
Journal of Energy Storage 54 (2022) 105217

Available online 9 July 2022
2352-152X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Papers 

Thermal evaluation of lithium-ion batteries: Defining the cylindrical cell 
cooling coefficient 

M. Waseem Marzook a, Alastair Hales a,b,*, Yatish Patel a, Gregory Offer a, Monica Marinescu a 

a Imperial College London, Mechanical Engineering Department, UK 
b University of Bristol, Department of Mechanical Engineering, UK   

A R T I C L E  I N F O   

Keywords: 
Battery heat generation 
Battery thermal management 
Cell cooling coefficient 
Lithium-ion battery 
Cylindrical lithium-ion cell 
Cylindrical base cooling 

A B S T R A C T   

Managing temperatures of lithium-ion cells in battery packs is crucial to ensuring their safe operation. However, 
thermal information provided on typical cell datasheets is insufficient to identify which cells can be easily 
thermally managed. The Cell Cooling Coefficient (CCC) aims to fill this gap, as a metric that defines the thermal 
dissipation from a cell when rejecting its own heat. While the CCC has been defined and used for pouch cells, no 
similar measure has been proven for cylindrical cells. This work successfully defines and measures the CCC for 
cylindrical cells under base cooling (CCCBase), defined as the heat rejected through the base divided by the 
temperature difference from the base to positive cap. Using a non-standard, electrically optimised connection, 
the maxima for CCCBase of an LG M50T (21700) and Samsung 30Q (18650) cell are successfully measured to be 
0.139 and 0.115 W K−1, respectively. Even though the 21700 has a higher CCCBase, indicating that the cell can be 
cooled more efficiently, comparing the CCCBase per area the 18650 can reject 13 % more heat for a given cooled 
area. A worked example demonstrates the equal importance of understanding heat generation alongside the CCC, 
for both cell design and down selecting cells.   

1. Introduction 

Lithium-ion batteries are ubiquitous, from mobile phones to electric 
vehicles (EVs), with the ability to fast charge and have a long cycle life 
being two of the most sought-after cell attributes. Both of these attri
butes are strongly influenced by the management of heat in a battery 
pack; cell temperatures must be controlled in an effective manner in 
order to limit degradation [1] and prevent overheating and thermal 
runaway [2]. In order to control temperature and design effective and 
efficient thermal management systems for battery packs, the thermal 
properties of cells must be quantified and understood. 

However, standard thermal properties, such as thermal conductivity, 
conductance, diffusivity and the Biot number, are not appropriate 
measures for lithium-ion cells. The main difference is that battery cells 
are power and heat sources rather than passive elements [3]. Moreover, 
these standard thermal properties are not easily measurable in a 
meaningful way, as the internal geometry and composition of a cell are 
complex and inhomogeneous, such that bulk measurements can be 
misleading if the anisotropic behaviour is not modelled accurately 
[4,21]. The thermal properties of each component material can be in 

principle measured [5], but evaporation of the electrolyte renders some 
measurements difficult and/or inaccurate [6]. Even if measurements for 
each component material could be taken accurately, measuring the 
thermal properties of all internal interfaces between the various layers is 
very difficult and ignoring them leads to inaccuracy when modelling cell 
thermal behaviour [7]. 

The cell cooling coefficient (CCC) is a thermal metric designed to 
describe the application-relevant thermal properties of lithium-ion cells, 
defining the amount of self-generated heat a cell can reject through a 
cooled surface, for a given temperature difference across its body. As a 
result, the CCC is measured in Watts per Kelvin (W K−1) [8]. This defi
nition describes the heat rejection capability of a cell's surface, allowing 
for the comparison of geometrically different cells. The CCC is specific to 
each surface of a cell, thus each cell is characterised by multiple CCC 
values, one for each potential cooling approach. For pouch cells, CCCtabs 
and CCCsurf have been measured for tab [8] and surface [9] cooling, 
respectively, allowing a comparison of the effectiveness of the two 
cooling methods. The CCC can also be used as an optimisation target, as 
it can serve as a measure of improvements in the thermal performance of 
cells through better cell design [10]. The concept and implementation of 
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measuring the CCC for cylindrical lithium-ion cells is yet to be addressed 
and forms the purpose of this work. 

Cylindrical cells are a popular form of lithium-ion battery used in a 
wide range of applications, from handheld appliances (i.e., power tools) 
to EVs (Tesla). In these cells the electrode stack is rolled into a spiral and 
inserted into a cylindrical can. Tabs from the negative current collector 
are welded on the inside of the base of the can and tabs from the positive 
current collector are welded to a positive cap. The positive cap usually 
contains several safety devices, such as the Positive Thermal Coefficient 
(PTC) [11], a Current Interrupt Device (CID) and a safety vent [12]. 
These devices are designed to protect and prevent the cell from failing 
and reaching thermal runaway, however they are not effective in all 
failure circumstances: PTC devices were shown to fail when in series 
strings above eight [13], and safety vents were shown to not vent reli
ably when releasing pressure built up inside the can of the cell [12]. 
These devices are included to help reduce consequence should the cell's 
overheat in operation, but they are not designed to reduce the likelihood 
of such an event occurring. For this, we use thermal management sys
tems – active cooling applied in various forms to maintain an ideal 
operating temperature for the cell, well below the temperature at which 
the CID, PTC or vent must come into use. 

The various features of cylindrical cells, including the spiral elec
trode stack, welded tabs and safety devices, result in complex thermal 
pathways and heat generation profiles within these cells. The relatively 
high resistance of the positive safety cap in cylindrical cells leads to 
highly concentrated, localised heat generation at one end of the cell 
[14]. Defining and measuring the CCC for these cells can predict and 
help interpret their thermal performance, including the effect of the 
complex heat generation profile. 

The three most common thermal management strategies for cylin
drical cell packs are dual terminal, surface/can [15] and base cooling 
[16]. Terminal cooling denotes the case in which both ends of the cell 
are cooled, on the electrical terminals. This can be done using a cooling 
fluid, via direct contact with the cell, or indirect contact through a 
cooling plate or fin. Can cooling defines cooling the side of the cell can, 
where the proportion of surface cooled is variable between different 
applications. This method usually reduces the packing factor, as the cells 
need to be spaced further apart, in order to allow the cooling medium or 
the cooling fins to be inserted in-between the cells [15]. Base cooling 
involves cooling the negative end of all cells on a flat cooling plate. Base 
cooling is widely popular, as it offers the simplest thermal system design, 
but it adds challenges to the electrical design, as connections can no 
longer be made to the base of the cell. Instead, both electric connections 
need to be made at the top of the cell, where both the positive and 
negative terminals are available. Importantly, base cooling is expected 
to cause the highest temperature gradients axially within the cell, when 
compared to the other two cooling strategies [17]. 

This study focuses on establishing the first method for measuring a 
meaningful CCC for cylindrical cells, to help aid the comparison of the 
thermal dissipation capability of different cylindrical cells. Firstly, an 
improved representation of the CCC for any cell is formulated, to aid in 
its calculation. A meaningful CCC can only be obtained if it covers a 
range of operating conditions that is reflective of the intended applica
tion, and its value can be measured consistently within ±10 % mea
surement error. This uncertainty value has been chosen based on 
thermal standards observed by the National Physics Laboratory, where 
uncertainties of up to ±6.1 % are used for reference material specimens 
[18]. These reference materials are manufactured from highly consis
tent, homogeneous substances – the ideal case for thermal metrology. A 
cell, which has a complex composite structure and anisotropic thermal 
properties, presents a more challenging test case, thus uncertainties are 
expected to be higher, and ±10 % has been chosen. The cooling method 
of choice for this CCC work is base cooling of cylindrical cells. This will 
be measured using a specifically designed rig for the comparison of two 
typical cell sizes, 18650 and 21700. The measurement of CCC values for 
these two popular cell sizes can be adopted for the numerous cells 

available on the market, allowing end users to compare cells thermally 
prior to any testing, saving countless test hours that would otherwise be 
needed to characterise the cells electrothermally. 

2. Theory 

The CCC is defined by, the amount of internal heat rejected from a 
cell's cooled surface(s) (Q̇), divided by the temperature difference from 
the cell's cooled surface(s) to the hottest point of the cell (ΔT), in steady 
state, as shown in Eq. (1). 

CCC = Q̇
/

ΔT (1)  

The CCC is a cell-level thermal metric and can be thought of as a material 
property for a cell. It should be noted that the CCC is a different char
acteristic from the heat transfer coefficient, which defines the heat 
transfer between a cooling medium and surface. It can more closely be 
compared to an effective thermal resistance for a body (cell), defining 
the ratio of heat flow to thermal difference. However, instead of external 
heat passing through the body, the CCC describes a system where heat is 
generated within the body and fully rejected from a specified surface(s). 
The anisotropic nature of thermal conductivity, diffusivity, and heat 
generation in a cell result in the CCC being defined separately for each 
combination of surfaces that are cooled (dual-tab, single tab, dual- 
surface, single surface, base, etc.). There are four published articles on 
the topic, identifying, defining and measuring CCC values for different 
types of cells and surfaces of cooling. These works cover dual-tab [8] and 
single surface [9,10] cooling of pouch cells, as well as single-sided sur
face cooling for prismatic cells [19]. 

The CCC measurement method involves constant current pulsing a 
cell at 1 Hz in a setup with controlled thermal boundary conditions 
where the temperature is measured at various positions around the cell. 
Once the cell reaches steady state thermal conditions the value of CCC is 
calculated through the measured heat rejection and temperature dif
ference as per Eq. (1). This test is done at multiple current magnitudes 
and cooling temperatures, with the calculated CCC values plotted on a 
graph of CCC against heat generation (assumed to be equal to heat 
rejection), as shown in Fig. 1. In these works, the plot of CCC versus 
measured heat generation is used to quantify the correlation between 
the two variables, where a horizontal line is associated with no corre
lation. A dependency of the CCC on the measured heat generation, i.e. a 
non-horizontal plot, is assumed to indicate a correlation between the 
two, which, in turn, is assumed to be caused by limitations in the 
experimental procedure, such as difficulties in managing heat loss, 
accurately measuring heat flow, and measuring accurate cell thermal 
differences. The test rig designed to determine CCCtab was found to lead 
to no observable correlation [8], while the first proposed method to 
determine CCCsurf was found to lead to correlations, due to the non-zero 
slopes of the lines in Fig. 1 [9]. The correlation in these results was 
described to be due to heat losses in the experimental rig, thus to 
eliminate this from the determined value, the CCC was extrapolated 
back to zero heat generation, Q = 0 W, where heat losses are zero. A 
more complex test rig for CCCsurf allowed for improved thermal control 
over the cell, thus eliminating the apparent correlation between CCC 
and heat generation [10]. Both of these solutions result in a CCC deri
vation process that is more complicated than was originally intended. 

According to Eq. (1) the CCC is the slope on a Q vs. ΔT plot. If the CCC 
of a given cell is constant, then all experimentally measured heat gen
eration values should lie on a single line on a plot vs. ΔT, and the CCC 
value for the considered cooling scheme is the gradient of the linear fit of 
Q = f(ΔT). Fig. 2 re-illustrates the pouch cell data shown in Fig. 1 [9], 
together with the results from the other two publications on CCC [8,10], 
in the alternative way proposed above. 

For zero measured temperature gradient there is no heat flow 
through the cell, indicating that {0,0} is a point that must lie on the 
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linear fit. However, two of the lines that best fit the data have, in fact, 
significant non-zero Y-intercepts. This is likely caused by the limited 
temperature range for which these results were obtained, leading to a 
significant extrapolation from the dataset down to zero. This error re
sults in an important new criterion for accurate CCC measurement: 
experimental data must cover a sufficient thermal range for the cell and 
cooling system, this means the data should start at low temperature 
differences and have a range of points leading up to the maximum 
realistic ΔT that keeps the cell within safe operation for the cooling 
system, both electrically and thermally. 

3. Base cooling experimental setup 

The CCC for base cooling of cylindrical cells (CCCBase) is approxi
mated as the heat rejected from the base of the cell divided by the 
measured temperature difference between the top and base of the cell. 
The CCCBase is determined for two cells of different sizes. Firstly, an LG 
INR21700 M50T cell is considered, a high energy cell with a silicon 
doped graphite anode and an NMC811 cathode and a nominal capacity 
of 5 Ah. Secondly, a Samsung INR18650 30Q cell is evaluated, consid
ered a mixed power and energy cell, with a silicon doped graphite anode 
and an NCA cathode and a nominal capacity of 3 Ah. 

3.1. Cell connection 

A typical base cooled cylindrical cell has its external negative elec
trical connection at the top shoulder of the cell instead of at the base of 
the cell, to avoid hindering the cooling path. This choice of connection 
allows all cells to be oriented in the same direction in a pack. Connecting 
to the shoulder of a cylindrical cell requires sophisticated and expensive 
welding techniques, such as laser or ultrasonic welding, due to the 
relatively small surface area available for contact. This type of connec
tion cannot be done cheaply or quickly, even for a single cell. These 
types of welding equipment can be expensive to purchase or use; and 
will require the design and manufacture of custom rigs to hold the cell 
and connections in place for welding. In this work, a more traditional tab 
connection is used instead, at the base of the cell, allowing for an easier 
measurement of CCCBase. A tab is spot welded as closely to the edge of 
the base as possible in order to minimise its effect on the cooling path. 
This connection is expected to yield the theoretical maximum for the 
CCC measurement for base cooling because the heat generation of the 
negative connection is as close as possible to the heat sink, allowing for 
the shortest heat conduction path out of the cell. Moving the connection 
up to the top of the cell would shift this heat to the furthest point away 
from cooling, increasing the temperature gradient in the cell, whilst 
marginally increasing heat generation, thus lowering the CCC. 

Fig. 1. CCCsurf vs. measured heat generation for a 5 Ah Kokam pouch cell for cooling on one surface at temperature Tcon. LIB A1-3 represent data from the three 5 Ah 
Kokam cells tested under identical conditions. 
Reproduced with permission from [[9]]. 

Fig. 2. Previously presented CCC data displayed on a plot with different axes: Q vs. ΔT. Data obtained from the following references: A. [8], B. [9], C & D. [10].  
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3.2. CCC rig design 

A schematic of the rig is illustrated in Fig. 3. As is the case for the 
previous CCC measurement rigs [8–10], the experimental rig is designed 
to restrict all thermal pathways except for the one of interest, attempting 
to create adiabatic boundary conditions on all surfaces not being 
actively cooled. The cooling path, in this case the brass rod, is designed 
to develop a significant measurable temperature gradient along its 
length when heat flows from the cell. This rig is additionally designed to 
measure the axial heat losses from the cell, via the placement of an 
additional thermocouple (TC), denoted as number 11 in Fig. 3, in the 
insulation below the positive end of the cell, which is expected to be the 
hottest point on the cell, as well as additional TCs positioned along the 
Ni tabs connecting the cell (numbers 8, 9 and 10 in Fig. 3). Real images 
of the experimental rig can be found in supplementary material in Fig. 8. 

The cooling fin comprises two aluminium plates, denoted as ‘Top’ 
and ‘Base’ in Fig. 3, that are bonded to a brass rod of dimensions 6 mm in 
diameter and 100 mm in length. The heat flow along the cooling fin is 
measured through two TCs, number 6 and 7, positioned 60 mm apart. A 
40 × 40 mm Peltier element in contact with the aluminium top plate 
maintains the temperature of the plate using PID control to keep the 
temperature of the aluminium top plate constant. The electrical 
connection uses 8 mm × 0.15 mm (width × thickness) Ni tabs, spot 
welded using a Sunkko 709AD+ resistance welder. The negative Ni tab 
is positioned and welded at the edge of the base so that it minimises the 
obstruction to the cooling path. The Ni tabs are clamped between two 
brass blocks. Two ring terminated leads, one carrying current and the 
other one sensing voltage, are secured to each set of brass blocks in order 
to make a connection with the battery cycler, a Bio-Logic BCS-815. 

All but one of the TCs used are k-type and are secured to the cell with 
MG Chemicals thermal epoxy (thermal conductivity – 1.22 W m K−1). TC 
number 5 is a flat leaf k-type thermocouple, 0.1 mm in thickness, 
sandwiched between two layers of TGlobal thermal interface material 
(thermal conductivity - 12 W m K−1), each 0.5 mm thick. This 

arrangement helps minimise the effect of this TC on the cooling path via 
the fin. A 4.9 N weight is placed on top of the fin, resulting in a pressure 
of 14 kPa at the base of the cell. The weighted fin applies pressure 
vertically on the set-up, ensuring good thermal contact between the fin 
and the base of the cell. 

For the calculation of CCC, the temperature difference is taken as 
that between TC 1 and 5. TC 2, 3 and 4 are positioned 10, 35 and 60 mm 
along the length of the cell, respectively, to monitor the temperature 
profile along the surface. This rig has three axial loss paths, two through 
the positive end and one through the negative. Losses through the 
insulation at the positive end are measured through TCs 1 and 11, which 
are 10 mm apart. Losses through the Ni tabs are measured through TC 1 
and 10, and TC 8 and 9, which are 14 and 8 mm apart, respectively. 

The 18650 cell is tested using the same experimental rig, with some 
slight changes. The axial loss TCs are removed, as they were already 
measured to be sufficiently low enough when the 21700 was tested. 
Additionally, TCs 2, 3 and 4 are positioned 10, 30 and 50 mm along the 
length of the cell, respectively (distances measured from the base of the 
cell). 

3.3. Standard CCC procedure 

The cell is charged and discharged via square wave current pulses, 
causing it to generate heat. During pulsing, the mean current is 0A, to 
prevent any net change in State of Charge (SOC). Current pulsing at 1 Hz 
is performed for 6 h to allow the cell and experimental rig to thermalise. 
Once the cell reaches thermal steady state, it generates a relatively 
constant amount of heat throughout the experiment. The experimental 
rig is kept in a Binder KB400 thermal chamber at constant ambient 
temperature. The set point temperature for the Peltier element is the 
same as the value set for the thermal chamber; it is controlled using a 
PID controller in order to maintain a constant temperature, despite the 
cell generating heat. Six pulsing experiments of increasing current am
plitudes are performed, with a 90-minute rest after each set of pulses at a 
constant current amplitude. These six pulsing sets are designed to 
generate a sufficient range of temperature gradients across the cell to 
allow for a sufficient spread in the Q vs. ΔT plot, and thus a good baseline 
for a linear fit when calculating CCC. Each set of pulses are performed at 
a set operating point, where the operating point is defined by a pre- 
determined combination of SOC and ambient temperature values. 
Table 1 shows the combinations of current, SOC and ambient cooling 
temperatures used for testing the LG M50T. The current amplitudes are 
selected such that they ensure that the dataset for each operating point 
includes a sufficient range of thermal differences for the cell, so that it 
can be used to find a reliable CCC for the specific operating point. 
Alternatively, all the data from multiple operating points can be com
bined to find an overall CCC for a cell. 

Fig. 3. Schematic of the CCC base cooling rig. All non-cooled surfaces are 
surrounded by insulation to create an adiabatic boundary condition. The base is 
cooled via a cooling fin designed to be thermally restrictive enough to generate 
a measurable thermal gradient when heat flows through it. A 4.9 N weight sits 
on top of the cooling fin to keep it secured to cell. This rig includes the mea
surement of axial losses at both ends of the cell (via numbers 8, 9, 10 & 11). The 
red dots denote placement of thermocouples. Not to scale. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Combinations of experimental conditions 
tested for both LG M50T cells. For 50 % SOC 
all combinations were tested. For 25 % and 
75 % SOC only the blue highlighted combi
nations were tested. 

5
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I (A)
T (°C) 10 20 30
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4. Results & discussion 

4.1. 21700 testing 

4.1.1. Current, temperature & SOC variation 
To obtain a CCC with high confidence, it is important that the 

measured temperature gradient on the cell is large enough (>0.5 ◦C). 
The smallest temperature gradient is seen at the lowest current ampli
tude with the highest ambient temperature. At the opposite extreme, the 
highest current amplitude was chosen such that the cell temperature 
does not evolve above the safe operating temperature, even when 
operating at the highest ambient temperature. The maximum operating 
temperature allowed for these tests is 60 ◦C. 

Fig. 4 shows the results of 18 pulsing sets, corresponding to all the 
combinations shown in Table 1, covering six currents at three cooling 
temperatures all performed at 50 % SOC. Additionally, it shows 8 
pulsing sets, corresponding to the 4 combinations shown in blue in 
Table 1, performed at 25 % and 75 % SOC. The line of best fit has a 
negligible y-intercept, indicating that the range of temperature gradi
ents in these tests is sufficiently large to yield a CCCbase = 0.141 W K−1 

value with high confidence. Minor trends are visible in the data, firstly 
that the CCC is reduced for the experiments in which the ambient 
temperature is higher. Secondly that the CCC is decreasing as the SOC of 
the cell reduces. A possible explanation for this, is that the saturation 
and thickness of the electrodes is affecting the effective thermal con
ductivity and/or the heat generation profile of the cell [5]. 

The LG M50T does not appear to show any significant relationships 
with any of the three variables (I, T & SOC). However, further work 
would be needed to prove this is the case for more extreme conditions. 
Similarly, cells other than the LG M50T would need to be similarly 
checked, as different compositions of electrodes and electrolyte may 
cause a stronger variation of CCC with these variables. 

4.1.2. LG M50T CCCBase 
Fig. 5 shows all data gathered for LG M50T cells 1 and 2, with a line 

of best fit for the full dataset. The CCCBase for the LG M50T is 0.139 W 
K−1 ± 2.8 %, where the error margin is calculated based on the 95 % 
confidence bounds of the fit, to account for the spread. 

The heat flow in the identified loss paths is calculated using the 
estimated thermal resistance of the individual loss paths and the thermal 
difference recorded by the TCs. The percentage of heat flowing through 
the loss path compared to the heat flowing though the fin was calculated 
as 1.5 % loss from the positive end, including losses through the tab and 

insulation; and 1.5 % gain at the negative end, through the tab. This 
indicates that 1.5 % of the heat measured through the fin is not gener
ated by the cell, instead originating in the negative clamps and tab, 
before conducting into the cell. The proportion is low and has minimal 
effect on the measured CCC which as such can be assumed accurate. 

4.1.3. Pouch cells 
A comparison between the CCC values for cylindrical cells and those 

for pouch cells is meaningful, but not straightforward. CCC for base 
cooled cylindrical cells is most similar in concept to single tab cooling 
for pouch cells (that have tabs at either end). Previous CCC work has 
measured CCC values for dual tab cooling of pouch cells, one of these 
cells is the Kokam 5 Ah (SLPB11543140H5) [8]. This Kokam cell is 
comparable to the LG M50T, with similar NMC chemistry and capacity. 
The Kokam cell has dimensions of 142.5 × 43 × 11.7 mm (L × W × T), 
with tabs at either end of its length. Under dual tab cooling, the steady 
state thermal profile of the cell was found to be approximately uniform 
across the cell's width and thickness, as confirmed via experimental 
measurements from surface thermocouples and via the output of an 
electro-thermal model. A thermal gradient was found to develop along 
the length of the cell. The CCC was defined by the heat flow out of both 
tabs, divided by the thermal difference from the tabs to the centre of the 
cell (measured at the surface). Under single tab cooling it is expected 
that the thermal difference should approximately double for the same 
heat flow, with a single tab needing to extract heat from the entire length 
of the cell instead of just half. The thermal difference would be expected 
to be from one tab to the other, doubling the characteristic length. It is 
important to note that this is a rough approximation due to many 
interconnected phenomena affecting the heat flow and generation. 
However, in terms of order of magnitude estimation, the CCC value for 
dual tab cooling will be halved and used for comparison. This Kokam 
cell has a dual-tab cooling CCC of 0.332 W K−1 [8], a single tab cooling 
CCC for this cell would be approximated to be 0.150 W K−1. This value is 
only 8 % higher, and thus marginally better, than the cylindrical LG 
M50T cell. Based on these numbers, a reasonable assumption may be 
that the two cells are thermally similar. However, the characteristic 
length of the cell impacts the value of the CCC considerably, thus making 
it an essential property for understanding any comparison between cells 
with different form factors. The Kokam cell's characteristic length is 150 
% greater than that of the LG M50T (113 mm for the Kokam cell, dis
counting the tabs, versus 70 mm for the LG M50T), thus one might 
expect the Kokam cell should have a lower CCC than the LG M50T. The 
similar CCC values for the two cells suggest that the structure of the 

Fig. 4. Measured heat generation versus measured temperature gradient for the LG M50T cell under base cooling, exhibiting a strong linear correlation that enables 
the calculation of CCCbase = 0.141 W K−1 with high confidence. The symbols correspond to each of the 26 pulsing sets, at six current amplitudes (between 3.75 A and 
10 A), three SOCs (between 25 % and 75 %), and three cooling (and ambient) temperatures (between 10 ◦C and 30 ◦C). 
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Kokam cell is more efficient for tab heat rejection, compared to the 
structure of the LG M50T for rejecting heat through its base. 

4.2. 18650 comparison 

The choice between pouch or cylindrical cells will often be based 
upon several other more influential factors (e.g., configuration, safety, 
energy/power densities, pack construction). However, the decision be
tween different cylindrical cells, in their various capacities and sizes, 
may be significantly less rigid and could come down to factors like 
thermal performance. As part of this work, another popular cylindrical 
cell form factor is tested, the 18650. Fig. 6 shows the CCC plot for a set of 
CCCBase data gathered for a 3 Ah Samsung INR18650-30Q cell, under six 
different currents, ranging from 1C to 3.5C, and three ambient tem
peratures, 10, 15 and 20 ◦C. All results are gathered from a single cell at 
50 % SOC, with the 20 ◦C repeat data simply a repeated test of the same 
cell, where the cell was removed from the rig and subsequently inserted 
back in. The same nickel tabs and connection position as for the 21700 
cell are used, with the cell tested in the same experimental rig. Given 
that the setup is identical to that in Fig. 3, losses are expected to be of a 
similar magnitude to the M50T tests, and thus assumed to have minimal 

effect on the calculated CCC. 
The data points lie on a line of fit with small scatter, showing that the 

data is consistent. The y-intercept is relatively low, indicating a suffi
cient thermal range for the results to be trustworthy. This line gives a 
CCCBase of 0.115 W K−1 ± 1.5 % for the Samsung 30Q. The two measures 
of a successful CCC test – the spread of data across a linear fit and the low 
y-intercept – indicate that this dataset is significantly more consistent 
than the results from the LGM50; no dependence on ambient tempera
ture and no apparent change in data with a repeat are visible. It could be 
assumed that the lack of dependency of this data could translate to a 
consistent and horizontal dataset on the original plot for the CCC (CCC 
vs. Q) [8]. 

Fig. 7 shows the same data plotted using the old style representation 
from Hales et al. [8] It is clear that the data does not sit on a single 
horizontal line on this plot, each set of six currents has its own heat 
rejection dependence, with no clear dependence on ambient tempera
ture and a significant effect of a repeat, visible in the two 20 ◦C tests. The 
CCC value can only be obtained by calculating the mean of the dataset, 
yielding a value of 0.120 W K−1 ± 6 %. This CCCBase value is about 4 % 
higher than the value obtained above using the improved method. It is 
hypothesised that the difference between these two values is a result of 

Fig. 5. Measured heat generation versus measured temperature gradient for the LG M50T cell under base cooling, giving a CCC of 0.139 W K−1. The symbols and 
colours correspond to each of the 51 pulsing sets, at six current amplitudes (between 3.75 A and 10 A), three SOCs (between 25 % and 75 %), three cooling (and 
ambient) temperatures (between 10 ◦C and 30 ◦C), and two LG M50T cells. 

Fig. 6. Measured heat generation versus measured temperature gradient for the Samsung 30Q cell under base cooling, giving a CCC of 0.115 W K−1. The symbols and 
colours correspond to each of the 24 pulsing sets, at six current amplitudes (between 3 A and 10.5 A, in increments of 1.5 A), three cooling (and ambient) tem
peratures (between 10 ◦C and 20 ◦C), and one repeated test at 20 ◦C. All tests were performed at 50 % SOC. 
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relatively small difference between the absolute temperature of cooling 
provided by the Peltier element and the temperature of the ambient air 
in the chamber. This temperature difference results in small steady state 
heat flows within the rig/cell that affects the measured values of Q and 
ΔT by a fixed amount. This is hypothesised to affect each individually 
calculated CCC value shown in Fig. 7, while appearing as a shift in the 
data on Fig. 6 (the non-zero y-intercept). As a result, the difference in 
temperatures does not affect the fixed relationship between Q and ΔT 
(gradient) across multiple values of Q. This indicates that adopting the 
new CCC plotting procedure helps reduce the uncertainty in determining 
the CCC value. Fig. 7 leaves room for significant interpretation of the 
results and how best to determine a singular CCC value, i.e., extrapolate 
to 0 W, extrapolate to ∞ W, mean of the data, whereas using Fig. 6 
removes this, as it simply requires the line of best fit for the data. 
Additionally, using a line of best fit generates a singular CCC value that 
conforms to all of the data, as opposed to generating individual CCC 
values for each data point and attempting to find a singular answer. 

4.2.1. 18650 vs 21700 comparison 
Comparing the 18650 to the 21700 cell only based on their CCC 

value is not an accurate representation of their thermal performance in a 
pack. The 18650 cell is found to have a CCCBase value 16 % lower than 
that of the 21700 cell, meaning that it can transfer 16 % less heat when 
at the same temperature difference. However, the 18650 has a base area 
36 % smaller than the 21700 through which heat can be transferred 
during base cooling. Thus, it may be useful to compare heat flux as 
opposed to total heat flow out of the base of the cells. The ratio CCC/area 
(CCC”) is proposed as an additional tool in this comparison, using the 
heat flux divided by the temperature difference, as shown in Eq. (2). 

CCC′ ′ =
CCC
Area

=
Q̇

Area

/

ΔT = Q̇
′ ′/

ΔT (2)  

This metric has units of W K−1 m−2, identical to the surface heat transfer 
coefficient (h). However, these two metrics are fundamentally different 
as h defines the heat flux between two bodies across a 2-D surface for a 
given temperature difference between the two bodies, whereas the CCC” 
defines the possible heat flux (of internally generated heat) from a 3-D 
body through selected 2-D surfaces for a given temperature difference 
across the 3-D body. The value of the CCC” for the two cells tested is 
shown in Table 2. 

According to this new criterion, the value of the CCC”, the 18650 is 
superior to the 21700. These values predict that, when using multiple 
cells, as is the case in a pack, the 18650 cells can reject 13 % more heat 
than the 21700 cells for the same temperature gradient across the cell 
and the same cooling area of the thermal management system. While the 

geometry plays a role in this outcome, differences in the internal 
structure of the two cells are also expected to affect it. This particular 
18650 cell is known to have two internal negative tabs, while the 21700 
has only one; there may also be differences in electrode and current 
collector thicknesses, which is expected from the cells having different 
power/energy densities, as well as the different electrode chemistries 
(NMC for the 21700 and NCA for the 18650). 

4.2.1.1. Influence of internal composition and structure. The effect of 
these internal differences can be accounted for by calculating a CCC 
normalised for geometry: 

CCCGN =
Q̇
/

A

ΔT/l
= CCC×

l
A  

where Q̇ is the heat transferred through the cooled surface, ΔT/l is the 
temperature gradient from the hottest point to the cooled surface, 
withΔT being the difference in temperature and l being the distance 
between these two points, and A is the cross-sectional area of the cooled 
surface. CCCGN has units of W/m K, identical to thermal conductivity 
(k). However, k defines the heat flux flowing through a 1-D body for a 
given temperature gradient (K/m) across the length of the body, 
whereas CCCGN defines the heat flux of internally generated heat 
rejected from a 1-D body for a given temperature gradient across the 
length of the body. Comparing the values of CCCGN, the 18650 is only 5 
% better than the 21700. This value predicts that, were the two cells of 
the same size, there would only be a 5 % difference in CCC between 
them. Any further differences can be assumed to be the result of the cells' 
geometry. 

4.2.1.2. Geometrical influence. An estimate of what the CCC for an 
18650 with the same internal components and structure as the LG M50T 
21700 can be calculated by taking the CCCGN for the 21700 and 

Fig. 7. CCC versus measured heat rejection for the Samsung 30Q. Representing the same data displayed in Fig. 6 using the old CCC representation.  

Table 2 
CCCBase, CCC”Base and CCCGN,Base comparison of 21700 and 18650 cells.  

Cell CCCBase 

[W K−1] 
Base 
area 
[m2] 

CCC”Base 

[W m−2 

K−1] 

Length/ 
area 
[m−1] 

CCCBase*Length/area 
(CCCGN,Base) [W m−1 

K−1] 

21700  0.139 3.46 
×

10−4  

401  202  28.1 

18650  0.115 2.54 
×

10−4  

452  256  29.4  
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multiplying it by the area/length for an 18650. A CCC of 0.110 W K−1 is 
obtained for an 18650 sized LG M50T, a value 21 % lower than that of 
the CCC for the real 21700 sized LG M50T. When the CCC is normalised 
to the cooling area of the cells, a value of 432 W/m2 K indicates a 7 % 
better CCC” for an 18650 sized LG M50T versus the 21700 sized LG 
M50T. This analysis is strictly valid only if the value of CCCGN is inde
pendent of cell size. These numbers suggest that the CCC favours the 
21700 geometry, and the CCC” favours the 18650. This would mean that 
in a battery pack, a group of 18650 cells are easier to cool (because they 
are shorter) compared to a group of 21700. However, per cell, each 
21700 would be able to reject more heat (because they have a better 
base area to height ratio) than each 18650. 

4.2.1.3. Heat generation. The thermal performance of these cells cannot 
be compared without considering their heat generation. The heat gen
eration of a lithium-ion cell, however, depends on multiple factors. A 
recent study demonstrates how extensive testing can help create heat 
generation maps across multiple conditions, that can be used in 
conjunction with the CCC to aid cell selection [20]. However, for the 
purpose of simply comparing heat generation in the two cells, a single 
set of conditions was chosen; the heat generation was estimated at 1 Hz 
from the CCC experiments, at 50 % SOC and 20 ◦C. Even though at this 
frequency not all the heat generated will be ohmic, an estimate for heat 
generation can be found by using the overpotentials from the voltage 
data (V=IR) during the pulsed CCC experiments, estimating heat gen
eration through Joule heating (Q = I2R). The effective R value can be 
used to estimate heat generation at different currents. The effective in
ternal resistance values extracted are 20 mΩ and 25 mΩ, for the 18650 
and the 21700 cell respectively. According to these values, the following 
predictions can be made: 

Under Equal C-Rate – [Q = C2R (21700: C = 5 A, 18650: C = 3 A), ΔT 
= Q/CCC]  

• The 21700 cell would produce 250 % more heat  
• The 21700 cell would have a 180 % larger temperature difference 

along its length 

Under Equal Current – [Q = I2R (I = 5 A), ΔT = Q/CCC]  

• The 21700 cell would generate 25 % more heat.  
• The 21700 cell would have a 3 % larger temperature difference along 

its length 

Both comparisons indicate that this 18650 is thermally superior in all 
scenarios, because the 21700 cell is 25 % more resistive than the 18650 
cell according to the measured 1 Hz resistance. However, the CCC of the 
18650 cell is only 21 % better than that of the larger cell. In a battery 
pack, the 21700 compensates for its poorer thermal behaviour by its 
higher energy density. 

The CCC value of a cell has been demonstrated to be a key piece of 
thermal information [10], despite currently missing from data sheets. 
The raw CCC indicated that the 21700 is superior, however much of its 
advantage was found to be the result of geometry, namely its larger base 
area. Once heat generation is accounted for, the 18650 considered in 
this study becomes the better cell, in terms of its capability to reject its 
own heat through its base. How much heat a cell will generate under 
realistic conditions is also almost impossible to work out from a typical 
cell data sheet, although there is normally a 1 kHz AC resistance value 
which can be used for simple calculations, like those above. The above 
analysis highlights the importance of accounting for factors such as cell 
geometry, heat generation and capacity when making comparisons be
tween different cells. 

5. Conclusions 

This work presents a new way to calculate and display the CCC. Heat 
flow is plotted against the temperature difference measured across the 
cell, to display a linear relationship where the gradient of the line of best 
fit is CCC of the cell. The new method simplifies significantly the 
calculation of CCC for both pouch and cylindrical cells, decreasing the 
uncertainty in the determined CCC values compared to the previous 
method [9]. It is shown that CCC experiments must cover the complete 
thermal range of the cell being tested, to help ensure useful and accurate 
measurements are made. 

A successful experimental rig for determining the CCC of base cool
ing for cylindrical cells is proposed. A tab welded connection is used at 
both the positive cap and negative base of the cell. Although not the 
industry standard for base cooling, this type of connection allows 
optimal performance of the cell under base cooling, due to negative 
terminal heat generation being at the closest position to cooling rather 
than the furthest away (when connected at the shoulder), giving a 
theoretical maximum CCCBase for the cell. The proposed CCC procedure 
for the CCCBase of a 21700 cell gives consistent results across multiple 
currents, SoCs and ambient conditions. This consistency indicates that a 
single value of CCCBase per cell is required to describe its thermal 
performance. 

Finally, this work displays how the CCC provides a valuable thermal 
information that, combined with additional metrics, enables the thermal 
comparison of different cells for down selection during pack design. The 
CCCBase of the 18650 cell tested is 16 % lower than that of the larger 
21700 cell, indicating that the latter is superior. However, when 
dividing the CCCBase by the cooled area of the bases, the 18650 cell is 
found to reject 13 % more total heat for the same size cooling area. 
Furthermore, the 18650 cell would also generate less heat for the same C 
rate, as it's resistance at 1 Hz was 20 % lower. The 21700 would 
therefore generate 250 % more heat and have a 180 % larger thermal 
gradient along its length for an equal C rate. The comparison between 
form factors is not fair, as the 18650 was a hybrid cell and the 21700 was 
an energy cell. Instead, it demonstrates the equal importance of un
derstanding heat generation alongside the CCC when designing a cell or 
down selecting a cell for a particular application. The CCC provides 
valuable information that is currently missing from cell datasheets, in 
terms of the cell's thermal dissipation performance. 
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