Accelerating Rate Calorimeter - ARC
Technical Information Note 067

The Thermodynamics of Battery Safety

Introduction

Accelerating rate calorimetry is well suited to
studying both the thermokinetics and
thermodynamics of chemically reactive
exothermic systems. Originally developed as a
tool to aid the chemical and allied industries, the
technique has gained considerable popularity
within the battery manufacturing community.

The THT Accelerating Rate Calorimeter has a
number of options available, designed to study
batteries during cycling (KSU) and abuse (BSU).
The Gibbs free energy (AG) of a system may be
determined and used as an indicator of hazard
potential. Further more, changes in AG based on
calorimetric and electrometric data may be used
to study the effects of cycling on battery
efficiency.

Battery Development

Energy density improvements have always been
central to lithium and lithium ion battery
development. In addition to this, increases in total
capacity for applications such as electric vehicles
(up to 30kWh) create a further cause for concern.

These issues, along with the hazardous nature of
lithium itself have generated considerable
concern amongst Li-ion battery manufacturers. In
particular, safety awareness rises following the
aftermath of a fire and/or explosion incident. Such
incidents may typically occur during battery
storage or transportation, and occasionally during
use where exceptional circumstances (ie.
conditions exceeding design) have prevailed. A
greater uncertainty also exists when dealing with

secondary battery types, since the effects of
cycling must also be considered.

It has therefore become necessary to attempt to
guantify the potential hazards that exist when
handling and using Li-ion batteries. A means of
assessing the thermal stability of a Li-ion battery
with use and /or prolonged storage must be
defined, such that a safe battery life (SBL) may be
guantified.

The approach that is adopted in this paper, will
address this point by considering the
thermodynamics and electrodynamics of

a battery, and drawing a comparison between
these. A means of establishing whether or not a
battery has exceeded its safe useful life may
hence be defined.

The Accelerating Rate Calorimeter (ARC) provides
an adiabatic environment in which a sample may
be studied under conditions of negligible heat
loss. The calorimeter configuration is such that the
sample is suspended within an enclosed
environment (a heavy duty cylinder with base and
lid) whose temperature is controlled extremely
precisely. Thus adiabaticity is achieved by tracking
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(ie. matching) the temperature of the test sample
closely (usually to within less than 0.012C) when
operating within the ARC’s dynamic range. It may
further be used in an isothermal mode of
operation, with tracking becoming a variable
factor that may be set .

Tests conducted in the ARC provide temperature,
temperature rate and pressure data as functions
of time. This information may be used to study
both the thermodynamics and thermokinetics of
a process. In our case it is the thermodynamics
that will be considered.

If we consider the work done in a reversible
electrical environment, the electrical Gibbs free
energy may be equated to:

AG,=—zFE

...where F is the Faraday constant, z is electron
moles and E is the potential difference.

Considering changes in potential difference AE
resulting from charge / discharge operations:

AG; =AGy —zF AE

AG;

...is the standard electrical Gibbs free energy with
reference to zero potential.

In reality the reversibility of the electrical work
does not hold, and it is necessary to incorporate
the effects of battery self heating which results in
energy losses. These energy losses are seen as
heat.

The thermal effects resulting from power

generated due to the internal resistance of a
battery may be quantified by considering:

AG, =AGY—zF(V -1Ir)

....where V is the voltage across the battery and |
the current.

Now since the transferred charge is:
0= jf dt=:F
....this may be restated as
AG, =AGY + [V Idt—r [I*di

This allows the AGE to be determined from
electrodynamic data.
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Calorimetric techniques such as those available
with the ARC® are useful tools in studying the
overall thermal performance of chemical
reactions.

The technique therefore lends itself to studying
the overall nature of an energy change in a
battery if both electrokinetic and thermokinetic
parameters are studied concurrently. During such
a study there are two main sources of thermal
energy, the first being due to the electrochemical
reactions which proceed during the charging and/
or discharging processes, and the second being
the heat due to a battery’s internal resistance.

This heat may expressed as:

1
AH, = [v2ar

for a fixed internal resistance. Any internal
resistance changes have to be considered over a
prolonged battery usage programme. The effect is
not significant over a small number of cycles (< 10
say), and so in this instance it can be considered

a constant.

If the experimental heat generated during a
charge and/or discharge cycle is considered, the
standard overall heat determined adiabatically

0
.ﬁHC may be equated to..

AHY =my Cpp AT, —m, CPO(ATO +AT)

In the case of isothermal conditions prevailing in
the immediate environment the response differs

such that:
AHQ =U 4 [T, dt+m C, AT,

where Te is the temperature difference with
reference to the environment.

Apart from the possibility of mass loss resulting
from minor gas release during charge and/or
discharge, the battery mass may be considered
constant such that m0 = mF.

From the Van’t Hoff equations we have:
_ 0 0
AG, =AGS —AHX T AT,

Both electrical and thermal standard Gibbs free
energies may be considered constant and
represent the ideal transition from the

zero potential state to the standard state by
definition.
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AGy = AG)

so that restating the Van’t Hoff relationship:

AG. =AGy —AHL T AT,

Simplifying the above for the adiabatic case, whilst
removing the internal resistance effects on the
calorimetric Gibbs free energy gives rise to the
Gibbs free energy for the isolated electrochemical
reaction:

AGy = AGY +m T, AT [Cpy(AT, + AT )= Cyp AT, |- [ di

...with TO the cycle start temperature. Similarly for
the isothermal case at temperature To:

AGy = AGS +mT, AT, \U 4 [Ty di+ Co AT, |~ r [I* dt

As a battery ages with prolonged storage and
repeated cycling, one may consider the available
free energy function with respect to both
electrical energy and thermal energy as indicators
of change in preferred chemical pathways.

A direct comparison between the free energies
attributed to a battery’s electrodynamics and
thermodynamics may be defined as a form

of Gibbs free energy characterisation.

The term free electrothermal energy

characterisation (€ET) is suggested, where for the
charging process:

AG
€57, =100 AGj

...and for the discharge:

AG,

e | =100x——TF
b AG; + AG,

This value may be perceived as an indicator of
electrochemical deterioration within a cell and as
a comparator with which different battery
chemistries and types may be categorised.

The free electrothermal energy characterisation
may be determined thus:

c ‘ — AGg"’fE(V-I]
EC T AGY w2, (7. 1)+ fom.T)

..when charging, and:

B AGY + £, (V.1)
C2AGY +3£, (7. 1)+ fo(m.T)

ez,

....when discharging, where:

fE[V.I)=HVId?fr [22 dr‘
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AGy=zFV°

When considering the adiabatic case, the thermal
aspect of the relationship may be expressed as:

(m,T)=mT, AT [C»y (AT, + AT )= Cop AT: |—r |I? dt
Sal 0 pol\Bdg prlp

..whilst in the isothermal case:
Ffolm.T)=mT, AT, {UA_S ITE dt+ Cp AT{]}— r jfz dr

There is a need for identifying an overall
performance factor for batteries which
incorporates both the compactness of the cell
as well as its thermal performance.

This latter point considers both the safety related
properties of a battery as well as incorporating to
a degree the overheads that will inevitably have
to be addressed when considering the heat
management of a battery (or battery pack). In the
cases of charging and discharging, the battery
performance factor (B) is given thus:

,8- _ Q AS

Epr M

...where i is the total cycle count, Q is the charge
capacity of the battery (Ah), AS is the surface area
of the cell with mass m, taking into account the
characterisation and heat dissipation potential of
the design. Bi is determined as a function of i for a
given cycling rate, C/n.

Subsequently a surface may be defined for a cell,
such that:

ﬁf,ﬂ = f(lBr'"”)

For instance using Bi,r it is possible to compare a
large 50 Ah cell with a 500 mAh cell. The cells may
have either identical or dissimilar chemistries,
may be prismatic or can type, jelly-roll, have a
complex arrangement, etc.

It should be noted that a number of battery
related criteria are omitted from the performance
function Bi,r. Such data is related to data obtained
from the more traditional battery safety tests
which stress a battery beyond its normal
operation limits.

Such abusive tests are adiabatic ARC tests, hot
plate tests, overcharging tests, crushing tests,
piercing tests, etc. The battery performance
function is therefore devised to relate batteries
under non-abusive conditions, and in so doing
does not conflict with data obtained from such
experiments.

Finally an overall Gibbs free energy efficiency
(nET) may be defined, based on the ratio between
the battery performance factors with regards to
the charging and discharging processes.

EET|C

n, =100x

gET|D

Once again an efficiency surface may be
determined for different cycling rates, ie. C/n,
such that:

;i n :¢(UE*J}]
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The ARC

The ARC is one of the most sensitive adiabatic
calorimetric techniques currently available. With
sensitivities of up to 0.005°C/min (typically
equivalent to between 10uW/g and 15uW/g) and
the ability to track to rates of up to 15°C/min, it
provides a very dynamic platform for testing any
sample capable of heat generation (ie.
exothermic).

The ARC consists of a robust calorimeter assembly
designed to contain test-cell ruptures at high
temperatures and pressures.

This sits within a blast-enclosure which can contain
the equivalent of a 100g of TNT detonation, and is
safety interlocked during use to deny user access.

Control is achieved via the dedicated electronics
units (LSU, HSU and PSU) which sit within

the electronics rack along with any auxiliary
options.

A user-friendly PC interface provides easy access
to test setup, data logging and display as well as
real time editing of test parameters during a run.
The ARCCal+ analysis package provides the
platform for data analysis.

Figure 1 shows the Extended Volume system and - | sosciood
Figure 2 shows the standard system. -
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The instrument’s high sensitivity relies extensively
on good calorimeter calibration, a sophisticated
software model which quantifies the heat content
of the calorimeter in real time and a very dynamic
PID control algorithm.

The calibration relies on the execution of an
automated procedure which is designed to
account for differences in the response of the
various thermocouples within the calorimeter at
set temperatures. Typically the ARC® is calibrated
to drift rate of +0.01°C/min.

In its standard Heat-Wait-Seek (HWS) test mode, a
sample is heated from a preset start temperature
to an end temperature in a series of heat steps.
After a heat step, the sample is allowed to reach a
thermally homogeneous state during the wait
phase.

Once this homogeneity is attained, an adiabatic
environment is maintained through extremely
precise control of the sample to calorimeter
temperature difference (+0.001°C to £0.01°C).

This is the seek phase. If exothermic activity is
detected, the adiabaticity is maintained and the
instrument tracks the sample temperature whilst
logging it. This is referred to as the exotherm
phase.

During most seek periods, sample self-heat
generation is not detected. In this instance and
also in the instance when exothermic self-heating
falls to temperature rates below the set detection
sensitivity (typically 0.02°C/min, ie. twice the
value during calibration), the sample is heated to
the next temperature plateau. When the test end
temperature is reached the test stops and cooling

is applied.

The Isothermal mode of operation is essentially an
HWS mode with an extended seek phase at the
start temperature, whereby the sample is
maintained in an adiabatic environment with any
residual instrument drift rate (usually < 0.01°C/
min after a recent calibration) removed. Under
such conditions, the temperature remains
constant until exothermicity is detected with a
drift rate below +1.0x10-6 °C/min

A preliminary experimental study is examined to
illustrate the determination of battery
performance factor.

This study used an ARC with the KSU option fitted.
Tests were performed in the isothermal mode to
prevent the battery temperature from 6 rising to
harmful levels. A fresh 400 mAh 4/5A type
secondary Li-ion battery was used with transition
metal intercalated electrodes. This battery had
previously been cycled only once such that
changes in the battery performance factor are
maximised. With an isothermal start temperature
of 50°C, KSU constant current cycling at 300mA
was conducted.
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Preparation

During the test the battery was thermally
insulated from the calorimeter environment. The
ARC was running in the isothermal mode of
operation, without tracking.

Under these test conditions the calorimeter
behaves like a heat sink, allowing the sample to
drift above and below the calorimeter
temperature. The calorimeter temperature is
maintained throughout the isothermal phase,
unless the temperature rate exceeds the
temperature rate sensitivity threshold.

During the experiment isothermal conditions were
maintained at 50°C, whilst the sample
temperature was allowed to deviate.

The results are displayed in a summarised form

(Figure 5 & 6).
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Results

The heat transfer coefficient (U) was determined
directly from the cooling curve sections of the
temperature-time data, which gave a time
constant of t=704.4 s.

_mCp
T A

DT

The heat capacity was determined calorimetrically
by using the ARC® in the adiabatic mode and
applying a known amount of heat (q) using a low
power heater. The temperature rise (ATCP) gave
the heat capacity as 1.26 kJ/kg K since:

c.=_9
P mAT, QZIW'G’?

...where:
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v is the voltage across the heater and i is the o s 81
current. Finally, the battery surface area was Total Heat Output 104809 J
determined to be 452.39 mm2 whilst its mass was T
19.665 g.
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Analysis

For the purpose of this analysis, peaks 2 through
to 7 will be considered. Pairing 2 and 3,4 and 5, 6
and 7, provides a basis for determining the Gibbs
free energy efficiency.

help identify a way of addressing the problems
associated with heat generation during Li and Li-
ion battery use. It may be possible to identify a
maximum cycling count beyond which a battery’s
(or battery pack’s) thermal overheads exceed its
electrical performance benefits. ie. A

safe battery life (SBL).

Peak Number

Process Ber

TNer (%0)

Discharge

0.7865

425

Charge

0.3341

Discharge

0.7926

41.8

Charge

0.3316

Discharge

0.8055

41.1

Charge

0.3311

Table 1. Battery Performance and Gibbs free energy efficiency results

In this particular case, it is evident that the Gibbs
free energy efficiency drops by 0.7% per cycle.
This is typical of a fresh cell (0.4% to 0.8% per
cycle).

Further studies would show that this value will
tend to decrease with repeated cycling until an
asymptotic value is established very close to zero.
Consequently the Gibbs free energy efficiency
reaches a temporary minimum. This minimum
value holds until the battery reaches the end of its
useful life, when it drops rapidly almost to zero.
We are currently investigating the effects of
extensive cycling (>2000 cycles) on the Gibbs free
energy efficiency.

It appears that both the battery performance
factor and the Gibbs free energy efficiency may

Both battery management and thermal
management systems may therefore be designed
to allow for this limitation. Although this may
slightly reduce the acceptable lifetime of a
battery, and therefore the increase costs by
increasing replacement frequency, the associated
hardware could as a result be designed to be both
safer and cheaper.

Offices in England, USA and China; an associate office in Japan and qualified distributors worldwide

www.thermalhazardtechnology.com




Accelerating Rate Calorimeter - ARC
Technical Information Note 067

The Thermodynamics of Battery Safety

References J.R.W. Warn, Concise Chemical
Thermodynamics, Van Nostrand Reinhold

M.N. Richard and J.R. Dahn, ARC Studies on Co. Ltd., 1984, ISBN 0 442 30209 6.

Anode Materials, International Meeting on

Lithium Batteries (IMBL) 9, Anodes

Il, Edinburgh, 16/07/1998.

Jonh-Sung Hong, H. Maleki, S. Al Hallaj, L.
Redey and J.R. Selman, Electrochemical-
Calorimetric Studies of Lithium-lon

Cells, Journal of the Electrochemical
Society, Vol 145, No. 5, May 1998.

W.B. Ebner, Safety Studies of The Li/SO2
System Using Accelerating Rate
Calorimetry, Power Sources Symposium,
June 1982.

D.I. Townsend and J.C. Tou, Thermal Hazard
Evaluation by an Accelerating Rate
Calorimeter, Thermochimica Acta, Vol 37,
1, 1980.

C.A. Vincent and B Scrosati, Modern
Batteries An Introduction to
Electrochemical Power Sources 2nd Edition,
ArnoldPublishers, 1997, ISBN 0 340 66278
6.

D.Q. Kern, Process Heat Transfer,22nd
Printing, McGraw-Hill International Book
Company, 1984, ISBN 0-07-Y885353-3.

thermallhazarditechnology,




