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a b s t r a c t   

The thermal runaway of Lithium-ion batteries (LIBs) is a fire hazard. The Accelerating Rate Calorimetry 
(ARC) device is commonly used to investigate thermal runaway parameters of LIBs by assuming adiabatic 
conditions. However, this assumption ignores internal heat transfer within the cell and external heat 
transfer at the cell surface. In this work, we conducted ARC experiments using prismatic LiCoO2 cells of 50 
mm in side to study the effect of heat transfer limitations. Results show that the external temperature 
difference between this cell surface and ARC walls varies between 0 and 1.5 ℃ before thermal runaway and 
increases from 10 to 130 ℃ while thermal runaway occurs. Ignoring external heat transfer causes the heat of 
reaction of the cell to be underestimated by 12%. To study the internal heat transfer, two models are de
veloped and show that heat transfer causes an internal temperature difference that causes an error of 
kinetics estimation, and the error grows with cell size. Ignoring heat transfer leads to errors on the thermal 
runaway parameters quantified by ARC, and these errors could propagate to battery safety design and 
predictions. This study contributes to designing better ARC experiments and a better understanding of 
battery safety. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. 
CC_BY_4.0   

1. Introduction 

The Lithium-ion battery (LIB) has become one of the most critical 
technologies for future electric mobility, energy storage and con
sumer electronics. The fast-updating LIB technology has increased 
its power, specific energy, and improved its charging performance to 
satisfy ongoing market requirements. However, although statisti
cally rare, LIB fires pose hazards that are significantly different to 
other fire hazards (Diaz et al., 2020), in terms of initiation route (Hu 
et al., 2021), spread (Fang et al., 2021), duration (Chen et al., 2019), 
toxicity (Yuan et al., 2020), and suppression (Lisbona and Snee, 
2011). Therefore, a better understanding of LIB fires and how to 
protect people and property is an important technical challenge 
(Diaz et al., 2020; Panchal et al., 2018; Haji Akhoundzadeh 
et al., 2021). 

Many laboratory methods are employed in thermal investiga
tions for the safety of LIB and its components, including differential 

scanning calorimetry (DSC) (Wen et al., 2012), C80 micro-calori
meter (Wang et al., 2007), vent sizing package 2 (VSP2) adiabatic 
calorimeter (Jhu et al., 2012) and accelerating rate calorimetry (ARC) 
(Feng et al., 2014). The DSC and C80 can study material level, while 
the VSP2 and ARC can study both material and cell level. Compared 
to DSC and C80, the advantage of ARC is its larger internal chamber 
volume, satisfying larger format cells (Feng et al., 2014). Using ex
tended volume accelerating rate calorimetry (EV-ARC), even a 
module of LIBs can be investigated (The Accelerating Rate 
Calorimeter (EV-ARC), 2010). The ARC was developed to simulate 
exothermic chemical reactions from reactive materials by simulating 
quasi-adiabatic conditions, which are achieved by controlling the 
calorimeter wall temperatures to match the sample temperature 
while reactions occur (The Accelerating Rate Calorimeter (EV-ARC), 
2010). In ARC experiments, LIB ignition is caused by self-heating, 
which is caused by spontaneous exothermic reactions. Self-heating 
ignition is a possible cause of LIB fires, for example in storage or 
electric vehicles (Diaz et al., 2020). 

The ARC was devised by the Dow Chemical Company in the 1970s 
and was commercialized in 1980 (Townsend and Tou, 1980). This 
technology was developed to simulate exothermic runaway 
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reactions from hazardous and reactive chemicals at a laboratory 
scale. When conducting ARC experiments, these chemicals are in
cluded in a small metal sample container. The temperatures of ARC 
walls and the metal container surface are measured. Heat transfer 
between the metal container and the chemicals causes a tempera
ture difference within the chemicals, a thermal lag and thermal in
ertia. Therefore, ARC cannot provide its desired adiabatic conditions 
when using a metal container. The experimental data from ARC must 
be corrected for the effect of the metal container’s heat capacity 
(Wilcock and Rogers, 1997). If heat transfer is not considered in the 
data analysis, ignoring the internal temperature difference and 
thermal lag, a large uncertainty of kinetics estimation would be 
caused (Tou and Whiting, 1981). This is because the kinetics is cal
culated using an adiabatic assumption and a lumped temperature 
model, which are not the real conditions of ARC experiments. The 
heat loss in ARC experiments was investigated by Sheng et al. Sheng 
et al. (2020). They found that the convective heat loss through the 
metal container to surroundings does not have a significant effect on 
the measurement, but the conductive heat loss through the metal 
container to its connection causes a 16% lower estimation of the total 
heat generation by the sample. In summary, ARC has been widely 
used to study thermal properties and behaviors of chemicals, and 
the effect of heat transfer due to the metal container has also been 
evaluated, developed and summarized. 

The ARC contains three stages: the first stage to identify the onset 
of self-heating, the second self-heating stage until thermal runaway, 
and the third stage of thermal runaway and cooling (The 
Accelerating Rate Calorimeter (EV-ARC), 2010). In the first stage, the 
heat-wait-seek (HWS) stage is the most common method to identify 
the onset of self-heating using a temperature rate of 0.02 ℃/min 
(Mao et al., 2020) or 0.01 ℃/min (Feng et al., 2014). In HWS stage, 
ARC heats the sample to the initial setting temperature, and then 
waits for a stage to detect any temperature increase rate. If the rate is 
higher than the criteria, ARC turns to self-heating stage. Otherwise, 
ARC keeps heat-wait-detect by increasing the sample temperature 
by a given temperature step. There is another preheating method to 
detect self-heating, namely ramp temperature stage (The 
Accelerating Rate Calorimeter (EV-ARC), 2010). This stage uses a 
constant temperature increase rate of 5 ℃/min (Lei et al., 2017), to 
heat the sample from the initial temperature until self-heating is 
detected. Some works (Lei et al., 2017; Zhao et al., 2020) prefer this 

method rather than HWS as it can significantly save experimental 
time. Once self-heating is detected, ARC aims to keep its wall tem
peratures matching the sample surface temperature until thermal 
runaway, so that a adiabatic condition can be simulated. 

The conventional use of a standard ARC in the chemical industry 
makes use of a metal container to hold chemical powders, which 
only have a small size. Comparatively, a LIB or a cell is much larger 
and it does not need a container in the ARC experiments. The EV-ARC 
(extended volume accelerating rate calorimeter) has been widely 
used in LIB thermal and fire studies, from the material level, a single 
cell level, and even to small modules (Wang et al., 2019; Feng et al., 
2018). The biggest difference between an EV-ARC and a standard 
ARC is that the container of the standard ARC causes thermal inertia 
and affects heat transfer, while a cell is directly placed in the 
chamber of the EV-ARC to avoid thermal inertia and heat transfer 
due to the metal container. Dahn’s group (MacNeil et al., 2002; 
Richard and Dahn, 1999) first employed the ARC to study the thermal 
behavior of LIB materials. The heat of reaction of the material’s 
exothermic reactions and their kinetics were quantified based on an 
adiabatic assumption. The parameters were further used in their 
model to predict the thermal runaway of a 18650 cell using a 3-step 
reaction scheme (Hatchard et al., 2001). The onset temperature of 
self-heating (TSH), venting (Tv) and thermal runaway (TTR), and the 
peak temperature in the ARC (Tp) were obtained (Chen et al., 2016; 
Jhu et al., 2011). Based on the adiabatic assumption, the Tp indicates 
the total heat generation, and was used to estimate the heat of re
action of the cell’s thermal runaway reactions (Chen et al., 2016; Jhu 
et al., 2011). The effective kinetics of the cell was also calculated 
ignoring internal heat transfer within a cell (Chen et al., 2016; Jhu 
et al., 2011). Feng et al. Feng et al. (2014) first studied the thermal 
runaway of large-format LIBs. In addition to obtaining similar results 
as (Chen et al., 2016; Jhu et al., 2011), they further quantified the 
temperature of separator melting. In summary, employing the ARC, 
the critical temperatures, the heat of reaction of the exothermic 
processes, and effective kinetics can be obtained for LIBs. 

These parameters are all based on an adiabatic assumption, 
which ignores the internal heat transfer (there is no temperature 
difference within the sample), and the external heat transfer (there 
is no temperature difference at the boundary). However, the ARC can 
only provide a quasi-adiabatic condition by minimizing the tem
perature difference between the ARC walls and the sample, which is 

Nomenclature  

T temperature, °C 
t time, s 
k thermal conductivity, W/m-K 
c specific heat capacity, J/kg-K 
L length, m 
Q heat generation, W/m3 

h convective heat transfer coefficient, W/m2-K 
Bi Biot number 

Abbreviations 

LIB Lithium-ion battery 
ARC accelerating rate calorimetry 
EV-ARC extended volume accelerating rate calorimetry 

Accelerating rate calorimetry 
HWS heat-wait-seek 

Greeks 

thermal diffusivity, m2/s 
density, kg/m3 

temperature increase rate, K/s 
half cell thickness, m 

Subscripts 

0 initial 
s cell surface 
int internal 
ext external 
p peak 
v vent 
w wall 
c cell 
SH self-heating 
TR thermal runaway   
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not a real adiabatic condition, because two processes of the ARC 
could potentially lead to uncertainty when using an adiabatic as
sumption. 

The first is the heating stage in either the HWS stage or ramp 
temperature stage. When heating a sample, an internal temperature 
difference would occur depending on the heating rate and the ma
terial properties (Hayhurst, 2013; Richter and Rein, 2018). The ef
fective kinetics of a cell or materials were quantified without 
considering this temperature difference (MacNeil et al., 2002; Chen 
et al., 2016). However, even a 1 ℃ temperature difference within the 
sample could lead to a 5% error of the kinetics (Vyazovkin et al., 
2011). The uncertainty of the kinetics could propagate and grow 
when predicting thermal runaway using computational models be
cause the kinetics of activation energy has a sensitivity coefficient 10 
times larger than the other modelling parameters (He et al., 2021). 

The second process that brings uncertainty is caused by the ex
ternal heat transfer, due to the temperature difference between ARC 
and sample surface. In terms of the self-heating stage, although the 
external temperature difference could be small, the effect of the 
external temperature difference has never been measured for LIBs. 
This small difference depends on the reaction rate and may further 
cause the internal temperature difference within the sample, leading 
to the uncertainty for kinetics estimation. In addition, the heat of 
reaction of the sample is estimated based on the Tp and assumes no 
heat losses. However, when thermal runaway occurs, the ARC cannot 
maintain its wall temperatures the same as the sample surface 
temperature (The Accelerating Rate Calorimeter (EV-ARC), 2010). 
The uncertainty of the heat of reaction is highly dependent on this 
external temperature difference. 

Therefore, it is worth analyzing the heat transfer between the 
ARC and the sample and quantifying how large the internal and 
external temperature differences are in ARC experiments. We find 
that most ARC studies for LIBs used the adiabatic assumption and 
only cell surface temperature was reported. A few works (Chen et al., 
2021; Ren et al., 2018) studied the internal and external heat transfer 
of LIBs during ARC experiments. Chen et al. (2021) measured and 
modelled the internal temperature difference between the center 
and the surface of a small battery module consisting of two pouch 
cells. The maximum internal temperature difference is as high as 
400 ℃ when thermal runaway occurs. Ren et al. (2018) modelled 
thermal runaway by considering the external heat transfer between 
ARC walls. The ARC wall temperatures are essential but, un
fortunately, current studies have not thoroughly analyzed the lim
itation of heat transfer on LIB safety parameter measurements 
during LIB ARC experiments. 

This study aims to study the effect of heat transfer limitations on 
ARC experiments. We first conduct ARC experiments using a pris
matic LiCoO2 cell at 30% state of charge (SOC) to obtain both the cell 
surface temperature and ARC wall temperatures. The heat transfer 
and the temperature difference between the ARC and the cell during 
the heating stage are calculated and analyzed. We further derive 
analytical models to calculate the internal temperature difference 
within a cell in the heating stage and the self-heating stage. The 

models quantify the uncertainty of ARC experiments and provide 
guidelines to manage the thermal effects. 

2. Experimental methodology 

The Sanyo UF103450P prismatic cell is used because it has been 
extensively studied in the literature (He et al., 2021, 2020; Said et al., 
2019), providing detailed cell properties. The cell has a Lithium Co
balt Oxide (LiCoO2) positive electrode and a graphite negative elec
trode, with dimensions of 34 mm × 10 mm × 50 mm. Its nominal 
voltage and nominal capacity are 3.7 V and 1880 mAh, respectively. 
The cells were cycled to 30% SOC before conducting experiments. 
Following the specification of Sanyo UF103450P, The cells are 
charged using a CC-CV process with a constant 1 C-rate current of 
1.88 A and a cut-off current of 0.188 A. The discharge has a CC pro
cess with a constant 1 C-rate current of 1.88 A. The 30% SOC is se
lected because this is the SOC allowed when batteries are shipped 
according to the Packing Instruction 965 (UM 3480) by IATA. The cell 
physical and chemical parameters at this SOC have also been re
ported (He et al., 2021), and are shown in Table 1. 

The experiments were conducted using the extended volume 
accelerating rate calorimetry (EV-ARC) (Zhao et al., 2020). The sketch 
of the ARC is shown in Fig. 1. The EV-ARC is a cylindrical chamber 
with an inner diameter of 25 cm and a height of 60 cm. The bottom, 

Table 1 
Cell properties at 30% SOC used in this study.     

Parameters Value Sources  

Activation Energy, E (kJ/mol) 230.78 (He et al., 2020) 
Heat of reaction, H (J/kg) -3.74E+ 05 (Said et al., 2019) 
Pre-exponential factor, A (1/s) 1.11E+ 24 (He et al., 2020) 
Reaction order, nc 1 (Hatchard et al., 2001; He et al., 2021) 
Density, ρ (kg/m3) 2164.7 (He et al., 2020; Said et al., 2019) 
Specific heat capacity, c (J/kg-K) 990.0 (Said et al., 2019) 
Thermal conductivity, k (W/m-K) 1.08 (Werner et al., 2017) 
Bi number, Bi 0.04 (He et al., 2020) 

Fig. 1. Sketch of EV-ARC experiments (The Accelerating Rate Calorimeter (EV-ARC), 
2010), which has a cylindrical chamber with a heater at the top, bottom, and side 
walls. We measured the cell surface temperature (Ts) and wall temperature (Tw). 
During heating stages, ARC controls the wall temperatures, and the cell is heated by 
radiative and convective heat transfer from the walls. During the self-heating, ARC 
monitors Ts and heats walls to =T Tw s . There are two temperature differences during 
the experiment: one external difference Text and one internal difference Tint . 

X. He, C. Zhao, Z. Hu et al. Process Safety and Environmental Protection 162 (2022) 684–693 

686 



top and sidewall temperatures were monitored by N-type thermo
couples. Another N-type thermocouple was attached to the surface 
of the cell. The cell tab temperature could be different to cell surface 
temperature when current flows through it. Because an open-circuit 
cell is used, we only measured the surface temperature. 

The experiments followed the HWS stage (Feng et al., 2014). The 
cell was initially heated to 40 ℃, which is a proper starting tem
perature because cell internal reactions are negligible at 40 ℃. Then, 
ARC waited for 60 min to detect the sample temperature increase 
using a sensitivity of 0.02 ℃/min, which is the most precise sensi
tivity of the EV-ARC (Zhao et al., 2020). If it failed to detect self- 
heating, ARC kept conducting HWS stage by increasing the cell 
temperature by 5 ℃, which is also the experimental error of the 
onset temperature of self-heating. This temperature step could set 
smaller but longer experimental time is needed. Using this method, 
we can only set the temperature step of the heating stage. During 
multiple HWS stages, when the self-heating rate of 0.02 ℃/min was 
detected, ARC turned to self-heating stage, in which the ARC traced 
the temperature of the cell and kept the wall temperatures the same 
as the cell, until the thermal runaway occurred. The adiabatic con
dition can be achieved if the ARC wall temperature is exactly equal to 
the cell surface temperature. However, this is impossible and there is 
always a small temperature difference between ARC and cell. We 
aim to study how this small temperature difference during the 
heating stages in HWS. Overall, In ARC experiments, three critical 
temperatures of the LIB are measured. TSH is the onset temperature 
of self-heating using a rate criterion, such as 0.02 ℃/min (Mao et al., 
2020). TTR is cell thermal runaway temperature based on a critical 
temperature increase rate of 10 ℃/min from standard SAE J2464 (SAE 
J, 2464, 2009). Tp is the maximum temperature. The experiments 
were repeated twice to capture the experimental uncertainty. The 
effect of heat transfer on the external temperature difference be
tween cell surface and ARC walls Text and the internal temperature 
difference within a cell Tint are investigated, as shown in Eqs. (1) 
and (2). 

=T T Text s w (1)  

=T T Tint s c (2)  

3. Results 

Fig. 2 shows the cell temperature and ARC sidewall temperature 
during the heat-wait-seek (HWS) stage. During the heating stage, we 
can see that the ARC wall temperature is significantly larger than the 
cell temperature. This shows that the cell is heated by convective 

and radiative heat transfer and the effect of heat transfer cannot be 
ignored. We assume that the Biot number of the cell in the ARC 
experiments is smaller than 0.1, and therefore the lumped capaci
tance method (Incropera et al., 2007) can be used to estimate the 
effective heat transfer coefficient (h). During the heating stage, the 
internal chemical reactions are negligible because the cell tem
perature is relatively low. Thus, the temperature increase is due to 
external heating, and we have Eq. (3) for h based on the lumped 
capacitance method (Incropera et al., 2007). 

=h cm
dT
dt

1
S

T T( )s
w s (3) 

where S is the surface of the cell, c is the heat capacity of the cell, 
which has been quantified by (Said et al., 2019) shown in Table 1, m
is the mass of the cell. Fig. 3(a) gives the plot of dT dt/s vs T Tw s

using the temperature data during the heating stage between 
190 min and 210 min, showing a linear fit relationship with 

=R 0.9492 . The slope of this linear fit corresponds to hS cm/ , and can 
be used to calculate the effective heat transfer coefficient. Using this 
method to calculate the effective heat transfer coefficient in different 
heating stages, we obtain the = ±h W m K8.5 0.5 / 2 . Therefore, the 
cell Biot number in the ARC experiments is shown in Eq. (4). 

= =Bi
hL
k

0.04 (4) 

where k is the thermal conductivity and L= 0.5 cm is the character
istic length of the cell. The Biot number is smaller than 0.1, which 
verifies our initial assumption. 

During the heating stage, the ARC only controls the temperature 
step. Fig. 3(b) shows the cell temperature in the HWS stage. The cell 
temperature in different heating stages overlaps with the parallel 
straight lines, which justifies that the cell has a constant tempera
ture increase rate in all heating stages. The cell temperature rate in 
the HWS stage is not set by the ARC before experiments, but it de
pends on the ARC's actual heating power and the material proper
ties. In our experiments, the cell temperature increase rate is a 
constant during heating stages. = 0.25 ℃/min, as shown in  
Fig. 3(b). It is important to find that the temperature increase rate of 
the cell is a constant in the HWS stage, as the rate determines the 
temperature difference within the cell. This temperature increase is 
similar to the DSC experiments (Wen et al., 2012), where an internal 
temperature difference within a sample would occur even for a very 
small sample (level of mg) (Richter and Rein, 2018). If ARC experi
ments cause a relatively large internal temperature difference within 
the cell, the kinetics estimation using the ARC data assuming a 
lumped capacity would have large uncertainty (Hatchard et al., 
2001; Chen et al., 2016; Jhu et al., 2011). This internal heat transfer is 
analyzed in Section 4.1 of this paper. 

During the wait and seek stage, we calculate the temperature 
difference between the wall and the cell and find Tw-Ts <  0.1 ℃. This 
shows a negligible external temperature difference, indicating that 
the adiabatic condition can be reached in the wait and seek stage. 

The measurements of cell temperature in the self-heating and 
thermal runaway stages have been widely reported (Feng et al., 
2018), but again, as the adiabatic assumption was used, the tem
perature difference between the ARC and the cell was ignored in the 
literature. Fig. 4(a) provides the ARC sidewall temperature and the 
cell temperature in both the self-heating and thermal runaway 
stages. The thermal runaway occurred at the time of 990.7 min when 
cell temperature reached 204.8 ℃. The thermal runaway in this 
study is defined based on the standard of SAE J2464 using a criterion 
of 10 ℃/min of cell temperature increase rate. It can be seen from  
Fig. 4(a) that when this criterion is met, the ARC cannot keep its wall 
temperatures the same as the cell temperature, because the cell 
temperature increase rate is too large. The cell temperature rapidly 
reaches the peak of =Tp 330.6 ℃, but the ARC sidewall temperature is 

Fig. 2. Measurements of the cell temperature and ARC sidewall temperature during 
the heat-wait-seek (HWS) stage. The HWS ends when self-heating is detected using 
the sensitivity of 0.02 ℃/min at the cell temperature of 97 ℃. One heating stage is 
20 min, while a wait and seek stage is 60 min. The adiabatic condition is only achieved 
in the wait and seek stage. 
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below 200 ℃. This brings a large uncertainty for the heat of reaction 
estimation when using an adiabatic assumption. Previous studies 
(Hatchard et al., 2001; Chen et al., 2016; Jhu et al., 2011; Hayhurst, 
2013) assume that heat of reaction is: 

= =H mc T mc T T( )ad p SH (5) 

where Tad is the adiabatic temperature increase, TSH is the onset 
temperature of self-heating, and Tp is the peak temperature of the 
cell in the ARC test. Eq. (5) is only achieved when the adiabatic 
condition is satisfied. But as shown in Fig. 4(a), the temperature 
difference between the ARC and the cell is quite large. Using adia
batic assumptions to quantify the heat of reaction brings uncertainty 
due to the neglection of heat transfer (Hatchard et al., 2001; Chen 
et al., 2016; Jhu et al., 2011). 

The temperature difference (T Ts w) in the self-heating stage is 
much smaller than that in heating stages. However, it is still not 
adiabatic. Fig. 4(b) shows the temperature difference between the 
ARC sidewall and the cell. The temperature increase in this stage is 
caused by self-heating due to the exothermic reactions rather than 
the external heating. Therefore, the cell surface temperature is larger 
than the ARC sidewall temperature. Before venting, the external 
temperature difference increases with time, and it is smaller than 
1.5 ℃. Venting occurred when the cell’s internal pressure exceeded 
the critical pressure of the safety valve at the cell temperature of 
167.9 ℃ (Coman et al., 2016). Such a large internal pressure, such as 

3448 kPa (Coman et al., 2016), indicates that quick chemical reac
tions occur, releasing gases and heat. Because of this fast reaction 
rate, the ARC fails to trace the cell surface temperature. Therefore, 
the external temperature difference becomes much larger than be
fore venting. The negative value of the external temperature differ
ence is because the venting takes hot gases out of the cell and leads 
to a decrease of the cell temperature. Data in Fig. 4(b) indicates that 
when the cell temperature is used to estimate the effective kinetics, 
the data before venting should be used, rather than the data before 
the thermal runaway used in previous studies (Chen et al., 2016; Jhu 
et al., 2011). 

The temperatures in ARC experiments are summarized in Table 2. 
These temperatures are measured based on the cell surface tem
perature only without considering heat transfer between the ARC 
and the cell. The temperature difference between TSH in two repeats 
is 5 ℃, which is the setting temperature step. The classical tem
peratures between two repeats are very small, showing the good 
repetition of the ARC experiments. We believe that the ARC is a high- 
quality technique to quantify critical temperatures of LIBs. However, 
when analyzing the effective kinetics or the heat of reaction of the 
cell exothermic process using the ARC data, the effect of external 
heat transfer between the ARC and the cell, and the internal heat 
transfer within the cell, must be considered. This is because tem
perature gradients inside the cell lead to errors in parameter quan
tification. For example. Vyazovkin et al. (2011) have shown that even 
a small temperature different of 1 ℃ during an isothermal 

Fig. 3. (a) Extraction of heat transfer coefficient h from the plot of dT dt/s vs T Tw s, based on Eq. (3). We used the lumped capacity method based on the ARC wall and cell 
temperature data during the heating stage. The slope is proportional to h. (b) The cell temperature in the HWS stage. Parallel lines show the constant temperature increase rate 
during heating. 

Fig. 4. (a) The cell temperature and ARC sidewall temperature after self-heating is detected using a sensitivity of 0.02 ℃/min. The temperature between the ARC and the cell is 
significant after the thermal runaway. (b) The temperature difference between the cell and ARC sidewall during the self-heating stage. 
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calorimeter testing can cause a 5% error of the kinetics. This error 
propagates when using the kinetics in a battery computational si
mulation. 

4. Discussion: the heat transfer limitations 

Heat transfer during ARC experiments occurs in two distinct 
stages. One is the heating stage during either the HWS stage or ramp 
temperature stage. Another is the self-heating stage. We quantita
tively discuss whether heat transfer in both stages leads to large 
temperature differences within the cell. 

4.1. The heating stage 

In order to study the internal heat transfer in the heating stage, 
we develop an analytical model to quantify the maximum tem
perature difference between the cell surface and the cell center. We 
use the 1-D heat-diffusion equation for an inert material to analyze 
the heat transfer. We assume that the exothermic reactions are 
negligible before self-heating is detected, and the thermal con
ductivity of the thickness direction is much smaller than other two 
directions so that we only need to use 1-D model. Thus, the char
acteristic length of the cell is the half side length, namely =L cm0.5
for the cell we used. Fig. 5 shows the schematic of this 1-D heat 
transfer problem. 

The transient heat conduction governing equation is given by Eq. 
(6) (Incropera et al., 2007): 

=T
t

T
x

2

2 (6) 

where = k
c

is the thermal diffusivity of the cell, k is the thermal 
conductivity, c is the specific heat and is the density. In the heating 
stage, the cell temperature increases at a constant rate of , as shown 
in Fig. 3(b). Thus, the corresponding boundary condition and the 
initial condition are given by Eqs. (7) and (8) respectively. 

= = +T L t T T t( , ) s 0 (7)  

=T x T( , 0) 0 (8)  

The transient solution of this 1-D heat equation for an inert solid 
with a constant heating rate boundary condition has been solved by 
(Carslaw and Jaeger, 1959), the analytical solution is Eq. (9): 

= + +

+
+

× +

+
=

T x t T t
x L

L
n

n
L

t

n x
L

( , )
( )

2
16 ( 1)

(2 1)
exp

(2 1)
4

cos

[
(2 1)

2
]

n

n

0

2 2

2

3
0

3

2 2

2

(9)  

The temperature difference between the cell surface T L t( , ) and 
the cell center T t(0, ) is the parameter we care about. This internal 
temperature difference is defined as Eq. (10). 
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The steady state is reached when > =t 198.4L4 2
s, because the 

exponential terms tend to 0. This time of 198.4 s is calculated using 
the parameters shown in Table 1. Based on Fig. 3, each heating stage 
lasts around 20 min, which is almost an order of magnitude bigger 
than 198.4 s. This indicates that a steady state is quickly reached 
during the ARC heating stage. The steady state analytical solution of 
the internal temperature difference Tint becomes Eq. (11). This in
ternal temperature difference is also the maximum temperature 
difference reached in the steady state during the heating stage. 

= =T T L t T t
L

( , ) (0, )
2int

2

(11)  

In terms of a cylindrical cell, such as 18,650 or 21,700, the in
ternal temperature difference is given by Eq. (12), based on the so
lution for cylindrical conditions from Melling et al. (1969), where R is 
the radius of the cylindrical cells. 

=T
R

4int

2

(12)  

From Eq. (11), we can see that the internal temperature differ
ence Tint is controlled by the characteristic length, the heating rate 
and the thermal diffusivity. The heating rate is controlled by the ARC 
procedure. In the HWS stage, the heating rate in our ARC experi
ments is 0.25 ℃/min as shown in Fig. 3(b), while in terms of ramp 
temperature stage, the heating rate of 2.5 ℃/min (Zhao et al., 2020) 
and 5 ℃/min (Lei et al., 2017) were used. A larger heating rate can 
also be set in ARC but it could lead to a large internal temperature 
difference, based on Eq. (12). The characteristic length of prismatic 
cells can vary from 0.5 cm (the small cell used in this study) to 
3.5 cm (the large cell used for electric vehicles). Moreover, the EV 
+ ARC has a larger internal chamber, which is designed for the small 
LIB module tests with an even larger size (The Accelerating Rate 
Calorimeter (EV-ARC), 2010). The Tint is propositional to the cell 
characteristic length, and therefore a larger temperature difference 
occurs when testing a larger cell using ARC. 

In the heating stage, we want to avoid a large internal tem
perature difference. Here, we select an acceptable internal tem
perature difference value of 1 ℃, which could cause an error of up to 
5% in the kinetics estimation (Vyazovkin et al., 2011). Thus, we can 

Table 2 
Results of temperature measurements using ARC. TSH is the onset temperature of 
self-heating using a sensitivity of 0.02 ℃/min. TTR is the onset temperature of 
thermal runaway based on the criteria of 10 min/℃ from the standard of SAE J2464 
(SAE J, 2464, 2009). Tp is the maximum cell temperature.       

Battery TSH (℃) Tv (℃) TTR (℃) Tp (℃)  

Cell 1  92.0  167.9  204.8  330.6 
Cell 2  97.0  167.0  202.6  338.7 

Fig. 5. Schematic of the one-dimensional heat transfer during the heating stage and 
self-heating stage. 
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obtain the dependence of the characteristic length and the heating 
rate using Eq. (11). Fig. 6 shows this dependence. The area below the 
threshold line corresponds to a small internal temperature differ
ence area, which is highlighted using dash lines using Eq. (7). In 
terms of the small cell with =L cm0.5 , the HWS stage would not 
bring a large internal temperature difference. However, if the ramp 
temperature stage is used with a increase rate larger than 2.5 ℃/min, 
it would cause a large internal temperature difference. Regarding the 
large cell with =L cm3.5 , it seems that an internal temperature 
difference larger than 1 ℃ is inevitable, the only exception being 
using the ramp temperature stage setting a temperature increase 
rate smaller than 0.01 ℃/min. But this would result in a much longer 
experimental time. Although this internal temperature difference 
could decrease in the following self-heating stage, it could affect the 
onset temperature of self-heating TSH . 

Fig. 6 can provide guidelines for ARC experiments to avoid the 
large internal temperature differences during the heating stage. In 
summary, the HWS stage is suggested for small cell with thickness 
smaller than 2 cm using ARC experiments. If the ramp temperature 
stage is selected, the heating rate needs to be calculated using Eq. 
(11) or Eq. (12) before experiments are carried out. For the large 
cells, the HWS is not an ideal stage, as the ARC cannot control the 
heating rate when heating the cells. The ramp temperature stage is 
therefore suggested, while setting a small enough heating rate to 
avoid a large internal temperature difference. 

4.2. The self-heating stage 

The self-heating stage also involves heat transfer. In this stage, 
the ARC controls the wall temperature matching the cell surface 
temperature, but there is still a small internal temperature differ
ence ( Text), which dominates the external heat transfer and po
tentially causes the temperature gradience within the cell. 

The cell temperature increase in this stage is caused by self- 
heating due to the exothermic reactions inside the cell rather than 
the external heating by the ARC walls. Due to the exothermic reac
tions, the temperature profile is shown in Fig. 5. The governing 
equation for this transient self-heating problem is Eq. (13) that is Eq. 
(1) adding the heat generation term (Incropera et al., 2007), where q
is the volumetric heat generation. 

= +T
t

T
x k

q
2

2 (13)  

The corresponding two boundary conditions and one initial 
condition of the specific ARC self-heating stage are given by Eqs. 

(14–16). The boundary conditions at = ±x L are special because the 
external temperature difference is small and can be regarded as a 
constant before venting. Eq. (14) is because of a symmetry tem
perature profile. Eq. (15) describes a convection boundary condition 
to the wall. 

=
=

dT
dx

0
x 0 (14)  

= =
=±

dT
dx

h
k

T T
h
k

T( )
x L

s w ext
(15)  

=T x T( , 0) 0 (16)  

An exact analytical solution to this self-heating problem of Eq. 
(13) with boundary conditions of Eqs. (14–16) is not available 
(Bowes, 1984). A numerical approach is needed to model the ARC. In 
this part, we aim to analyze this problem using an approximate 
solution, helping understand the internal temperature difference 
during self-heating. 

To solve Eq. (13), we assume that a general solution for the 
parabolic 1-D temperature distribution. The general solution as
sumed is in the form of Eq. (17), which has also been used to analyze 
similar self-heating and heat transfer problems (Lyon et al., 2012). 
The coefficients of C1, C2 and C3 are to be determined. 

= + +T x t C x C t C( , ) 1
2

2 3 (17)  

We assume that the heat generation rate q is only a function of 
temperature. 

We assume that the temperature increase rate is constant. 
Therefore, the C2 is a constant rather than a time-dependent para
meter. This is a very good approximation when cell temperature is 
smaller than 130 ℃, as shown in Fig. 7. Although the heat generation 
rate q of the cell follows the Arrhenius law, it is small if the cell 
temperature is much smaller than its thermal runaway temperature. 
As shown in Table 1, the cell in this work has an activation energy of 
230.78 kJ/mol, which means that the reaction rate becomes sig
nificant only if cell temperature is near the thermal runaway tem
perature of 204.8 ℃. When cell temperature is smaller than 130 ℃, 
even though the reaction rate follows the Arrhenius law, it is very 
small, leading to a very slow temperature increase. We assume the 
cell temperature increase rate is constant when cell temperature is 
smaller than 130 ℃, which is the onset separator melting tempera
ture. Fig. 7 shows that the temperature of the cell follows an ap
proximated linear increase with =R 0.9872 . This assumption allows 

Fig. 6. The characteristic length against the heating rate for a internal temperature 
difference of 1 ℃ during the heating stage of ARC experiments. The area below the 
threshold line is the small internal temperature difference area, highlighted using 
dash lines. This figure provides guidelines for the ARC experiments to avoid gen
erating a large internal temperature difference. 

Fig. 7. The cell surface temperature before reaching 130 ℃, which is the onset che
mical reaction temperature quantified in the isothermal oven experiments for the 
same cell (He et al., 2020). The =R 0.9872 shows that the temperature increase rate 
can be approximately a constant in this temperature range. 
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an analytical solution, which helps us better understand the internal 
heat transfer. The assumption brings an error to cell temperature as 
shown in Eq. (23), but does not affect the internal temperature dif
ference as shown in Eq. (24), which is the most important research 
question in this work. 

We need to calculate the constants of C1, C2 and C3, based on Eqs. 
(14–17). The temperature rate at any location x is Eq. (18). The 
temperature rate SH is constant according to Fig. 7. The value of the 

depends on the volumetric heat generation rate q~SH . 

= =T
t

C SH2 (18)  

The heat transfer at the boundary = ±x L is Eq. (19). Thus, we can 
have C1 in Eq. (20). 

= =
=±

dT
dx

C L
h
k

T2
x L

ext1
(19)  

=C
T h
kL2
ext

1 (20)  

Substituting C1 and C2 into Eq. (17), the temperature distribution 
becomes Eq. (21). As the temperature increase rate at the boundary 
is a constant, we can apply the temporal boundary condition, 

= +T T ts SH0 , and the initial condition of Eq. (17) into Eq. (21). Then, 
we can find C3, as shown in Eq. (22). 

= + +T x t
T h
kL

x t C( , )
2

ext
SH

2
3 (21)  

=C T L
2

SH
3 0

2
(22)  

Substituting C3 into the Eq. (21), we can finally have the general 
solution Eq. (23) for this self-heating problem, where the tempera
ture increase rate is due to self-heating, q~SH . 

= + +T x t
T h
kL

x t T L( , )
2 2

ext
SH

SH2
0

2
(23)  

Similarly to the previous section, we aim to understand the 
temperature difference between the cell surface and the cell center. 
The internal temperature difference is given by in Eq. (24), which 
depends on the Biot number of the cell and Text . Due to the 3rd 
assumption, Eq. (24) can only be used to analyze the internal tem
perature difference before venting. After venting, as the external 
temperature difference between the ARC and the cell surface be
comes much larger, it causes a larger internal temperature difference 
within the cell, and affects external heat transfer. 

= = =T T L t T t
T hL

k
T Bi( , ) (0, )

2
1
2int

ext
ext (24)  

Based on Eq. (24), Fig. 8 shows that the dependence of the ex
ternal temperature difference between the ARC and the cell surface 
against the Biot number during the self-heating stage assuming a 
maximum internal temperature difference of 1 ℃. The Biot number 
of the cell in this study is 0.04, as shown in Table 1. For large cells, 
the Biot number would be smaller than 1 even for the worst case. 
The line indicates that the internal temperature difference within 
the cell is always small enough if the ARC can control Text smaller 
than 2 ℃, which is calculated by assuming <T 1int ℃ and =Bi 1 in  
Eq. (24). In Fig. 4(b), the ARC experiments in this study can always 
keep the Text smaller than 1.5 ℃ before venting. Specifically, for the 
small cell used in this work, the maximum T in the self-heating 
stage before venting is 0.03 ℃, which is a negligible value. The area 
below the line contains small internal temperature differences, in
dicating that the weak heat transfer during the self-heating stage is 
negligibly. 

However, when the Text is larger than 10 ℃ after venting, even if 
the internal temperature difference is still small, the large Text af
fects external heat transfer, leading to uncertainty when using the 
adiabatic assumption. Analysis for the process after venting is be
yond our scope. 

4.3. Heat transfer limitations and parameter quantification 

As mentioned in the introduction, all parameters, critical tem
peratures, heat of reaction of exothermic process, and the effective 
kinetics quantified by ARC experiments are based on the adiabatic 
assumption, which is actually not the operating condition of the 
ARC. In this part, we discuss how the external and internal heat 
transfer affect these parameters and what could be the error in
duced. 

The external and internal heat transfer causes errors in the cell 
thermal runaway temperature TTR and the kinetics, however, as 
mentioned in Section 4.2, these errors are caused by transient heat 
transfer, where there is no analytic solution to quantify the error. The 
uncertainty for the kinetics and TTR needs a computational model. 
This uncertainty is of importance to battery safety and parameter 
quantification, as a previous study found that a small internal tem
perature difference of 1 ℃ within the cell could lead to a 5% error in 
the values of the kinetics (Vyazovkin et al., 2011). 

The error of the onset temperature of self-heating (TSH) is 
dominated by the internal temperature difference within the cell. 
Therefore, the error of TSH is 0.1 , which is acceptable for our cell, as 
shown in Eq. (25). 

= =T
L

2
0.1int

2

(25)  

However, we still need to pay attention to the larger cells or 
when using a large heating rate. Fig. 6 has shown that a large cell or a 
large heating rate could bring a much larger internal temperature 
difference and Fig. 6 also provides the guidelines to avoid this. 

The heat of reaction of the exothermic process is mainly affected 
by the external heat transfer. As shown in Fig. 4, after venting, there 
is a large external temperature difference, especially when thermal 
runaway occurs. The heat of reaction (8694.5 J) is estimated by 
cm T T( )p SH assuming an adiabatic condition. However, the heat 
losses should be considered, and therefore the heat of reaction is 

Fig. 8. The calculated Text against the Biot number in the self-heating stage, as
suming a maximum Tint of 1 ℃. The area below the threshold line means the small 
internal temperature differences. The dashed line shows that the internal tempera
ture difference is always small, when the ARC can control the temperature difference 
smaller than 2 ℃, which is calculated by assuming <T 1int ℃ and =Bi 1 in Eq. (24). 
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1080.3 J, as calculated in Eq. (26). Thus, we can see, the heat of re
action is underestimated by 12.4%, which is a large error. 

+ =cm T T h T T St( ) ( ) 1080.3 Jp SH c w (26)  

The Tp is also underestimated due to heat losses. Based on the 
heat of reaction of 1080.3 J, the actual adiabatic =Tp ad, 360.3 ℃, which 
is 30 ℃ larger than our experimental data. 

Venting occurs during self-heating when a cell’s internal pres
sure reaches a critical value (Coman et al., 2016). The measurement 
error of external temperature difference is 1.5 ℃ as shown in Fig. 4. 
The internal temperature difference is smaller than 0.1 ℃, based on  
Eq. (24). Thus, the measurement uncertainty on venting temperature 
is not significant. Time to thermal runaway is also affected by heat 
transfer and it would be the smallest for adiabatic conditions. 

There are different types of ARC systems, such as VSP2 (Jhu et al., 
2011) and ARC (Zhao et al., 2020). These ARC systems suffer the same 
measurement errors, because they all assume an adiabatic condition 
and ignore the effects of heat transfer. The measurement errors vary 
because different ARC systems have different boundary conditions 
and temperature control accuracy. It is important for ARC users to 
recognize the effect of heat transfer. We therefore recommend that 
ARC data should always be calibrated to take into account heat 
transfer effects, to minimize measurement errors. 

5. Conclusions 

This study investigates the effect of internal and external heat 
transfer on LIB ARC experiments using prismatic cells. Results show 
that during the external heating stage, the ARC heats the cell with a 
heat transfer coefficient of 8.5W/m K2 , resulting in the increase of 
temperature at a constant rate of 0.25 ℃/min. When there is no 
external heating, the ARC minimizes the temperature difference 
between its walls and the cell ( Text) to minimize the external heat 
transfer, but it is not an adiabatic condition. We find that the Text

varies between 0 ℃ and 1.5 ℃ before thermal runaway, and it in
creases to 10 ℃ when thermal runaway occurs and further reaches 
the maximum temperature of 130 ℃. We develop analytical models 
to study the internal heat transfer caused. The difference in the 
heating stage is controlled by the characteristic length, heating rate, 
and thermal diffusivity. This difference is larger than 1 ℃ when 
studying large cells with a thickness larger than 7 cm. The difference 
caused in the self-heating stage is dominated by the Text and the 
Biot number. This difference is negligible before venting, because the 

Text is small enough in the self-heating stage. But it increases sig
nificantly to 2.6 ℃ when thermal runaway occurs for the small cell 
with a thickness of 10 mm. These two models can provide guidelines 
for carrying out ARC experiments to avoid large internal temperature 
differences. 

In this work, we find heat transfer is important in ARC experi
ments. Both the external heat transfer and internal heat transfer are 
not negligible, and it is necessary to use the adiabatic assumption 
carefully when quantifying thermal runaway parameters. The results 
show that heat transfer limitation can lead to errors in the para
meters quantified by ARC, especially for large cells. Ignoring heat 
transfer causes the heat of reaction to be underestimated by 12.4% 
and the maximum temperature of cells to be underestimated by 9%. 
This study provides useful guidance on the calorimetry of battery 
safety and help design better ARC experiments to reduce un
certainty, contributing to a better understanding of LIB safety. 
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