage source representing
open-circuit-voltage (OCV), an internal resistance account-
ing for the ohmic losses, and parallel resistance-capacitor
(RC) pairs accounting for activation and concentration po-
larization of the cell during the operation. The number of
RC networks in the equivalent circuit is an important factor
that determines the accuracy and complexity of the model.
The sufficient number of RC branches in the ECM can be
defined from the transient response of the cell voltage during
the relaxation phase when the pulse is removed. Normally,
the experimental data is fitted to a few equivalent circuits
with different number of RC branches and the one that can
provide the best match to the experimental data is often
selected. The parameters of the ECM are a function of T
and SOC of the cell and should be identified from a set of
characterization tests conducted at different 7 and SOC.

Equivalent circuit model development: The cell is charac-
terized by HPPC (19) tests over a range of 7 and SOCs. In
fact the HPPC profile incorporates both charge and discharge
pulses to derive the internal resistance and polarization
resistances of the cell as a function of SOC with sufficient
resolution to reliably establish cell voltage response time
constant during discharge, rest, and charge (regen) operating
regimes.

The sufficient number of RC-network in the model is
determined by fitting the ECM to the transient response
of the cell voltage during relaxation phase when the pulse
current is halted. The data is separately fitted to three
different models: 1) one RC-network pair (first-order ECM),
2) two pairs of RC-network (second-order ECM), and 3)
three pairs of RC-network (third-order ECM), the results



are presented in Fig. 3. The R-squared values for fitted
model with one, two, and three pairs of RC networks are
0.907, 0.9912, and 0.995, respectively. The results show
that one RC-network loop may not produce a satisfactory
match to the experimental data. Whereas, the second-order
ECM can fit the experimental data with a R-squared value
comparable with that of third-order model but with a lower
computational cost. Thus, as a compromise between the
accuracy and complexity, the model with two pairs of RC-
network is selected for this study; the schematic of the

considered model is presented in Fig.4.

As shown in Fig. 4, the selected model consists of six
components: Vo, as cell OCV, an internal resistance, Ry,
and two parallel RC-network each consists of one resistance
(R1,R;) and one capacitor (Cy,C;), each representing dif-
ferent aspects of the cell. V. represents the battery open
circuit voltage and Ry is the ohmic or internal resistance
of the cell assembly responsible for the immediate voltage
drop or rise when the battery is being discharged or charged.
Two parallel pairs of RC are responsible for the transient
response of the cell. Ry and C; describe the fast dynamics of
the cell, depicting the reaction kinetics. R, and C, represent
the slower dynamics of the cell, in the order of hours and
are more representative of the diffusion processes in the

electrolyte and active material.

The electrical response of the presented circuit can be

formulated as:

V=Voc—W-Vi—V2 (6)

where V. is a function of SOC that is calculated as;

SOC = S0OCy —

1 t
/0 (1)) -dr )

CaPpaet

where QOpa 1S the nominal capacity of the battery and the
constant 3600 has the unit of second/hour. From Kirchhoff’s

law, three voltage losses terms (Vi, V;, V3) can be found as

follow:

Vo=1 'Ry (8a)
Vi dv
Ceq1— =1 8b
Req,l + eq,1l dr batt ( )
\%} dv,
m +Ceq2 o Toane (8¢)

The parameter estimation consists of two main steps: i)
cycling the battery with a standard characterization test,
HPPC profile in this study, at different operating temper-
atures, ii) extracting the parameters from collected experi-
ments. The main goal of the parameter estimation process
is to find best possible parameter values to make the model
match the experimental data. By iteratively comparing the
simulation result against experiment data, the model param-
eters for the specific operating condition can be found as an
optimal fit. The fitting process is performed at each particular
SOC and T. Figure. 5 shows a sample of fitting procedure
performed at 50% of SOC and 0°C. As reported in Fig. 5, the
match between the fitted and measured voltage is excellent
with a maximum relative difference (%) between the fitted
and measured voltage of 1%.

The results of the parameter estimation are plotted in
Fig. 6, which shows the estimated parameters as function
of SOC and T. Note that the battery consists of 42 cell
assembly units all connected in parallel, while estimated
parameters are related to the battery itself, representing
the equivalent resistors and capacitors of all 42 units. The
resistances and capacitors for each individual cell assembly
unit can be calculate based on the equivalent network rule.
The equivalent capacitance of the parallel capacitors inside
the battery is the sum of the individual capacitance.

Ncell
Ceqi= Y, Cui (i=1,2) 9)

n=1
The equivalent resistance of resistances connected in parallel

is reciprocals of the individual resistances;

1 cell 1
(i=0,1,2) (10)
=1

N,
Req,i B HZ Rn,i

In above equations, it is assumed that the resistance and

capacitance of individual cell are identical. By assuming that
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Fig. 4. Schematic of the selected equivalent circuit with two RC-pairs representing a single cell (electrode) assembly.

each cell assembly unit has an identical capacity, the nominal

capacity for each unit can be define as;

Qbatt

OQcell = (11
« Neenn
Similarly, the current passing through each unit cell is;
Tvant
Ieenn = (12)
cel Neent

In Eqgs. (9)-(12), N denotes the number of cell assembly
units inside the battery.

In the electrode where the electrochemical reaction oc-
curs, local cell voltage from Eq. (6) is the same as the poten-
tial difference calculated from the charge balance equations

[cf. Egs. (1) and (2)] (17);

Vv :VOC (xvy)_VO (xay)_vl (x’y)_VZ (x7y) :q)P (xay)_CDVl (x7y)
(13)

From Eq. (13), V can be defined as:

Vo = Voe (1,3) = [®p (x,5) = n (x,7)] = V1 (x,7) = V2 (x,7)

(14)
from which the reaction current density, J, can be defined
as follow;

Vo
J= 15
Roac (15

As depicted in Fig. 2, a and b represent the width and the
height of the cell, respectively.

C. Thermal model

In the electrical model it was assumed that potential
distribution is independent of z-direction. This assumption
can be extended to the thermal model as well; since thick-
ness of electrodes in z-direction is very small compared to

their dimensions in x- and y-directions, heat will conduct
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quickly across the thin direction and the temperature will
become, to a good approximation, uniform across z-direction
(205 21). Accordingly, the transient temperature field in the
cell assembly is described by a two-dimensional energy

equation

oT
“V-q+g=peyg (16)

where q = {q¢y,qy,0} is the in-plane heat flux vector on
each electrode (Wm2K™1), ¢ is the net rate of volumetric

heating inside the battery (Wm™3), p is the density of

cell assembly (kgm™3), cp is its specific heat capacity

(Jkg 'K, t is the time (s), and T = T'(x,y) is the two-

dimensional temperature distribution in the cell (K).
According to the Fourier’s law for heat conduction, com-

ponents of q are related to the temperature distribution via

oT oT
G = —Keft 5 - and ¢, = *Keffa*y (17)

The quantity kg is the effective in-plane thermal conduc-

tivity of the cell assembly (Wm™! K~1), calculated from

1
Ketf = <—
5ce]l

(5cc,p Kee,p + 5cc7n Keen + 25am,p Kam,p + 2ész)m,n Kam,n + 2655 K'ss:



where
60e11 = 6(:0717 + 6cc,n + 26am,p + 2ésam,n + 2655

with & as the thickness of separator sheet. Thermal con-
ductivities of current collector foils, active materials, and
separator sheet are denoted by k., Kam, and K, respectively.

The net rate of volumetric heating inside the battery is
the difference between heat generation and heat dissipation

rates

. . . . qdiss
8 = Vec 8ec + Velec,p 8ohm,p + Velec,n Sohm,n — S
cell

(18)

where gec and gonm,; are the electrochemical and ohmic heat
generation rates per unit volume. The coefficients v.. and
Velec,j are volume ratios for electrochemical and ohmic heat
generation rates (22)

7/60 _ 25am,p + 25am,n + 2555

Veell Ocell
%lec J 25am~j + 25ccAj .
Velec,j = = = ' J=pn
e ’VCCH 6cell ( )

The quantities Y¢ell, Y4lec,j» and 7. denote the total volume

of the cell assembly, volume of each electrode, and volume

of the cell which participates in electrochemical reactions.
The electrochemical heat in each electrode is calculated

from (23)

dVoc
T

(Vp=V) =Voc+T (19)

where I is positive/negative for charge/discharge pro-
cesses. The last term in Eq. (19) is the reversible heat of
electrochemical reactions, while the rest is the irreversible
heat due to the cell overpotential. The dependency of the
open circuit voltage V. of the cell on the temperature T at
different SOC is demonstrate in Fig. II-C. By assuming a
linear dependency between V. and 7', the slope of the Vi
curves in Fig. II-C can define the reversible heat coefficient,
dVoe/dT. The calculated coefficients vs. SOC are listed in
Table. L.

For each electrode, the ohmic (Joulean) heat generation

rate reads

onm,j = — (ix; + ii,j)
J

y —
[}

(j=p.n) (20)

TABLE I
THE REVERSIBLE HEAT COEFFICIENT, dVoc/dT VS. STATE-OF-CHARGE
(S0C).
SOC (%) 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
dVoe/dT (V/K) 00001  0.0004 0.0007 0.0003 00002 -0.0003 -0.0004 -0.0006 -0.00004
4.2
b SOC =90%
40 ]
------------------------------- 80%----
— 3 70% —
Z ——-
= 3.8 T |
e S e e e e 60% - -~
----------------- 50%
--------------------------------- 40% ---
36— T 30%—
T T 20% ---
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3.4 S S S S RS S S S P
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Temperature [°C]

where i, and i, are the components of in-plane current
density on each electrode obtained from the electrical model;
see Eq. (2).

The last term in Eq. (18) takes account for the volumetric
heat dissipation to the ambient from x-y plane. The heat
dissipation flux ggiss is calculated from Newton’s law of
cooling

qaiss = 2het (Ts — To) 21

where 7j is the constant ambient temperature, 7; is the
surface temperate, and heg is the effective heat transfer
coefficient (W m~2 K1) at the surface of the cell (both front
and back surfaces in x-y plane).

The thermal boundary conditions for the energy balance

equation [cf. Eq. (16)] are

_Keff% = (Z::Z hio B (T-Tp) at x=0 (22a)
+Keff% = (Z::Z hia: B (T-Ty) at x=a (22b)
_Keffaai = ‘Zm + h;o h (T—Ty) at y=0 (22¢)
+Keffg§ :(Z::Z+h}1w:_1(TTO) at y=c (22d)



where 0.y and Keaee are the thickness and the thermal

conductivity of the battery case; see Table II. The convective

heat transfer coefficients are denoted by # (Wm—2K™h)

with relevant subscripts which indicate the location of the

boundary. The initial temperature of the battery is assumed
TABLE II

THICKNESS, THERMAL CONDUCTIVITY, AND ELECTRICAL

CONDUCTIVITY OF BATTERY COMPONENTS.

Material/Layer

Thickness, §  Thermal conductivity, Kk Electrical conductivity, &

(m) Wm™ 'K (Sm™
Aluminum current collector 20x10~° 238 37.8x10°
Copper current collector 14x107¢ 398 59.6x10°
Separator sheet 25%107¢ 0.34 (wet)
Positive active material 106x10~¢ 1.58 (wet) 13.9 (wet)
Negative active material 111x10°¢ 1.04 (wet) 100 (wet)
Pouch (case) 162x107° 0.16

to be the ambient temperature

T=Ty, at t=0 (23)

III. EXPERIMENTAL

We use a high-power prismatic Li-ion battery (AllCell
Technologies, USA) as the experimental battery, with the
nominal capacity of 75 Ah. With reference to Fig. 1, dimen-
sions of current collectors in the battery and their electri-
cal conductivity are given in Table. IIl. The battery core
(electrode stack) contains 42 pairs of positive and negative
electrodes connected in parallel; nickel-cobalt-manganese
cathode and graphite anode. With reference to Fig. 2,

electrode dimension in x —y plane are listed in Table III.

TABLE III
DIMENSIONS OF ELECTRODE DOMAINS Q,, AND Q, IN x-y PLANE,
CORRESPONDING TO FIG. 2.

Electrode a b c e

(m) (m) (m) (m)
Positive 248x1073  80x1073  229x1073  60x1073
Negative ~ 248x1073  80x1073  229x10~3  188x1073

Constant-current discharge rates at 1C-rate (75A), 2C-
rate (150A), 3C-rate (225 A), and 4C-rate (300A) were
performed to measure the battery voltage, V during dis-

charge processes at different environmental temperature of

-10,0, 25,40, and 55 °C. Each discharge test was performed
with the battery uninsulated, lying flat on a perforated
plastic rack in an environmental chamber (Envirotronics,
ST-27) set at the targeted temperature. Before discharging,
in order to establish a 100% state-of-charge, the battery
was charged following the constant-current and constant-
voltage (CC-CV) protocol, i.e., it was charged at 37.5A
until reaching 4.2V, then held at 4.2V until the charging
current decreased to 3.75 A. The fully charged cell was then
allowed to rest for an hour before a discharging test begins.
Voltage data were recorded at a rate of 1Ss~! over the
duration of the tests. The cutoff voltage for discharge tests
set to 2.7 V. To allow a discharged battery to return to the
desired ambient temperature and reach its electrochemical
equilibrium, a minimum of four hours elapsed between the
end of a discharge cycle and the beginning of the charge
cycle.

Additionally, the HPPC test was performed at four differ-
ent temperature of 0,25,45, and 55°C inside the environ-
mental chamber. All discharge tests were performed with a

multi-channel power cycler (Arbin Instruments, BT-2000).

IV. RESULTS AND DISCUSSION

Equations in Section II which govern the electro-thermal
performance of the cell, form a nonlinear system and
must be solved numerically. A finite element PDE solver,
COMSOL MULTIPHYSICS (Version 4.3a) (24), is used
to simultaneously solve the governing equations over two
separated domains, Q, and £,, to obtain: i) the transient
fields of potential on each electrode and ii) temperature
profile in the cell assembly. The developed ECM as a
zero-dimensional model is applied to each grid element of
the ©, and €, domain to account for the effect of the
local temperature variation on the ECM parameters and
consequently on the voltage and heat distributions. The ECM
parameters, see Fig. (? ), are implemented as look-up tables
and the bilinear interpolation technique is applied to find out
the value of the ECM parameters at a point (T, SOC) where

the experiment data does not exit,



Once the potential distribution on positive and negative
electrodes is obtained, the voltage, V, can be calculated from
Eq. (6). In Fig. 7, voltage response of the battery at different
discharge rates (1 C, 2C, 3C, 4C) and temperature (-10°C,
0°C, 25°C, 40°C, 55°C) is compared to experimental voltage
values. The experimental discharge curves agree well with
those obtained from the modeling at different environmental
temperatures. The discharge curves in Fig. 7 show that the
discharge capacity of the cell drops significantly as the
temperature decreases below 0°C. At low temperature the
activation energy needed for chemical reactions to occur
is higher. The intercalation and deintercalation mechanism
at the electrodes need more energy, therefore fewer lithium
ions can participate in the active cell process. This leads to
a temporary capacity loss. Moreover, low intercalation and
deintercalation means a lower cell voltage, which influences
the deliverable power from the battery. Nonetheless, the
above-mentioned effects are temporary; when the tempera-
ture is restored to the desirable level, the capacity and power
capabilities are recovered (25).

The surface average temperature of the cell calculated
from Eq. (24), is plotted in Fig. 8 as a function of discharge

time.

ra e
TAve:/O /OT(x,y,t)dxdy (24)

Plots a-e are intended to assess the temperature effect,
where battery is discharge at 2C (150A), 3C (225A),
and 4C (300 A) rates in an environment of -10°C, 0°C,
25°C, 40°C, and 55°C. The agreement between the model
and experiment is acceptable, except a slight discrepancy
for plots a and b where the cell is operated at 0 and -
10°C environments. There is a hypothesis that the difference
between the predicted and measured data is caused by the
high sensitivity of the battery performance to operating
conditions at subfreezing temperatures. Note that, since the
cell voltage is lowered with decrease of temperature [see
Fig. 7], especially at subzero temperatures, cell temperature
rise is more marked at a lower ambient temperature due to

the higher cell resistance and larger voltage loss.

The sensitivity of the discharge performance of the cell at
subzero ambient to the heat transfer condition is investigated
in Fig. 9, in which the voltage and temperature profiles of
the cell simulated at different convective cooling conditions,
are plotted against time. Four heat transfer conditions in-
cluding: adiabatic (h =0Wm2K™"), h=10Wm 2K !,
h=50Wm 2K! and h=100Wm 2K~ are considered
at the ambient of -10°C. Figure 9 shows that at sub-
freezing environment, by decreasing the convective cooling
coefficient, the cell capacity increases by 10%. The low heat
transfer coefficient at -10°C, implies large cell resistance,
and stronger electro-chemical and thermal interaction that
leads to a higher temperature rise, and larger performance
boost, which is more noticeable near adiabatic conditions
(where h approaches zero). In other words, when the cell
is operated at sub ambient temperature, the lower the heat
transfer coefficient, s, the higher the discharge capacity
can be delivered owing to the faster temperature rise; the
BTMS should be able to modulate its cooling power at
such environment. Hence, designing an efficient BTMS
is necessary to regulate the batteries cooling or heating

conditions according to climate conditions.

V. SUMMARY AND CONCLUSIONS

In this work the authors intended to develop and validate
a transient electro-thermal model that can be applied as a
tool for design and optimization of BTMS. The following

steps were taken to develop and validate the present model:

« a large Li-ion battery pouch (75 Ah) was characterized
experimentally to obtain its ECM model which enabled
us to simulate the current-voltage characteristic of the
battery across variety of operating conditions,

« a coupled electro-thermal model was formulated to
calculate the voltage and temperature profile of the
battery during the battery operation,

« the ECM, as a zero-dimensional model, was applied
to each grid element of the electro-thermal model’s

geometry.
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Fig. 7. The variation of battery voltage vs. time at discharge rates of 1C (75A), 2C (150A), 3C (225A), 4C (300 A) at a) -10°C, b) 0°C, c) 25°C, d) 40°C,

and e) 55°C. Symbols correspond to measured values and lines represent calculated values.

« developed model was validated through comparison

with the experimental studies.

The validated model was applied to investigate the effect
of convective cooling coefficient on the transient thermal
response of the battery operating at sub-ambient tempera-
ture. Since the working temperature range of the most of the
commercial Li-ion battery is between —10°C to 50°C, the
simulation was conducted at an ambient of —10°C , as the
lower limit. The results show that at such ambient condition,
the lower the heat transfer coefficient, /4, the higher the
discharge capacity can be delivered, owing to the faster
temperature rise. This implies that the design of an adap-
tive BTMS that is capable of regulating its cooling power

according to the ambient condition is essential, especially

for large scale application of Li-ion batteries.

The presented model can be extended to transient CFD
analysis of a large-scale battery pack, which is necessary for
designing battery cooling system. In addition, this multi-
physics model it has potential to be extended to various

applications such as external shorts or nail-penetration.
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BATTERY GLOSSARY

o C-rate: The charge and discharge current of a battery

is measured in C-rate. Most portable batteries are rated
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at 1 C. This means that a 20 Ah battery would provide
20A for 1 hour if discharged at 1C rate. The same
battery discharged at 0.5 C (1/2 C) would provide 10 A
(20 x 0.5 =10) for 2 hours. 1C is often referred to as
a 1 hour discharge,

State-of-charge (SOC): The state of charge refers to the
amount of charge in a battery relative to its predefined
full and empty states i.e. the amount of charge in Amp-
hours left in the battery. Manufacturers typically pro-
vide voltages that represent when the battery is empty
(0% SOC) and full (100% SOC). SOC is generally
calculated using current integration to determine the
change in battery capacity over time,

« Open circuit voltage (OCV): The open circuit voltage

Fig. 8. The variation of battery voltage vs. time at discharge rates of 1C (75A), 2C (150 A), 3C (225 A), 4C (300 A) at a) -10°C, b) 0°C, ¢) 25°C, d) 40°C,

and e) 55°C. Symbols correspond to measured values and lines represent calculated values.

(OCV) is the voltage when no current is flowing in or
out of the battery, and, hence no reactions occur inside
the battery. OCV is a function of state-of-charge and is
expected to remain the same during the life-time of the
battery. However, other battery characteristics change
with time, e.g. capacity is gradually decreasing as a
function of the number of charge-discharge cycles,

Nominal capacity: The coulometric capacity, the total
Amp-hours available when battery is discharged at a
certain discharge current (specified as a C-rate) from
100% SOC to the cut-off voltage. Capacity is calculated
by multiplying the discharge current (in Amps) by the
discharge time (in hours) and decreases with increasing

C-rate,
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performance is simulated at four different heat transfer conditions, including: adiabatic (h = 0OWm2 K‘l), h=10Wm 2 K‘l, h=50Wm 2K,
h=100Wm—2K~L

o Cut-off voltage: The minimum allowable voltage. It is
this voltage that generally defines the empty state of

the battery.
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NOMENCLATURE

width of electrode (m)

width of tab (m)

capacitance (F)

height of electrode (m)

specific heat capacity Jkg~! K~1)
distance of tab centre from y-axis (m)
heat generation rate (W m?)

ohmic heat generation rate (W m3)
heat transfer coefficient (Wm 2K 1)
in-plane current density (A m~2)
applied discharge current (A)
reaction current density (A m~—2)

unit normal vector on electrode
number of cell assemblies inside the battery core
in-plane heat flux (W m 2K

heat dissipation flux (W m~2)
capacity (Ah)

resistance (Q)

time (s)

temperature (°C)

ambient and initial temperature (°C)
potential (V)

open-circuit potential (V)

volume of battery core (m3)
horizontal position (m)

vertical position (m)

battery thermal management system

lithium-ion battery

and



(1]

(2]

(3]

(4]

(5]

(6]

Greek

6 thickness (m)

K thermal conductivity (W m K1
v volume ratio

p density of cell assembly (kgm™>)
[o3) voltage (V)

o} electrical conductivity (S m~1)
Subscript

am related to active material

batt related to battery

case related to battery case

cc related to current collector

cell related to cell (electrode pair)

ec related to electrochemical reaction
eff related to current collector

elec related to electrode

n related to the negative domain

)4 related to the positive domain

ss related to separator sheet

X related to x-direction

y related to y-direction
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