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a  b  s  t  r  a  c  t

We  describe  a four-probe  electrical  technique  that  enables  real-time  temperature  monitoring  of the
carbon anode  in  a  53  Ah  lithium-ion  rechargeable  cell  during  charging  and discharging.  This  technique
uses  only  electrical  contacts  to  the  positive  and  negative  terminals  of  the  cell,  eliminating  the need  to
insert  temperature  sensors  inside  the cell.  Our  method  is  based  on  the  intrinsic  relationship  of  anode
temperature  with  phase  shift  between  an  applied  sinusoidal  current  and  the  resulting  voltage,  valid
within  the  5%  and  95%  range  of the  state-of-charge  (SoC)  of  the  cell.  Using  this  technique,  we demonstrate
eywords:
ithium battery
nternal temperature monitor
hase meter
EI layer
ntropy

that  the  anode  temperature  (Tanode)  can  deviate  from  the  temperature  measured  at  the  outside  surface
(Tsurf) of  the  cell  during  charge  and  discharge.  Additionally,  we  show  that  anode  temperature  is  primarily
determined  by  entropy  change  at the  anode  or by  resistive  impedance  of  the  anode,  depending  on the
environment  temperature  (Tenv).

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Excursions in the anode temperature (Tanode) relate to the stabil-
ty of the solid-electrolyte-interphase (SEI) layer, as well as adverse
vents such as venting and rupture [1,2]. Excursions in the internal
emperature can occur rapidly, within seconds to tens of seconds
3].  Typically, conventional surface-mounted temperature sensors
xhibit response profiles that are too slow to sense the tempera-
ure spikes occurring within the cell, therefore unsuitable to guard
gainst venting and rupture. Today, however, placing thermal sen-
ors at the outside surface remains the only practical means of
onitoring the internal temperature [4,5]. New and convenient

pproaches are needed to support real-time continuous monitoring
he temperature within a cell to ensure safety and longevity.

Heat can destroy a lithium cell with modest but rapid eleva-
ions in temperature. Conjectural evidence relates elevated cell
emperatures to damage in the SEI layer, electrolyte degradation
nd cathode decomposition. These processes are heat-induced, but
hey are also exothermic, resulting in an auto-catalytic process

nown as thermal runaway [6].  Prior studies indicate that the nom-
nally protective SEI layer can be damaged at temperatures as low
s 100 ◦C [1,2,7].  Moreover, the time scale associated with thermal

∗ Corresponding author. Tel.: +1 443 778 6378; fax: +1 443 778 5937.
E-mail addresses: Rengaswamy.srinivasan@jhuapl.edu, srinir@comcast.net,
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378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.077
runaway is short, depending on the cell’s state of charge (SoC). At
100% SoC, thermal runaway occurs within a few seconds, whereas
at less than 50% SoC, this process may  require tens of seconds
(with ambient temperature 25 ◦C) [3].  Existing surface-mounted
temperature sensors are inadequate to track internal temperature
changes, regardless of the sampling rate used to digitize sensor
output. This is because surface mounted temperature is a low-
pass-filtered reflection of internal temperature. This means that
fast changes in internal temperature (occurring on the order of less
than a few seconds) are not reflected in surface-mounted temper-
ature. As a result, surface-mounted temperature are inadequate to
detect or predict thermal runaway.

Recently, we developed a technique that is capable of estimat-
ing internal temperature in lithium-ion cells with components that
are completely external to the cell, called battery internal temper-
ature sensor (BITS) [8,9]. This technique uses phase shift (�) in the
impedance of the cell evaluated at 40 Hz to estimate Tanode. This
is in contrast to conventional impedance techniques that require
multiple frequencies with model fitting [10,11].  In this article, we
demonstrate that BITS reliably and rapidly tracks dynamic changes
in the anode temperature of a 53-Ah cell under charge and dis-
charge across various environment temperatures. As a measure of
accuracy, temperature at the anode derived from BITS is compared

against the temperature change predicted by: (i) entropy data
for carbon anode from the literature; and (ii) impedance exerted
by the anode against the flow of the current during change and
discharge.

dx.doi.org/10.1016/j.jpowsour.2011.09.077
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Rengaswamy.srinivasan@jhuapl.edu
mailto:srinir@comcast.net
mailto:srinir1@jhuapl.edu
dx.doi.org/10.1016/j.jpowsour.2011.09.077
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Nomenclature

BITS battery internal temperature sensor
C capacity of a cell in units of Ah
i current; sign is negative for discharge
Ra resistive impedance of the anode in a rechargeable

Li-ion cell; it is a temperature-dependent parameter
i2Ra resistive heating in units of Watt (W)
SoC state of charge
SEI solid electrolyte interphase
T temperature (K or ◦C)
Tanode temperature of the anode
Tenv temperature surrounding the outer surface of the

cell, typically the temperature of the environmental
chamber

Tsurf temperature at the outer surface of the cell mea-
sured by a K-type thermocouple mounted on the
middle of the broad side of the outer metal casing
of the cell

Greek letters
�  phase shift between an applied sinusoidal current

and the resulting voltage
�S  change in entropy
�S′ change in entropy due to a specific amount of mole

equivalent of Li+

� time (s)
� ′ a specific amount of time associated with discharge
T�S energy associated with change in entropy

(J mol−1 K−1)
T�S′ T�S for a specific number of moles (J K−1)
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Fig. 1. Variation of phase shift, �, with the environmental temperature of a 53-Ah
GS  Yuasa LSE50-002 Li-ion rechargeable cell. The solid lines are fitted curves (expo-
T�S′/� ′ average power released by T�S′ over � ′ (W)

. Methods

Impedance technique that is often referred to as electrochemical
mpedance spectroscopy or EIS was used to characterize a lithium-
on (Li-ion) rechargeable cell. We  implemented the impedance
echnique in two different ways: (i) for Tanode measurements (BITS),
e used a 40 Hz sinusoidal current signal and recorded only the
hase shift; and (ii) for estimating the anode impedance, we used
inusoidal current signals at multiple frequencies, generally in the
0–1000 Hz range, and recorded the real and imaginary compo-
ents. More details about the impedance approach is described
elow.

.1. BITS-based phase measurement

The BITS technique uses the phase shift component of the cell
mpedance at 40 Hz as a measure of temperature at the anode.
revious work has shown that impedance due to the SEI layer is
lmost fully dependent upon the temperature of the cell [10–12],
nd virtually independent of the state-of-charge (SoC) of the cell.
t frequencies greater than 30 Hz, impedance of the SEI layer is
pproximately equal to measured impedance of the cell, because
node impedance dominates cell impedance in this domain.

We previously demonstrated BITS in three different cell models
2.3 Ah, 4.4 Ah and 53 Ah), showing that phase shift at any frequency
n the 40–100 Hz range produces a reasonable estimate of Tanode [8].
his eliminates the need for multiple frequency measurements in

emperature monitoring suggested by other techniques [10–12].
ur previous work also demonstrated that phase shift is indepen-
ent of SoC when SoC is within 5–95% of maximum charge [8].
nential decay) to the � versus temperature data. The fitting showing two separate
exponential behavior was used as “calibration” to infer internal temperature (Tanode)
by  monitoring � online during charge and discharge of the cell.

To apply BITS to the cell used in this study, we first measured the
relationship between 40 Hz phase shift and Tanode while keeping
the cell at 50% SoC and open circuited. The −� versus tempera-
ture data are shown in Fig. 1; the break around 30 ◦C is associated
with the thickening of the SEI layer due to the chemical reaction
between the carbon anode and electrolyte [8].  Subsequently, we
measured 40 Hz phase shift continuously during charge and dis-
charge. Instantaneous estimates of Tanode were generated by using
Fig. 1 as a look-up table. The accuracy of this approach relied on the
invariance of phase shift to SoC, as previously demonstrated [8].

The BITS-based phase shift measurements were made on a
53-Ah GS Yuasa LSE50-002 cell under the dynamic condition of
charge and discharge at different environmental temperatures in
the 0–45 ◦C range. During the measurements, the cell was  housed
inside a Thermotron Model S-1.2 chamber to maintain the tem-
perature of the environment around the cell. Arbin Instruments
Model BT2000 was  used for charging and discharging the cell, and
to monitor the cell’s surface temperature through a K-type thermo-
couple mounted on the middle of the broad side of the outer metal
casing of the cell. Solartron Electrochemical Interface (potentio-
stat/galvanostat) Model SI 1287, and Frequency Response Analyzer
Model SI 1250 were used for measuring the phase shift.

2.2. Anode impedance measurement

The impedance of the cell was measured under static condi-
tion (cell not under charge or discharge) at different temperatures
in the −10 ◦C to 50 ◦C range, and at different states-of-charge at
each temperature in the 5–95% range. The frequency range for the
impedance measurement was 0.8–1000 Hz, sampled at 20 frequen-
cies per decade, and the amplitude of the perturbation current was
200-mA rms. The impedance data were used to compute the resis-
tive impedance of the anode at various temperatures within the
−10 ◦C to 50 ◦C range.

2.3. Specifications for the Li-ion cell
The 53-Ah GS Yuasa LSE50-002 cell is a prismatic, 1.5-kg
model containing graphite anodes and LiCoO2 cathodes packed
as a layered Swiss-jelly roll. The cell contains an equivalent of
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ig. 2. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behavio
efore  charge and discharge, the cell was at rest for 18 h, allowing its internal temp
–7,  the dotted green line represents the Tenv . (For interpretation of the references 

5 g (2.16 mol) of lithium; in a fully charged state, roughly 50%
1.08 mol) of lithium is assumed to be present in the carbon
node. The cell had been previously used under widely vary-
ng temperature and load conditions, charged and discharged
full depth) for about forty cycles including one instance of a
igh-rate discharge at 1600-A from full charge to complete dis-
harge. If discharged at C/2-rate or less at room temperature
23 ◦C), the cell yielded 50-Ah and 196-Wh capacities; the C in
/2 refers to the capacity of the cell in units of ampere-hour
Ah).

.4. Dynamic temperature monitoring

Tanode was monitored (through the BITS-based � measurement)
nder three sets of dynamic conditions. The term “dynamic” refers
o the cell being under continuous charge or discharge during the
anode measurements.

In Set 1, the cell was in a 23 ◦C environment (Tenv = 23 ◦C) and was
harged or discharged at C/5 rate (10-A rate) in constant current
ode. The following precaution was taken to ensure that at the

eginning of the dynamic measurement of Tanode, the cell’s internal
emperature was in equilibrium with Tenv: a fully discharged cell
as first charged to 5% SoC, allowed to rest for 18 h with no charge

r discharge current flow. After the 18 h at rest, while monitoring
anode, the cell was charged to 90% of its capacity. Similarly, a fully
harged cell was discharged first to 95% SoC, left to equilibrate with
env for 18 h, and then while monitoring Tanode, discharged to 5%
oC. The 18 h at rest Tenv was assumed to bring the cell’s internal
emperature to be the same as Tenv.

Set 2 measurements were almost similar to the Set 1, except
he cell was first discharged at 5-A rate to full depth-of-discharge,
nd immediately recharged at 10-A rate, all under constant cur-
ent mode; unlike in Set 1, the cell was not allowed a rest period
ith zero current flow. In the absence of rest after discharge and

harging, the cell’s internal temperature would not have fully equi-
ibrated with the Tenv, representing the most common battery
harging procedure.

In Set 3, the cell was discharged at rates that were typically >C/5,
nd at four different Tenv: 0, 23, 38 and 45 ◦C. Before discharge at
ach Tenv, the cell was always charged at C/5 rate at 23 ◦C to 90% of its
apacity, rested for 18 h, followed by discharge using a current pro-
le sequence of −5 A for 2 h; −25 A for 0.4 h; −45 A for 0.22 h; −10 A

or 1 h; and −5 A for the remainder of duration until the cell was

ischarged to 5% SoC. In this profile, each of the first four steps (−5,
25, −45 and −10-A) constituted an equivalent of 10-Ah capacity
f the cell. The profile-based discharges were repeated at 0, 23, 38
nd 45 ◦C.
e GS Yuasa cell in a 23 ◦C environment under: (A) C/5 charge; and (B) C/5 discharge.
e to equilibrate with the temperature of the environment, Tenv . In this, and in Figs.
r in this figure legend, the reader is referred to the web version of the article.)

3.  Results and discussion

The results from the dynamic monitoring of the anode tempera-
ture, Tanode in the 53-Ah cell under charge and discharge at various
temperatures are presented next. The data below demonstrate that
BITS, which is a single-frequency phase shift technique to monitor
Tanode, originally developed for cells in open loop [8,9] is applicable
to cells during charge and discharge. The Tanode data obtained under
dynamic conditions viewed in conjunction with the anode’s resis-
tive impedance data shed light on the entropy-related behavior of
anode.

3.1. Set 1, charging and discharging in a 23 ◦C environment after
equilibration with Tenv

The phase shift, � values were converted into Tanode using the
data in Fig. 1 as the look-up table; the results, along with the respec-
tive Tsurf and Tenv versus time are shown in Fig. 2A and B. The green
dot-dash line in the figures represents the temperature of the cell’s
surroundings, Tenv, i.e., the temperature of the space inside the envi-
ronmental chamber. The Tanode and Tsurf, are represented by the blue
and red dots, respectively.

During charging, the Tsurf was  always lower than the Tenv (23 ◦C).
During the early part of the discharge, the Tsurf dropped by about
1.5 ◦C below Tenv, the lowest point over the entire time of charge. On
the other hand, the Tanode that registered initially a similar decrease,
started increasing when the cell reached 57% SoC; the increasing
trend of the Tanode continued until the SoC reached 90%. The ini-
tial drop in the surface temperature is consistent with the earlier
observations by other research groups; however, the persistence
of the Tsurf remaining below the Tenv is inconsistent with the ear-
lier reports. The inconsistency appears to be caused by the initial
thermal state of the cell, namely, forcing the cell’s internal tem-
perature to settle at Tenv through the 18-h equilibration process.
(Charging the cell immediately after it is discharged, without allow-
ing its internal temperature to equilibrate with Tenv, does generate
Tsurf values that are consistent with the earlier report, and will be
discussed in Section 3.2; Fig. 3.)

The drop in the Tsurf during the charging is generally attributed
to a net positive change in entropy (+�S)  within the cell, due to the
removal of Li+ ions from the cathode. However, on the anode side,
during charging, the change in the entropy is known to be nega-
tive (−�S), and it should cause the anode temperature to increase.

In Fig. 2A, the Tanode indeed shows a marked increase, especially
when SoC ≥57%. Note that the sudden jump in Tanode, when the SoC
reaches 57%, matches with the transition of the anode from Stage
II (anode composition: LiC12) to Stage I (anode composition: LiC6)
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Fig. 3. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behav-
ior  of the GS Yuasa cell in a 23 ◦C environment under C/5 charge. Unlike the condition
in  Fig. 2A, the cell was  not rested before charging; a discharge happened immedi-
ately prior to the charging. The discharging and charging currents are shown in solid
black line, referenced to the Y-axis scale on the right. (For interpretation of the ref-
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13]. Incidentally, the transition from Stage II to Stage I (LiC12 to
iC6) is associated with a step change in the entropy of the anode,
hich is also reported in earlier works [14,15].

In addition, the signs of the slopes of the Tsurf versus time and
he Tanode versus time curves provide clues to the dominance of the
athode over the anode in its contribution to the thermal behav-
or of the cell. Previous thermodynamic models and tests on anode
nd cathode half cells have shown that the magnitude of �S for the
athode is larger than that of the anode [5].  Therefore one would
xpect the cell temperature to be influenced by the heat changes in
he cathode more than the heat changes in the anode. Thus, while
harging at C/5 rate, the large positive change in the �S  of the cath-
de should cool the cell more than the relatively smaller negative
hange in the �S  of the anode that heats the cell. The observed trend
n the Tsurf shown in Fig. 2A indicating cooling of the cell, while the
node is heating up, provides an indirect evidence to the dominance
f entropy change in the cathode over that of the anode. Conversely,
lthough the Tsurf is influenced by the cooling of the cathode and
egisters a temperature that is a few degrees below the 23 ◦C envi-
onment, the data in Fig. 2A showing Tanode > Tsurf is consistent with
he exothermic thermodynamic process, namely negative change
n �S.

Next, during the discharge of a thermally equilibrated cell from
0% to 5% SoC, the Tsurf showed an increase from the beginning,
lways remaining above the Tenv (Fig. 2B). Unlike during charging,
he difference in the temperature between the Tsurf and Tanode was
ittle (Tanode ≈ Tsurf). Furthermore, during discharging, when the SoC
eached 57%, there was a step-increase in Tanode, similar to the step-
ncrease in Tanode during charging (Fig. 2A); only during discharging,
he step-increase was also observed in the Tsurf. It appears that
he Stage I–Stage II transition causes a step-change in the anode
emperature in the 23 ◦C environment, independent of the direc-
ion of the current flow. The increase in Tanode with discharge is
ounter to what the enthalpy model predicts: during discharge, the
node experiences a positive change in �S, therefore Tanode should
ecrease with discharge time.

While the enthalpy model (describing positive change in �S

uring discharge) may  be correct, the data in Fig. 2A indicates
he possibility of additional processes contributing to the state
f Tanode. One such process is the resistive heating (i2Ra) effected
urces 198 (2012) 351– 358

by the magnitude of the current (i) and the impedance of the
anode (Ra); typically, Ra decreases with increase in temperature. At
Tenv = 23 ◦C (and at 0 ◦C, described in Section 3.3.1), the observation
that Tanode > Tenv may  be explained on the basis of the domination
of i2Ra-induced over the T�S-related cooling. On the other hand,
the observation that Tanode < Tenv when Tenv = 38 or 45 ◦C (discussed
in Section 3.3.2), may  be explained if the entropy-induced cooling
dominates over the i2Ra. The competing aspects of T�S and i2Ra at
different Tenv are discussed more quantitatively in Section 4.

3.2. Set 2, charging at 23 ◦C continuously after discharging

Fig. 3 shows the Tenv, Tsurf and Tanode data during the continuous
charging after a discharge; the black line in the graph represents the
discharge and charge currents (Y-axis on the right). The duration
of the discharge portion shown in the figure is fairly short; nev-
ertheless sufficient to elucidate the effect of the charging without
resting. During charging, between 5% and 57% SoC, Tsurf was slightly
lower than the Tenv. At the 57% SoC mark, the Tsurf raised above Tenv

briefly, and stayed around Tenv for the rest of the charging period.
The initial drop in the Tsurf, and the small increase around 57%
SoC are consistent with the earlier observations by other research
groups; however, the behavior is different from the data in Section
3.1, Fig. 2A. The Tanode, on the other hand, showed a continuous
increase from the start of the charging, including the characteris-
tic step-change in slope at 57% SoC, matching with the transition
of the anode from Stage II (anode composition: LiC12) to Stage I
(anode composition: LiC6). At all points along the line of charg-
ing, the Tanode remained constantly higher than the previous case
(Fig. 2A), where the cell temperature was  allowed to equilibrate
with Tenv. Throughout the course of charging, the higher tempera-
ture observed in Fig. 3 data as compared to those in Fig. 2A appears
to have been caused by the residual heat that was present in the
cell after the previous discharge, that was not allowed to dissipate
before the recharge.

3.3. Set 3, high-rate discharge in 0, 23, 38 and 45 ◦C Tenv

This set involves discharging the cell typically at rates >C/5 using
a discharge profile: (−5 A (C/10) first 2 h; −25 A (C/2) for 24 min;
−45 A (C/1.11) for 13 min; −10 A (C/5) for 1 h; and −5 A (C/10) until
SoC reached 5%. The Tanode data obtained during the discharge at
the four different temperatures (0, 23, 38 and 45 ◦C), along with
the resistive impedance of the anode measured using impedance
technique help explain further the entropy behavior of the anode.

3.3.1. Discharging using the multistep current profile in 0 ◦C and
23 ◦C Tenv

The measured temperatures during the discharge in a 23 ◦C
environment are shown in Fig. 4; in this figure, the color codes
associated with the measured parameters are the same as in Fig. 3.
For most of the discharge, the step changes in Tsurf tracked well with
the step changes in the discharge current: registering an increase
of 0.25 ◦C during the C/10, 2 h discharge; about 1 ◦C during the C/2,
24-min discharge; about 3 ◦C during the C/1.11, 13-min discharge;
about 1 ◦C during the C/5, 1-h discharge; and close to 23 ◦C during
the C/10, final step of the discharge. The Tanode tracked the Tsurf for
most part of the discharge; at the highest rate of discharge (C/1.11),
Tanode was higher than Tsurf by up to 3 ◦C.

Fig. 5 shows the temperature versus time data during discharge
at 0 ◦C. For most part, the Tanode and Tsurf behavior in the 0 ◦C
environment was similar to the behavior in the 23 ◦C environ-
step changes in the discharge current were higher for both Tanode
and Tsurf. Thus, in the 0 and 23 ◦C environment, the impact of
discharge-induced positive change in �S  in the anode, cooling and
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Fig. 4. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behav-
ior  of the cell in a 23 ◦C environment under discharge using a current profile as
indicated by the solid black line and the Y-axis on the right. (For interpretation of
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Fig. 6. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behav-
ior  of the cell in a 38 ◦C environment under discharge using a current profile as

the amplitude of the current. In Li-ion cells, Ra is an experimen-
he  references to color in this figure legend, the reader is referred to the web  version
f  the article.)

ecreasing its temperature, was not found in the measured values
f Tanode.

.3.2. Discharging using the multistep current profile 38 ◦C and
5 ◦C Tenv

Figs. 6 and 7 show the temperature versus time data during dis-
harge in a 38 ◦C and 45 ◦C environment, respectively. The Tanode
ehavior is quite unlike that of the behavior at 0 and 23 ◦C. Although
surf raised several degrees above the 38 ◦C (and 45 ◦C) environ-
ent, Tanode registered very little increase over the first hour of the

/5-rate discharge, and started dropping below the temperature of
he environment after the first 1.5 h, when the SoC started falling
elow 70%. Except for small relative increases (<1 ◦C) during the
/2 and C/1.1 discharge steps, the slope of the Tanode versus time

as always negative. If positive changes in �S during discharge is

ndeed capable of cooling the anode, it is clearly seen in the 38 ◦C
nd 45 ◦C environments.
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ig. 5. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behav-
or  of the cell in a 0 ◦C environment under discharge using a current profile as
ndicated by the solid black line and the Y-axis on the right. (For interpretation
f the references to color in this figure legend, the reader is referred to the web
ersion of the article.)
indicated by the solid black line and the Y-axis on the right. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  the article.)

The observed contrasting behavior of the anode during dis-
charge: cooling when the cell is in the high-temperature (38 and
45 ◦C) environments, and heating when the cell is in the low-
temperature (0 and 23 ◦C) environments, is indeed striking. The
contrasting behavior is caused by the two competing phenomenon
that contribute to the temperature of the anode under discharge:
they are the entropy and resistive heating; more details are pro-
vided next in Section 4.

4. Resistive heating versus entropy for the carbon anode

The resistive impedance, Ra associated with the flow of lithium
ions through the anode and the anode/electrolyte interface can gen-
erate heat during charging and discharging due to i2Ra, where i is
tally measurable quantity, and is found to be dependent upon the
temperature of the environment that the cell is in [8,10–12]. The
dependence of Ra on Tenv for the cell used in our tests (53-Ah GS
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Fig. 7. Anode temperature, Tanode (blue), and surface temperature, Tsurf (red) behav-
ior  of the cell in a 45 ◦C environment under discharge using a current profile as
indicated by the solid black line and the Y-axis on the right. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  the article.)
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Fig. 8. Variation of the resistive impedance, Ra with the environmental tempera-
ture  of the GS Yuasa cell. The red dots indicate experimental data obtained from
impedance measurements. The solid line is a fit (exponential decay) to the exper-
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Fig. 9. Heating or cooling of the anode effected by entropy (T�S′/� ′) and resistive
heating (i2Ra) for the cell operating at different Tenv: (A) the heat generated by i2Ra ,
mental data. The inset shows the activation energy associated with Ra , estimated
sing Arrhenius equation, to be 0.54 eV. (For interpretation of the references to color

n  this figure legend, the reader is referred to the web  version of the article.)

uasa) is shown in Fig. 8; the activation associated with Ra, esti-
ated using Arrhenius equation, is indicated in the inset in the

gure, and it is comparable to values reported earlier by us [8] and
thers [10]. At each temperature, the Ra and the error bars in the
gure represent the average of measurements at nine different SoC
alues in the 10–90% range. Over the 0–45 ◦C range, the Ra dropped
ubstantially, from 3.1-m� to 0.145-m�;  the Ra vs. temperature
ata fitted to a single exponential decay, with a correlation coeffi-
ient of 0.943. The fitted data was used to interpolate Ra value at
ny temperature within the 0–45 ◦C range. Next, the i2Ra values for
ifferent values of the discharge currents (5, 10, 25 and 45 A) were
omputed, and the results shown in Fig. 9A. Note that if i2Ra were
he only source of heat in an anode subject to discharge, then the
node would always register a higher temperature than that of the
ell’s environment, Tenv. However, the data in Figs. 4 and 5 show
hat Tanode > Tenv only in the 0 and 23 ◦C environments and at dis-
harge rates >C/10. In the 38 and 45 ◦C environments (Figs. 5 and 7),
anode < Tenv virtually at all discharge rates, suggesting the domi-
ance of yet another phenomenon, the positive change in �S  in
he anode that caused the anode to cool.

Entropy change, �S  in the carbon anode is positive during dis-
harge of Li-ion cells. The magnitude of �S  is dependent on the
ithium/carbon ratio, and the type of carbon used in preparing the
node [5,14,15,17]. For the purpose of comparing the �S-induced
ndothermic cooling with the exothermic resistive heating, we
ssume a �S  of 8 J mol−1 K−1. The equivalent lithium content in
he 53-Ah cell is 15 g or 2.16 mol; assuming a 1.08 mol  equivalence
f lithium in a fully charged anode, the �S  during full discharge
53-Ah) is 8 J mol−1 K−1 × 1.08 mol  = 8.64 J K−1. In the multistep dis-
harge profile described in Section 3.3,  the duration, � ′, for the
arious discharge currents are 7200 s, 1440 s, 780 s and 3600 s,
espectively for the −5-A, −25-A, −45-A and −10-A currents;
ithin each step, the discharge capacity is 10-Ah that is equiva-

ent to 18.9% of the full capacity, 53-Ah. In other words, for the
8.9% of 1.08 mol  of the lithiated carbon, the associated change in

′ −1
ntropy, �S = 1.633 J K . The energy associated per second with
he endothermic cooling is T�S′/� ′ in units of Watt (W). Thus, at
73 K, a 10-Ah discharge at −45 A rate would cause an endothermic
ooling at the rate of −0.572 W;  and only −0.062 W for the 10-Ah
computed using the fitted data in Fig. 8 for i = 5, 10, 25 and 45 A. Also shown is the
T�S′/� ′ dependence on Tenv for �S′ = 1.633 J K−1 and � ′ = 7200 s, 3600 s, 1440 s and
780 s; and (B) the effect of Tenv on the net (i2Ra + T�S′/� ′) for the various currents.

discharge at −5 A rate. At 318 K and 10-Ah discharge, the rate of
cooling would be −0.666 W at the −45 A rate and −0.072 W at the
−5 A rate. Fig. 9A also shows entropy-associated cooling (T�S′/� ′)
by discharging the cell to an equivalent of 10-Ah capacity at the
rates of −45 A in 780 s, −25 A in 1440 s, −10 A in 3600 s and −5 A in
7200 s. Clearly, higher rates of discharge causes the more endother-
mic  cooling. Next, we will examine the combined effect of T�S′/� ′

and i2Ra.
If �S′ was  entirely responsible for determining the tempera-

ture of the anode, then during discharge, the anode temperature
would always register a lower value than the temperature of the
environment. However, when the resistive heating due to i2Ra is
taken into account, the net effect of (i2Ra + T�S′/� ′) would influ-
ence the (Tanode − Tenv) to transition from positive to negative; the
transition temperature would depend upon T and � ′. The results
of (i2Ra + T�S′/� ′) shown in Fig. 9B indicate that: (i) while pulse
discharging equivalent amounts of capacity (10-Ah) from a cell,

the pulse with the most current in shortest time (45-A in 13 min)
will influence the temperature of the cell most; and (ii) during low
current discharge (rate <C/5) of the 53-Ah cell, the endothermic
cooling due to T�S′/� ′ dominates over i2Ra almost at all Tenv. The
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Fig. 10. Heating or cooling of the anode effected by entropy (i2Ra + T�S′/� ′) at different Tenv (0, 23, 38 and 45 ◦C) are shown in black. �S′ corresponds to the discharge of
10-Ah  capacity within a period of � ′ that is 7200-s, 1440-s, 780-s and 3600-s, respectively at −5-A, −25-A, −45-A and −10-A discharge rates. The individual contributions of
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2Ra and T�S′/� ′ are represented by the red and olive green lines, respectively. (For 

eb  version of the article.)

alculated data in Fig. 9B is consistent with the experimental data
n Figs. 2 and 4–7,  where Tanode was always <Tenv only at low dis-
harge rate (−5 A); and at high discharge rate (−45 A), Tanode was
lways <Tenv only at high Tenv (>30 ◦C).

The net effect of the resistive heating and entropy-induced cool-
ng, i.e. (i2Ra + T�S′/� ′), viewed from the perspective of a pulse
ischarge similar to those in Figs. 4–7,  is presented in Fig. 10.  The
gure represents entropy-induced cooling rate (T�S′/� ′) (in blue
otted line) for each 10-Ah segment of the discharge current profile

n Figs. 4–7,  the respective i2Ra-induced heating (in red dotted line),
nd the net effect of (i2Ra + T�S′/� ′) (in black) at 0, 23, 38 and 45 ◦C.
he net effect (i2Ra + T�S′/� ′) generates heating at all discharge
ates only when Tenv = 0 ◦C; at 38 and 45 ◦C, the net effect cools the
node, and in the intermediate 23 ◦C, the heating is pronounced
hen the discharge rate is at its highest (45-A). The resemblance of

he power associated with (i2Ra + T�S′/� ′) at the different Tenv and
he observed temperatures of the anode (Figs. 4–7)  is quite striking.

The results of the thermodynamic model and its predictions in
igs. 9 and 10 are qualitatively in agreement with the experimental
esults in Figs. 4–7.  Obviously, the exact Tenv at which Tanode would
ransition from being relatively hot to cold in relationship to its
nvironment depends upon the �S; the magnitude of �S  depends
pon the amount of lithium ion in the carbon anode as well as the

ype of carbon used in preparing the anode. A quantitative expla-
ation will require an accurate estimate of �S  of the anode of the
3-Ah GS Yuasa cell at different SoC, which is beyond the scope of
he present work.
retation of the references to color in this figure legend, the reader is referred to the

5.  Conclusion

During discharge of a 53-Ah rechargeable Li-ion cell at >C/5
rates, the carbon anode heats up when the cell is operating at or
below the normal room temperature, namely, 23 ◦C. When dis-
charging at similar rates in an environment well above the normal
room temperature such as 38 ◦C (100 F) or more, the anode cools
down. During discharge, the anode is subject to both cooling and
heating; the former by the positive changes in its entropy (�S),
and the latter due to the resistive heating, i2Ra associated with the
flow of current, i across the impedance of the anode, Ra. Removal of
lithium ions from the graphite during discharge [13], decreases the
entropy of the graphite, leading to endothermic cooling [14,16,17].
The endothermic energy, T�S associated with entropy increases
with T, therefore the anode cools more with increasing temperature
of the environment, Tenv. During pulse discharge, the magnitude
of the pulse current (A) and its duration (� ′) determines the total
entropy change (�S′) and the rate of endothermic cooling (T�S′/� ′)
associated with the pulse.

The resistive heating, sometimes called the Joule heating, is
associated with flow of an electric charge (current) through a resis-
tance. Current flow through the anode during charge and discharge
results in the addition or removal of the Li+ through the SEI layer

and the graphite lattice that offer the resistance, Ra. Since Ra is
dependent on temperature [8–11], and decreases with increase in
temperature, the i2Ra has the opposite effect of the T�S′/� ′ dur-
ing discharge: the energy associated with i2Ra is smaller at higher
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emperature and low rates of discharge. In practice, the endother-
ic  cooling due to T�S′/� ′ exceeds the resistive heating due to i2Ra

hen the cell is discharging at high rates (≥C/2) in environments
uch higher than the room temperature; at or below the room

emperature, T�S′/� ′ is too small to compensate for i2Ra, allowing
he anode to heat up.

Traditionally, it has been possible to measure the heat associated
ith the lithiation and de-lithiation processes in of carbon anodes

equivalent to charging and discharging of a Li-ion cell), only using
arbon half-cells and calorimeters [14,16]; techniques involving
emperature sensors inserted inside the cell provides an average
alue of the anode/separator, electrolyte/cathode ensemble [18].

 new electrical four-probe technique recently developed by us
8,9], has enabled to measure the temperature of the anode, Tanode
n a Li-ion cell under charge or discharge. The technique known as
attery Internal Temperature Sensor (BITS), is based on the mea-
urement of phase shift (�) between the current and voltage of a
ow-amplitude 40-Hz sinusoidal signal applied across the positive
nd negative terminals of the cell. The technique is useful in mon-
toring the Tanode on-line, while the cell is subject to charge and
ischarge.

BITS also helped to identify that charging a cell at manufacturer-
ecommended rates of C/5 in a 23 ◦C environment heats up the
node, even though the cell as a whole experiences cooling as evi-
enced by the temperature recorded at the cell’s external surface
Tsurf) [19]. Decrease in Tsurf, and increase in Tanode during charging
re both consistent with the prediction made by earlier thermody-
amic models of and measured entropy changes in carbon anodes
nd Li-ion cells [5,14–17,19]. The extent of decrease in Tsurf, and
ncrease in Tanode are, however, dependent on if the charging hap-
ened immediately after discharging, or the cell was allowed to
quilibrate with the environment prior to charging.
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