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a  b  s  t  r  a  c  t

Electric  vehicles  (EVs)  suffer  from  significant  driving  range  loss  in  subzero  temperature  environments
due  to  reduced  energy  and  power  capability  of  Li-ion  batteries  as  well  as  severe  battery  degradation
due  to  Li  plating.  Preheating  batteries  to room  temperature  is  an  essential  function  of an  effective  battery
management  system.  The  present  study  employs  an  electrochemical–thermal  coupled  model  to simulate,
for the  first  time,  the  process  of  heating  Li-ion  batteries  from  subzero  temperatures.  Three  heating  strate-
gies  are  proposed  and  compared  using  battery  power,  namely  self-internal  heating,  convective  heating
and mutual  pulse  heating,  as  well  as  one  strategy  (AC  heating)  using  external  power.  Their  advantages
and  disadvantages  are discussed  in  terms  of  capacity  loss,  heating  time,  system  durability,  and  cost.  For

◦

eating
ow temperature
hermal management

heating using  battery  power,  model  predictions  reveal  that  Li-ion  batteries  can  be heated  from  −20 C
to 20 ◦C  at  the  expense  of  only  5%  battery  capacity  loss  using  mutual  pulse  heating  with  high-efficiency
dc–dc  converter,  implying  considerable  potential  for  improved  driving  range  of  EVs  in cold  weather  con-
ditions.  Moreover,  the  heating  time  can  be  reduced  to  within  2  min  by  increasing  cell  output  power  using
convective  heating  and  mutual  pulse  heating.  For  external  power  heating,  high  frequency  AC  signal  with
large  amplitude  is a preferred  choice,  offering  both  high  heating  power  and  improved  battery  cycle  life.
. Introduction

Electric drive vehicles are a promising technology for critical
eductions of both greenhouse gas emissions and dependence on
oreign oils. The market share of plug-in hybrid electric vehicles
PHEV) and pure electric vehicles (EVs) has increased significantly
n recent years. Despite offering advantages of energy efficiency and
ow environmental impact, market penetration of EVs is limited by
elatively short driving range. Compared to gasoline vehicles with
ver 300 mile range before refueling, EVs can achieve only 100–150
iles before recharging. Furthermore, EV driving range depends

reatly on ambient conditions. For instance, driving range of the
012 Nissan Leaf approaches 138 miles at the ideal condition, but
rops substantially to 63 miles in cold weather at −10 ◦C [1].

At subzero temperatures, in spite of additional energy con-

umed for cabin heating, the range limiting factor is closely related
o significantly reduced energy and power capability of Li-ion bat-
eries [2,3], as well as capacity fade due to lithium plating upon
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charging [4,5]. Fundamentally, the poor performance of Li-ion bat-
teries at subzero temperatures arises from sluggish kinetics of
charge transfer [6,7], low electrolyte conductivity [8,9] and reduced
solid-state Li diffusivity [6,10]. While these limitations might be
alleviated by finding more suitable electrolyte and active materi-
als, an alternative is the system approach based on battery thermal
management to quickly pre-heat batteries to normal operation
temperature before use [11,12]. Since the kinetic and transport
processes are highly temperature dependent, cell performance will
quickly recover during warm up.

The poor performance of Li-ion cells at subzero tempera-
tures implies significantly increased internal resistance. A tenfold
increase in resistance relative to room temperature has been mea-
sured from commercial cells at −20 ◦C [13]. The high internal
resistance reduces cell energy and power capability, yet is beneficial
to cell warm up because of more internal heat generation, which
can induce remarkable temperature rise and thereby restore cell
performance. During the operation of Li-ion cells at subzero tem-
peratures, there exists strong interplay between electrochemical
and thermal processes. On the one hand, the heat generated from

electrochemical processes, along with heat dissipation to the ambi-
ent environment, dictates cell temperature evolution. On the other
hand, the cell temperature affects the electrochemical processes via
highly temperature-dependent kinetic and transport properties.

dx.doi.org/10.1016/j.electacta.2013.03.147
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.electacta.2013.03.147&domain=pdf
mailto:cxw31@psu.edu
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Table 1
Design parameters of 18650 cells.

Parameters Anode
(graphite)

Separator Cathode
(NCM)

Thickness (�m) 81  20 78
Porosity 0.26 0.46 0.28

−2
Y. Ji, C.Y. Wang / Electroch

nderstanding this interplay is key to prediction of cell behavior
nd development of innovative heating strategies for Li-ion cells in
ubzero environments.

A literature survey on battery thermal management reveals that
ost prior studies focused on cooling issues. In contrast, studies

n battery heating strategies are scarce. Cooling received attention
ecause battery aging and safety issues at high operating temper-
tures are of great concern for previously launched HEVs, where
he internal combustion engine is the primary power source. With
he recent introduction of EVs to the automotive market, vehicle
erformance relies more on batteries. Battery performance in cold
limates has thus become a limiting factor for driving range, and
fficient heating strategies have become a pressing need.

Pesaran et al. [12,14] studied preheating techniques in cold
limates including core heating, jacket heating and fluid heating.
hese heating strategies were simulated using thermal finite ele-
ent models for heat transfer. Battery temperature evolutions of

ifferent heating techniques were compared. For core heating, the
nternal heating power was specified as a constant or linear varia-
ion with time, instead of being calculated from electrochemical
rocesses. Their model simulated the heating process as a pure
eat transfer problem, and therefore lacked the ability to pre-
ict nonlinear electrochemical–thermal coupling behaviors. Use
f an electrochemical–thermal coupled model is more appropri-
te to study heating strategies at subzero temperatures where
ell internal heating is significant. Additionally, external heating
sing alternating current was experimentally studied by Stuart and
ande [15]. AC signals of 60 Hz and 20 kHz with different ampli-

udes were tested on lead acid batteries and nickel metal hydride
atteries, respectively. It was found that the heating process sped
p as the signal amplitude was increased. However, the effect of sig-
al frequency on heating time and battery cycle life was not studied.
undamental understanding of battery behaviors under AC signals
s still to be revealed.

While a few heating strategies have been proposed, it remains
nclear which strategy is preferable and how much room remains
or further improvement. To answer these questions, in this work,
e introduce four criteria for heating strategy evaluation: (1)

lectrical energy consumption in terms of battery capacity, or
quivalently, in terms of driving range of EVs, (2) heating time, (3)
ffect of heating operation on system durability including battery
ycle life, and (4) system cost. Understanding the theoretical lim-
ts of these criteria will help manufacturers select, optimize and
mplement viable heating strategies.

This work makes an attempt to exploit electrochemical–thermal
nteractions. Various heating strategies are proposed and compared
sing the four criteria cited above. For EVs, battery pack is the
nly onboard power plant and thus the primary source of heating
nergy. Whenever access to electric power is available, consumers
an choose external power without sacrificing battery capacity.
his paper examines heating strategies involving use of both bat-
ery and external power.

. Theory

.1. Description of the system

For simplicity but without losing generality, 18650 cells of 2.2 Ah
apacity are studied here, instead of a whole battery pack. This
rovides a good approximation when cell-to-cell temperature dif-
erence across the battery pack is sufficiently small and when state
f charge (SOC) and state of health (SOH) are uniform.
Design parameters of the 18650 cells are listed in Table 1. The
node consists of 95.5% graphite, 1.5% Super P carbon black and
% PVDF (by weight), with anode thickness of 80 �m.  The cath-
de compositions are generally 94% NCM (LiNi1/3Co1/3Mn1/3O2),
Loading (mAh cm ) 4.5 – 3.9
Electrolyte concentration (mol dm−3) 1.2
Particle radius (�m) 10 – 5

3% Super P carbon black and 3% PVDF. Thickness of this cathode is
78 �m.  The cell has an N/P (negative to positive electrode) ratio of
1.15 and electrode coating area of 640 cm2. Active material load-
ing in the cathode is 3.9 mAh  cm−2. Using material balance, the
porosities of anode and cathode are calculated as 0.26 and 0.28
respectively. Separator of 20 �m thickness and 0.46 porosity is
used. The electrolyte is 1.2 M LiPF6 in a mixture of PC, EC and DMC
(10:27:63 by volume).

The ambient temperature is fixed at −20 ◦C, which is also the
cell’s starting temperature. Heating strategies are employed to heat
the cell to 20 ◦C for performance boost. Adiabatic condition on cell
surfaces is assumed whenever convective heat transfer is not used.
Unless explicitly specified, the initial voltage of the cell is 3.8 V,
corresponding to 64%SOC.

2.2. Model description

The present work uses the electrochemical–thermal (ECT) cou-
pled model described in detail by Gu and Wang [16], Srinivasan
and Wang [17], Luo and Wang [18], and Ji et al. [19]. The ECT
model builds on the conventional electrochemical model of New-
man  and co-workers [20–22] but accounts for the tight coupling
between electrochemical and thermal dynamics and is essential for
the modeling of thermally sensitive batteries such as Li-ion cells.
A set of the governing equations are given in the appendix. Rel-
evant electrochemical properties are listed in Table 2. Use of the
ECT model requires a comprehensive database of temperature- and
concentration-dependent material properties. To this end, more
than one hundred thousand coin cells have been built and tested to
acquire material properties under a wide range of temperatures and
compositions in a CAEBAT (Computer-Aided Engineering for Bat-
teries) project led by EC Power and sponsored by U.S. Department
of Energy [23]. Based on this comprehensive material database, the
electrochemical model has been coupled with heat transfer and
validated against the above described 18650 cells at various rates
and temperatures [19]. The modeling results are compared with
experimental data in terms of both voltage and temperature. Good
agreement was obtained from 0.1 C to 4.6 C rate and from −20 ◦C to
45 ◦C ambient temperature. The experimentally validated model is
used to investigate heating strategies in the present study.

3. Results and discussion

3.1. Heating strategies using battery power

In this section, three heating strategies are proposed and evalu-
ated, taking full advantage of the fact that internal heat generation
is greatly enhanced at low temperatures. These strategies include
self-internal heating, convective heating and mutual pulse heat-
ing, as shown in Fig. 1. All of them have resistance heating effect
included.
3.1.1. Self-internal heating
The self-internal heating strategy heats the cell through internal

resistance solely. For rapid heating, high rate operation is desir-
able, creating a high overpotential. Charging operation should be
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Table 2
Electrochemical properties.

Properties Graphite (LixC6) LiyNi1/3Mn1/3Co1/3O2

Exchange current density i0 (A m−2) 12 [17] (x = 0.5) 2b (y = 0.5)
Activation energy of i0 (kJ mol−1) 68 [24] 50 [24]
Charge transfer coefficient ˛a ˛c 0.5 0.5a 0.5 0.5a

Film resistance Rf (� cm−2) 10b 10b

Activation energy of Rf (kJ mol−1) 50b 50b

Solid state diffusivity Ds (m2 s−1) 1.6 × 10−14 (1.5 − x)1.5 [25] 3 × 10−14 [25,26]
Activation energy of Ds (kJ mol−1) 30 [27] 30a

Contact resistance (� cm−2) 6b

Open circuit potential (V vs. Li/Li+) U1(x)c [28] U2(y)c [29]
Reversible heat Refer to Reynier et al. [30] Refer to Lu et al. [31]
Electrolyte properties Data from Valoen and Reimers [32] with adjustment [19]

a Assumed values.
b Extracted from model-experimental comparison
c Open circuit potential data has been fitted to empirical equations:

U1 (x) = 0.1493 + 0.8493e−61.79x + 0.3824e−665.8x − e39.42x−41.92 − 0.03131 arctan (25.59x − 4.099) − 0.009434 arctan (32.49x − 15.74) (0 ≤ x ≤ 1)

U2 (y) = −10.72y4 + 23.88y3 − 16.77y2 + 2.595y + 4.563 (0.3 ≤ y ≤ 1)

F
t
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o
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ig. 1. Heating strategies using battery power (a) self-internal heating, (b) convec-
ive heating, and (c) mutual pulse heating.

voided in this situation even at low cell SOC in order to prevent
i plating. Two operation protocols are investigated here: constant
urrent (CC) discharge and constant voltage (CV) discharge.

Simulation of the heating process is performed by discharging
he cell at different CC rates and CV levels until it reaches 20 ◦C. The
volution of voltage (CC mode), current (CV mode) and temperature
f the cell are plotted in Fig. 3. For either protocol, the heating time

an be significantly reduced by using higher current (Fig. 3(a)) or
ower voltage level (Fig. 3(b)), due to increased heat generation. The

aximum heating rate is limited by lithium ion transport in solid
Fig. 2. Heating strategies using external power (a) external convective heating and
(b) AC heating.

phase and electrolyte. Also observed is a transitional period during
which the cell voltage (CC mode) or current (CV mode) decreases
first before the subsequent rise. The initial decrease in cell per-
formance is somewhat counterintuitive because the cell is getting
warmer. In fact, there is an initial period when electrolyte con-
centration polarization gradually builds up. The increase in ionic
resistance due to departures from the optimal concentration where
maximum ionic conductivity is reached counteracts the ionic con-
ductivity increase owing to temperature rise. The CC discharge
and CV discharge protocols induce different shapes of temperature
evolution profiles that are concave upward for CV mode and con-
cave downward for CC mode. Rate of temperature rise achieves its
maximum early for CC discharge, but continues to increase for CV
discharge.

To understand the effect of discharge protocols on solid phase
diffusion, a parameter, iSOC, is introduced to reflect the dimension-
less stoichiometry on the solid particle interface, i.e.:

iSOC =

⎧⎪⎨
⎪⎩

cs,i

cs,max
(anode)

1 − cs,i

cs,max
(cathode)

(1)
where cs,i is concentration of lithium on solid particle interface,
cs,max is the maximum concentration of lithium in solid phase.
The iSOC next to the separator is plotted as a function of time, as
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Fig. 3. Voltage, current and temperature evolution during self-internal heating (a)
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onstant current discharge and (b) constant voltage discharge.

hown in Fig. 4. CC discharge at 4 C rate and CV discharge at 2.2 V
re selected to compare because they generate very close heating
imes. The iSOC decreases for both of the two protocols at the begin-
ing. After that, the iSOC for CV protocol remains constant (around
.01) during the rest of discharge. For CC protocol, however, the

SOC drops to even lower level (0.002), though rising later. Unsta-
le iSOC may  lead to cell shut down due to solid-state diffusion

imitation. The CV protocol outperforms CC protocol in that it is
ble to maintain iSOC at a stable level.
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Fig. 4. Effect of discharge protocol on particle iSOC.
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Fig. 5. Efficiency of self-internal heating.

To evaluate the percentage of consumed power used for cell
warmup, a heating efficiency is defined as:

� = cpmC dTC/dt

q̇C + Pout
(2)

where q̇C is cell internal heat generation rate, Pout is cell output
power to the external circuit. By using this definition, the heating
efficiency is calculated at each time instant and shown in Fig. 5.
The heating efficiency for self-internal heating is no higher than
50% at all voltage levels. The low heating efficiency is expected as
cell output power is not converted to heat. Larger heating efficiency
is obtained at lower voltage levels where more electrical energy is
used for internal resistive heating.

The self-internal heating strategy does not require additional
heat transfer system nor circuit components, which enables low
cost and high reliability. However, this strategy suffers low heat-
ing efficiency and thus extra battery capacity loss. It also requires
longer time compared to the other strategies to be discussed in the
following sections.

3.1.2. Convective heating
Convective heating strategy heats the cell both internally and

externally. The external heating is achieved using cell output
power, through a resist heater and a fan simultaneously, as shown
in Fig. 1(b). The heater converts electric power to heat, and the fan
creates a convective flow that enhances heat transfer from heater
to fluid (i.e. air here) and then from fluid to cell.
The convective heating of the cell requires a closed system
enclosing flow channel, heater, fan, cell and other control compo-
nents, as shown schematically in Fig. 6. For simplicity, cell, heater
and fluid are assumed to have uniform temperature distribution in

Fig. 6. Schematic view of convective heating system.
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Table 3
Heat transfer properties of convective heating system.

Component Mass (g) cp (J kg−1 K−1) h (W m−2 K−1)

e
t

m

m

m

t
S
t
t
e

L
h
h
o

fl
c
l
a
i
b
a
s
fl
h
d
fl
a
T
f
2
r
a

m
o
fl
w
a
w
l
0

u
(
F
t
o
i
p
c

Time / s

V
o

lt
ag

e 
/ V

T
em

p
er

at
u

re
 / 

°C

0 60 120 180 240 300
2

2.5

3

3.5

4

-20

0

20

40

60

Ω
Ω
Ω

(a)

Time / s

H
ea

ti
n

g
 E

ff
ic

ie
n

cy

0 60 120 180 240 300
0

0.2

0.4

0.6

0.8

1

Ω
Ω

Ω

(b)

Time / s

T
em

p
er

at
u

re
 / 

°C

0 60 120 180 240 300
-20

0

20

40

60

80

100

Ω

Ω
Ω

(c)
Cell 44 823 214
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ach of them. Lumped thermal equations are employed to evaluate
heir temperatures:

CcpC
dTC

dt
+ hCAC (TC − TA) = q̇C (3)

HcpH
dTH

dt
+ hHAH(TH − TA) = I2RH (4)

AcpA
dTA

dt
+ hCAC (TA − TC ) + hHAH(TA − TH) = 0 (5)

Here m,  cp, T , t, h represents mass, specific heat, tempera-
ure, time and convective heat transfer coefficient, respectively.
ubscripts C, H, A stand for cell, heater and air respectively. I is
he current going through the heater and RH is the heater resis-
ance. q̇C is cell internal heat generation rate, calculated by the
lectrochemical–thermal coupled model using Eq. (21).

The fluid used for convective heat transfer can be air or liquid.
iquid provides better thermal conductivity and higher convective
eat transfer rate, but puts a more stringent requirement on the
eating system. The pros and cons of each fluid medium are outside
f the scope of this paper and will not be discussed here.

In the present work, air is used as heat transfer media. The air
ows along the axial direction of the 18650 cells and therefore
ircular-tube annulus flow is assumed between channel wall and
ateral surface of the cell. The convective heat transfer coefficient
nd friction factor on the cell surface are evaluated using empir-
cal relations for circular-tube annulus flow. The flow regime can
e either laminar or turbulent depending on the mass flow rate of
ir and channel size. As for air flow around the heater, due to the
mall wire diameter of the heater coil, the flow is treated as if it is
owing past an infinite cylinder. Parameter study of this convective
eating system under different air mass flow rates and channel-cell
istances has been performed. It is found that, compared to laminar
ow, turbulent flow provides a little lower hC but much larger hH

t the same amount of fan power consumption (or flow head loss).
he turbulent flow regime is the preferred choice for heat trans-
er in the present heating system. The present study uses a gap of
.20 mm  between channel wall and cell surface, and air mass flow
ate of 2.34 g s−1 in the channel. Relevant heat transfer parameters
re listed in Table 3.

In modeling the convective heating, cells are operated under
ixed protocol of power and resistance discharge. A small portion

f cell output power is used to compensate the head loss of the air
ow. For simplicity, only head loss around the cell is accounted for,
hich is equivalent to 3 W power consumption based on head loss

nalysis. The rest of cell output power is supplied to the heater,
hose resistance can be controlled by changing the heater coil

ength. In the present study, heater resistances of 0.4 �,  0.6 � and
.8 � are simulated.

The convective heating process starts at −20 ◦C and contin-
es until the temperature of the cell rises to 20 ◦C. Cell voltage
solid line) and temperature (dashed line) evolution are plotted in
ig. 7(a). The voltage decreases somewhat in the first 12 s and con-
inues to increase during the rest of the heating process because

f rate boost induced by temperature rise. Shorter heating time
s achieved with lower heater resistance due to higher heating
ower both internally (larger voltage drop) and externally (larger
urrent). The heating time reduces from 201 s to 85 s with the
Fig. 7. Evolutions of (a) cell voltage and temperature, (b) heating efficiency, and (c)
air and heater temperature in convective heating.

decrease of heater resistance from 0.8 � to 0.4 �. Compared to self-
internal heating, which takes 2 min  while maintaining the cell at
2.2 V voltage level, the convective heating is more efficient because
of reduced heating time (close to 1 min) achieved at a relatively
higher cell voltage (3.07 V on average).

The heating efficiency defined by Eq. (2) is plotted in Fig. 7(b).
It ranges between 0.6 and 0.8 during most of the heating time,
much higher than observed in self-internal heating. The heating
efficiency is higher at lower heater resistance because of larger
heating power while constant head loss is maintained. Initially, the
heating efficiency exhibits a transition period, marked by a sharp

increase after beginning at very low level. The low level of initial
heating efficiency is due to the energy consumed for temperature
increase in both heater and air, which should be warmed up prior
to transfer of heat to the cell. Fortunately, the air mass is relatively
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mall and low specific heat materials can be used as heater coil,
elping to minimize energy and time required to warm up both air
nd heater. However, for the battery pack system in an EV, more
nertial components are expected for control and safety reasons.
he thermal mass of these components should be minimized to
nsure high heating efficiency.

The evolutions of heater and air temperature are shown in
ig. 7(c). Higher temperature of air and heater, as well as larger
emperature difference between air and heater, are observed at
maller heater resistance. This is because at high heating rate,
he convective heat transfer between components becomes rate-
imiting for heat transfer. More attention should be paid during
apid heating in case air and heater temperature exceeds the
hreshold level for safety concerns.

The advantage of convective heating strategy lies in its higher
fficiency and thus shorter time, owing to full utilization of cell’s
utput power. However, this strategy suffers from several disad-
antages. First, the convective heating requires a flow loop and a fan
or air circulation, increasing cost, system complexity, and reducing
ystem reliability. Second, heat transfer from air to the cell becomes
ore difficult for larger cells, where heat conduction inside cells

s more rate-limiting due to longer heat conduction distance and
nduces larger temperature gradient inside cells. Last, the head loss
f flow and the heating of inertial components consume additional
nergy, which may  significantly reduce the heating efficiency in
omplex systems where more inertial components exist.

.1.3. Mutual pulse heating
In this section we study a strategy that utilizes cell output power

nd at the same time heats the cell internally, namely to allow the
ells to charge or discharge themselves. Practically, the cells in a
hole battery pack are divided into two groups with equal capac-

ty. Whenever one group is discharging, the other group is charging.
he output power of the discharge group is used as the input power
f the charge group. Since voltage required to charge cells is higher
han cell output voltage, a dc–dc converter is needed to boost cell’s
ischarge voltage. To balance the capacity of the two groups, the
harge/discharge roles of the two groups switch at intervals of

 period, accomplished by using pulse signals. Accordingly, this
trategy is named mutual pulse heating, as schematically shown
n Fig. 1(c). In the present study for simplicity, each cell group is
epresented by a single cell.

The mutual pulse heating strategy successfully fulfills the
equirement that cell output power is used for internal heating,
lthough this at first seems paradoxical. In this way, a portion of
utput power of the discharging cell is used to heat the charging
ell through its internal resistance. The rest of the output power is
tored in the charging cell and will be available to use during the
ext pulse interval. The heating efficiency of the system is defined
s the ratio of the internal thermal energy gain to the total power
onsumption of the whole battery pack. In our simplified two-cell
ystem, the heating efficiency is defined as:

H = cp1m1 dT1/dt + cp2m2 dT2/dt

q̇1 + q̇2 + Pout + Pin
(6)

here q̇1 and q̇2 are internal heat generation rate of the two  cells.
in and Pout represents input power of the charging cell and output
ower of the discharging cell, respectively. They are related by:

in = −Pout�dc (7)

Here �dc is the efficiency of the dc–dc converter.
Modeling of the mutual pulse heating requires the simulation of
wo cells simultaneously. The two cells are set to start with the same
nitial conditions. The discharging cell is under constant voltage
rotocol while the charging cell is under designated power proto-
ol described by Eq. (7). The voltage and temperature evolutions
Fig. 8. Voltage and temperature evolution during mutual pulse heating (a) the entire
heating process, (b) the first 20 s for cell1, and (c) the first 20 s for cell 2.

of cell 1 during the entire heating process are shown in Fig. 8(a).
Discharge voltage levels of 2.2 V, 2.5 V and 2.8 V are modeled inde-
pendently. Again, lower levels of discharge voltage exhibit shorter
heating time because of higher internal resist heating power. The
pulse intervals are tentatively set to 1 s. The voltage evolution pro-
files during the first 20 s are magnified, as shown in Fig. 8(b) for cell
1 and Fig. 8(c) for cell 2. The lowest discharge voltage level (2.2 V),
however, yields the highest charging voltage, owing to much larger
discharge current and thus higher output power.

The charging voltage may  be higher than 4.5 V, giving rise to
the possibility of Li plating. To examine this issue further, the

lithium ion concentration on the graphite particle surface, defined
as dimensionless iSOC, is monitored. Fig. 9 shows the iSOC vari-
ation range during the first pulse cycle of cell 2, which has first
been charged for 1 s and discharged for another 1 s. The maximum
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Fig. 9. iSOC evolution during mutual pulse heating.

SOC in the graphite anode appears at the anode-separator interface
nd reaches 0.64 at the end of the charge interval, indicating safe
peration free of Li plating. Fig. 9 reveals that, the anode-separator
nterface has the largest iSOC variations, which originates from the
elatively lower conductivity of the electrolyte compared to the
olid matrix, because it is also the location where the local reac-
ion current reaches maximum. Small iSOC variations are preferred
ince large variation may  induce partially overcharge or overdis-
harge of the active material. This prompts us to investigate the
ulse frequency effect, because higher frequency pulses generate
maller iSOC variations due to insufficient time for solid-phase con-
entration buildup.

Mutual pulse heating is simulated for three different pulse inter-
als (0.1 s, 1 s and 10 s). The starting cell voltage has been increased
rom 3.8 V to 4.0 V in order to evaluate the possibility of Li plat-
ng at high SOC. Discharge voltage is kept at 2.5 V. The iSOC at the
node-separator interface is plotted as a function of time in Fig. 10.
he iSOC from 10 s interval pulse shows extremely large variations,
ising and falling across most of the stoich range. Moreover, it rises
nd approaches the unity during the first charging interval, imply-
ng high risk of Li plating. The iSOC variations from 1 s and 0.1 s
nterval pulses are much smaller. Furthermore, the highest iSOC for
he latter two cases is well below 0.9, less likely to incur Li plat-

ng. Physically, high frequency pulse signal implies rapid switches
etween charge–discharge mode, preventing solid-phase concen-
ration buildup, leading to smaller iSOC variations.
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Fig. 11. Heating efficiency evolution during mutual pulse heating.

The previous calculations assume 100% dc–dc converter effi-
ciency, an ideal case and may  not be achieved for real dc–dc
converters. One concern is whether system heating efficiency suf-
fers substantial loss from reduced converter efficiencies. To answer
this question, the heating efficiency evolutions at three converter
efficiency levels are calculated, as shown in Fig. 11. The system heat-
ing efficiencies are only slightly lower than the converter efficiency,
ranging from 0.85 to 0.86 for 90% converter efficiency and from
0.75 to 0.73 for 80% converter efficiency. To achieve high energy
utilization, high efficiency converters are preferred.

The mutual pulse heating method has three major advantages.
First, it provides a heating system with low maintenance and high
reliability due to lack of any moving parts, and without the need
of convective heat transfer system. Second, cell internal temper-
ature distribution is nearly uniform because the system is free of
external heating. Last, high energy utilization and short heating
time can be achieved by using high efficiency dc–dc converters
and low discharge voltages. However, disadvantages also exist. The
mutual pulse operation requires a specially designed circuit and
control system, which increases cost. Moreover, pulse heating at
high SOC should be used cautiously in consideration of Li plating.
High frequency pulsing is a good innovation to reduce this risk.

3.1.4. Comparison
Three heating strategies using battery power have been

introduced and modeled, each with its own  advantages and dis-
advantages. It is instructive to compare these strategies in terms of
the four criteria described in Section 1.

Heating study cases for the aforementioned three strategies are
plotted in Fig. 12 in terms of heating time and cell capacity loss.
Each case is represented by one symbol. The voltage number labeled
above each symbol is an indication of the discharge voltage level.
For mutual pulse heating and self-internal heating, where con-
stant voltage protocols are employed, the voltage number is the
actual discharge cell voltage level. For convective heating where
cell voltage changes with time, the labeled number is the average
cell voltage over the heating period. Strong sensitivity of heating
time to voltage level indicates that heating time can be significantly
reduced by employing lower voltage levels during discharge as long
as the cell works properly without damage induced and significant
degradation. In addition, these voltage numbers are also served
for heating time comparison. Heating time of different strategies
should be compared under the same discharge voltage level.
If decreased battery capacity is the primary concern of manufac-
turers, mutual pulse heating with high efficiency dc–dc converters
is the best option. The minimum capacity consumed to warm up
cells from −20 ◦C to 20 ◦C can be as low as 5% of the cell capacity. For
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Fig. 12. Comparison of heating strategies using battery power.

he Nissan Leaf with maximum driving range of 138 miles at ideal
ondition, energy used for mutual pulse heating consumes only 7
iles of driving range. This would be a dramatic improvement from

he current loss of 75 miles in −10 ◦C cold weather.
If the primary consideration is to reduce heating time, con-

ective heating is the preferred choice. At 2.5 V discharge voltage
evel, it takes 197 s for self-internal heating, and 120 s for mutual
ulse heating to warm up the cell from −20 ◦C to 20 ◦C. The
onvective heating spends much less time (44 s) to achieve that
oal with slightly higher voltage level (2.66 V). Convective heat-
ng is the fastest because most of the power generated from the
attery is converted to heat, both internally and externally. The
utual pulse heating, though featuring a high heating efficiency,

as output power partially converted to chemical energy stored in
he battery without heat generation, limiting its heat generation
ate.

For a battery pack composed of large-size cells, convective heat-
ng should be used with caution. Because of longer distance for heat
onduction inside cells, a large temperature gradient might develop
nternally, leading to higher cell surface temperature and reduced
onvective heat transfer rate.

The above study compares four heating strategies in terms of
attery capacity loss and heating time. The remaining two crite-
ia, system cost and durability, which cannot be quantified by our
odel, are equally important for manufacture of the heating sys-

em. In terms of system cost, the self-internal heating provides a
ow-cost option due to its simplicity. The convective heat transfer
ystem in convective heating and dc–dc converter in mutual pulse
eating add additional cost. System durability is reflected in the
eed for maintenance of the mechanical system, as well as cycle life
f the battery pack. Mutual pulse heating possesses an advantage
ver the convective heating system by offering low maintenance
nd high reliability since the latter suffers from possible damage
f moving parts in its air circulation system. As for battery cycle
ife, it is affected by charge–discharge protocols employed in differ-
nt heating strategies. A more comprehensive model incorporating
egradation effects is needed to investigate the influences of heat-

ng strategies on battery cycle life, which is our future work.

.2. Heating strategies using external power

In the above section, heating power comes completely from the

attery pack, which is the only onboard power source in EVs. When
ustomers have access to external power, such as home charging
sing household electric power, the heating power can be extracted
xternally. In this situation, battery capacity consumption is no
Acta 107 (2013) 664– 674 671

longer considered an essential criterion for evaluation. However,
the other three criteria are still valid here, namely, heating time,
system cost and system durability.

Regarding heating strategies using external power, self-internal
heating and mutual pulse heating strategies are not practical since
they rely exclusively on battery power. The convective heating can
be modified by connecting the heater and fan to the external power
source without extracting power from the battery, which is termed
as external convective heating, as shown in Fig. 2(a). This is actu-
ally a heat transfer problem without electrochemical reactions, and
thus will not be addressed in the present study. However, it is easy
to infer that external convective heating is not a good option for
large cells, due to possible large temperature difference inside cells,
as is analyzed in the convective heating section.

Internal heating is a preferred method in that it heats the cell
uniformly and induces little temperature difference inside cells. At
the same time, the cell needs to be charged and discharged peri-
odically to avoid any change in cell SOC. From this point of view,
alternating current is a good option since it not only satisfies the
above requirement but also is easily accessed household electricity.
This strategy is named AC heating as shown in Fig. 2(b).

3.2.1. AC heating
AC signals are described by two  parameters: amplitude and fre-

quency. To minimize the heating time, large amplitude signals are
desired. Caution should be exercised when using high power heat-
ing in case that maximum power limitation is exceeded.

The signal frequency is an essential parameter that affects fun-
damental kinetic and transport processes of Li-ion cells. To analyze
its effect, electrochemical impedance spectroscopy (EIS) is simu-
lated by using small amplitude AC signal as input using the present
ECT model. Double layer effect at reaction interface is incorporated
by using the following equations:

i = iDL + iF (8)

iDL = CDL
∂(�s − �e)

∂t
(9)

where iDL is the double layer current density, iF is the faradic (reac-
tion) current density as expressed by Eq. (16). CDL is the double
layer capacitance(0.2 F m−2 is used in the present study). The dou-
ble layer current is zero for DC signal, negligible for low frequency
signal, but takes a significant portion of the total current for high
frequency signal.

A sinusoidal voltage signal of 5 mV  magnitude is used as input
to the cell. The current response is monitored for multiple cycles
until a stable phase shift is obtained. A time step of 1/10 signal
period would be enough for high frequency signals, but needs to
drop to 1/100 period or even smaller for low frequency signals.
The impedance is then represented as a complex number whose
absolute value is the magnitude ratio of voltage and current, and
whose argument is the opposite value of current phase shift. A wide
range of frequency from 10−5 to 107 Hz has been simulated at three
ambient temperatures (25 ◦C, 0 ◦C, and −20 ◦C) and the results are
plotted in Fig. 13, consisting of a Nyquist plot (a) and two  Bode plots
(b) and (c).

The EIS data exhibits three major trends. First, reducing temper-
ature induces large impedance rise for all frequencies, especially
in the mid-range frequency region, as represented by semi-circle
diameter in Fig. 13(a). The observation coincides with the present
understanding of Li-ion cell behavior at low temperature as dis-
cussed in Section 1.
Second, the magnitude of impedance decreases with increasing
frequency, as shown in Fig. 13(b). As the frequency rises, two  sharp
drops in impedance emerge in two separate frequency regions.
The first drop appears in low frequency (10−5 to 10−3 Hz) region,
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approximately 50% time saving compared to low frequency signals.
ig. 13. Model predicted EIS data (a) Nyquist plot, (b) Bode plot of magnitude, and
c)  Bode plot of phase angle.

ccompanied by the sharp decrease of phase angle (from 90◦ to 0◦).
he diffusion processes in electrolyte and solid phase dominates
t low frequency because of their relatively larger time constant.
bove this frequency level, alternating current direction switches
o fast that the buildup of concentration gradient could not hap-
en. The second drop appears in mid  frequency (100 to 102) region,

here phase angle rises at first and then drops to zero. In this

egion, the current going through the double layer keeps increas-
ng because of reduced capacitor impedance. Above this frequency
Acta 107 (2013) 664– 674

level, the current produced from faradic process (charge trans-
fer at particle–electrolyte interface) is gradually bypassed by the
current going through the double layer. The impedance gradually
decreases and eventually becomes constant, i.e. the high frequency
resistance. In other words, at very high frequency, the cell acts as
a pure resistor, where both diffusional and kinetic processes are
bypassed.

Third, temperature affects the critical frequency where
impedance transition occurs. The critical frequency decreases with
reducing temperatures. For instance, as shown in Fig. 13(b) and
(c), the impedance drop in mid-frequency region starts at 10 Hz
at 25 ◦C, 1 Hz at 0 ◦C and 0.1 Hz at −20 ◦C. This implies the ability
to reduce the impedance in cold weather without requiring use of
very high signal frequency.

In summary, the second trend implies that possible benefits
can be derived from high frequency signal. At the same cell out-
put voltage, high frequency signal generates higher heating power
and thus less heating time due to reduced cell impedance. Addi-
tionally, more current going through the double layer suggests the
possibility of extended cycle life because of reduced faraday cur-
rent or lithium intercalation–deintercalation rate. The third trend
tells us that these benefits can be possibly implemented at a rela-
tive lower AC frequency in cold weather condition. All these facts
suggest household electricity may  be a good option for AC heating,
combining easy accessibility and a frequency of 60 Hz which might
be sufficient to trigger these benefits at low temperatures.

To model the AC heating process, voltage signal V(t) = 3.8 −
cos(2�ft)  has been used as a protocol for Li-ion cells starting at
−20 ◦C. Signal frequencies f of 0.01 Hz, 0.1 Hz, 1 Hz,  60 Hz and
1000 Hz are simulated respectively. Modeling high frequency AC
heating presents a great computational challenge, due to very high
time resolution, though possible compromises on solution accu-
racy can be made. In the present study, time intervals are chosen
as 1/512 signal period for 0.01 Hz, 1/64 for 0.1 Hz, 1 Hz, 60 Hz, and
1/8 for 1000 Hz.

Fig. 14(a) exhibits the voltage and current evolution during
the first six cycles of 60 Hz AC signal. Voltage signal is displayed
by dashed black lines and current by solid lines (red for faradic
current, blue for double layer current). A positive phase shift of
approximately 30◦ is observed for double layer current due to
capacitive effects. The faradic current with a peak of 1.7 A is signifi-
cantly smaller than double layer current which peaks at 12.7 A. The
faradic C-rate is only approximately 1/8 of the total C-rate, implying
reduced cell degradation can be achieved because of much lower
faradic current.

The frequency effect on heating time is reflected in Fig. 14(b),
which shows the temperature evolution profiles using various AC
signal frequencies. With increasing signal frequencies, the heat-
ing time decreases from 340 s at 0.01 Hz, 170 s at 60 Hz to 80 s at
1000 Hz, indicating that significant amount of heating time can be
saved by using high frequency signal. As discussed in Fig. 13, the
reduced heating time is a result of the decreased cell impedance
at higher frequency, because of larger heating power according
to P = �V2/R.  Heating time reduction has been achieved in two
frequency regions: 0.01–0.1 Hz and 1–1000 Hz. Diffusion effect is
bypassed in the former region while charge transfer kinetics is grad-
ually bypassed in the latter region. Little change in heating time is
observed between 0.1 Hz and 1 Hz, where cell impedance does not
change much.

Overall, the AC heating strategy provides a fast way  of heating
a battery pack uniformly using external power. Household elec-
tricity can be used at its original frequency (60 Hz) and provides
In addition, the high frequency heating benefits cycle life because of
reduced faradic current. Moreover, this strategy has potential appli-
cation in hybrid electric vehicles (HEVs), where onboard power can
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ig. 14. Voltage, current and temperature evolution during AC heating (a) voltage
nd  current evolution at 60 Hz and (b) temperature evolution at various frequencies.

e extracted from internal combustion engine and alternator. More
xperimental research on AC heating is desired to fully understand
ts advantages and disadvantages.

. Conclusions

Heating of Li-ion cells from sub-zero temperatures has been
tudied by employing an electrochemical–thermal coupled model,
hich is validated against 2.2 Ah 18650 cells from −20 ◦C to 60 ◦C up

o 4.6 C rate. Four strategies, namely self-internal heating, convec-
ive heating, mutual pulse heating, and AC heating using external
ower, are proposed and simulated and compared in the present
tudy. Four heating criteria have been introduced and used to eval-
ate these strategies.

For battery power heating, convective heating requires the least
eating time, while mutual pulse heating consumes the least bat-
ery capacity. Mutual pulse heating has the additional advantage
f uniform internal heating and is free of convective heat transfer
ystem.

For external power heating, AC heating is proposed because it
s an internal heating strategy that provides uniform heat. More-
ver, household electric power can be used at its original frequency,
roviding an easily accessible power source, reduced heating time
nd extended cycle life. It also has potential onboard application in
ybrid electric vehicles (HEVs).

The present study suggests that, for either strategy, heating time

an be significantly shortened by reducing cell output voltage. The
apacity loss can be as little as 5% of total cell capacity for high
fficiency heating. There is still considerable potential to reduce
Acta 107 (2013) 664– 674 673

heating time and to improve driving range of EVs operated at sub-
zero temperatures.

The present model is able to present quantitative prediction
of heating time and capacity loss. In future studies, a degradation
model will be incorporated so that the effect of heating strategy on
battery cycle life can be quantified. Experimental validation of the
proposed heating strategies is also suggested.
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Appendix A. Appendix: governing equations

Applying the fully coupled electrochemical–thermal model of
Gu and Wang [16], the following conservation equations are solved:

Charge conservation in solid electrodes:

∇ · (�eff
s ∇�s) − j = 0 (10)

Charge conservation in electrolyte:

∇ · (	eff ∇�e + 	eff
D ∇ ln ce) + j = 0 (11)

in which the effective diffusional ionic conductivity:

	eff
D = 2RT	eff

F
(t+ − 1)

(
1 + d ln f±

d ln ce

)
(12)

Material conservation in electrolyte:

ε
∂ce

∂t
= ∇ · (Deff

e ∇ce) + 1 − t+
F

j (13)

Material conservation in solid particles:

∂cs

∂t
= 1

r2

∂

∂r

(
Dsr

2 ∂cs

∂r

)
(14)

with boundary condition on particle surface:

−Ds,i
∂cs,i

∂r

∣∣∣∣
r=Ri

= i

F
(15)

Butler–Volmer equation for charge transfer kinetics:

i = i0

[
exp

(
˛aF

RT
�
)

− exp
(

−˛cF

RT
�
)]

(16)

in which the kinetic overpotential:

� = �s − �e − Ui(cs,i) − iRf (17)

and exchange current density:

i0 = k(T)c˛c
s,i c

˛a
e (cs,max − cs,i)

˛a (18)

Mapping between reaction current density on particle surface
and volumetric current density in the electrodes:

j = ai (19)

Energy conservation of the whole cell (lumped thermal model):
dt

where h is the convective heat transfer coefficient, As is the cell
surface area, hAs(T∞ − T) is the convective heat. The heat generation
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ower:

˙
 = Ae

∫ L

0

j(�s − �e − U) + j
(

T
dU

dT

)

+ �eff
s ∇�s · ∇�s + 	eff ∇�e · ∇�e + 	eff

D ∇ ln ce · ∇�e dx (21)

n which L is the sum of the anode, separator and cathode thick-
esses, Ae is the electrode area, j(�s − �e − U) represents kinetic
eat, j(T(dU/dT)) is the reversible heat, �eff

s ∇�s · ∇�s, 	eff ∇�e · ∇�e

nd 	eff
D ∇ ln ce · ∇�e are joule heat from electronic resistance, ionic

esistance and concentration overpotential respectively.
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