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Abstract: Previous research has identified that the ageing rate and performance of lithium-ion cells
is negatively influenced by unfavourable cell thermal conditions, specifically, high ambient
temperatures and large in-cell temperature gradients. In this paper, the effectiveness of different
cell cooling strategies on reducing the in-cell temperature gradient within cylindrical cells is
analysed through the development of a 2-D transient bulk layer thermal model displaying
anisotropic thermal conductivity. The model is validated against experimental temperature
measurements in which the peak error of the simulation was found to be 2% and 5% for the
experimental test drive cycle and constant 1C discharge respectively. Results indicate that radial
cooling with air or singular tab cooling with liquid may be inadequate in limiting cell temperature
gradients to below 5 ℃ for HEV type 32113 cells when subject to 4 loops of the US06 drive cycle.
Keywords— Anisotropic thermal conductivity, automotive battery, thermal management, thermal
modelling
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Introduction

The worthiness of lithium-ion batteries in the automotive sector is a result of their superior energy
and power density relative to previous iterations of battery technology such as lead acid and nickelmetal hydride [1]. Recent dramatic declines in cost of the lithium-ion technology [2] are also
fuelling the uptake of hybrid electric vehicles (HEVs) and full electric vehicles (EV) into the
automotive landscape, with forecasts predicting increased penetration rates of these vehicles within
the commercial light duty vehicle market over the coming decade [3] .
Other important automotive battery metrics include life span – time the battery can satisfy the
operating requirements of the vehicle, safety - which is generally associated with thermal runaway
avoidance and performance – the ability of the battery to meet the vehicle operational requirements
under extremes in the ambient temperature e.g. below -20 ℃ and above 40 ℃ [4]. Unfortunately
these are areas where lithium-ion batteries show weaknesses, as its performance [5] and ageing rate
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is highly sensitive to the operating temperature [6]. As such, in order to ensure that power and
energy density are not compromised which could hamper the uptake of HEVs and EVs, the adverse
temperature related effects must be mitigated through ensuring that the cell operating temperature
is maintained within a range of circa 20 ± 5℃ [5].
Aside from the absolute value of battery operating temperature, temperature gradients present
between battery cells within a pack and also between the individual cell material layers have been
shown to negatively impact performance and ageing [7]–[9]. Yang et al.[9] demonstrated that
temperature gradients between cells connected in a parallel string can exasperate unbalanced
discharging, with the ageing rate of the battery increasing in an approximate linear fashion as the
cell-to-cell temperature gradient increased. Fleckenstein et al. [8] noticed through simulation that
temperature gradients present within the cell material causes inhomogeneities in cell current
density, which in turn induces a local state of charge (SOC) imbalance within the cell. Specifically,
an in-cell temperature gradient of 20 ℃ at the end of their duty cycle was predicted to incur a SOC
gradient throughout the cell in excess of 8 %, with these inhomogeneities expected to accelerate
localised ageing and in turn the overall ageing rate of the cell. Troxler et al. [7] observed
experimentally that under a temperature gradient the cell performance did not perform as if the cell
were operating at the volume average temperature, but rather as if at a higher average temperature
than the theoretical volume average. Larger temperature gradients were observed to provide greater
deviations in performance relative to the volume average operating temperature [7]. Owed to this,
reports in literature suggest that temperature gradients between lithium-ion cells in a pack and
through the individual cells should not exceed a maximum of 5 ℃ [9].
Attributed to these difficulties, thermal management systems are of utmost importance to ensure
that these constraints on temperature are satisfied on both the cell and battery pack levels. To begin
to assess whether a particular thermal management strategy is acceptable in meeting said
constraints on temperature given the operating nature of the cell (e.g. duty profile), thermal
modelling approaches are commonly employed as an initial stage in the design [10]. In this report
a 2-D transient thermal model is developed for cylindrical cells using a finite difference approach
under a homogenous bulk layer assumption for the complete cell displaying anisotropic thermal
conductivity. The finite difference approach enables additional layers of fidelity to be applied to
the base model during further investigation, e.g. 2-D composite material heat transfer, without the
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need to develop a new model as would be required when using an analytical solution approach as
in [11].
The paper is structured as follows. Section 2 outlines the development of the thermal model with
Section 3 validating its accuracy against experimental temperature measurements for real 18650
cells subject to two different current profiles. The vehicle model used to obtain the electrical duty
cycles used as input to the thermal model are discussed in Section 4. In Section 5 a thermal
modelling study is performed on cells tailored towards EVs, plug-in hybrid vehicles (PHEVs) and
HEVs when subject to their respective duty cycles. Here, the effectiveness of different cooling
strategies that alter the heat transfer medium (air or liquid) and cooling location choice (radial or
tab cooling) are assessed in their ability to mitigate the in-cell maximum temperature gradient
(∆𝑇𝑚𝑎𝑥 ), the maximum cell temperature (𝑇𝑚𝑎𝑥 ) and the volume averaged cell temperature
(𝑇𝑎𝑣𝑔 ).for the given case scenarios. This enables a preliminary indication into potential acceptable
cooling strategies for a given class of EV, PHEV and HEV employing cylindrical cells.
2

Thermal model

Figure 1: (left) schematic of cell geometry (right) discretised solution domain for the ADI approach

Bulk thermal models that use effective values for the cell heat capacity, density and anisotropic
thermal conductivity have proven effective for thermal modelling of lithium-ion cells. An example
of this approach can be viewed in [11]. Here, the complete cell (active material, electrolyte contact
layer and encapsulating steel can) is treated as one homogenous material. Such models have been
validated in literature against experimental cell temperature measurements and have been
recommended for use in designing thermal management systems for lithium-ion cells [11]. A
schematic showing the bulk layer model for the cell material is viewable in Figure 1.The governing
heat conduction equation for the cell bulk material is given by:
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Where 𝜌 is the cell density [kg.m-3], T the local cell temperature [K], 𝐶𝑝 the cell heat capacity
[J.kg-1.K-1], r and z the radial and axial positions respectively [m], Ri the radius of the cell mandrel
[m], Ro the radius of the cell [m], z = 0 the location at the bottom tab of the cell [m], z=L the
location at the top cell tab [m], q’’ the uniform volumetric heat generation rate present within the
cell [W.m-3], 𝑘𝑟 the cell effective cross-plane thermal conductivity along the r axis [W.m-1.K-1] and
𝑘𝑧 the cell effective axial thermal conductivity along the z axis [W.m-1.K-1]. Irreversible heat
generation mechanisms are considered to characterise the value of 𝑞 ′′′ , whereby other heat
generation terms such as entropic heating are ignored. The irreversible volumetric heat generation
rate is expressed via [12]:
𝑞 ′′′ =

𝐼 2 𝑅𝜂
𝑣𝑐

(2)

Where 𝐼 is the cell current [A], 𝑅𝜂 the overpotential resistance of the cell [Ω] and 𝑣𝑐 the volume of
the cell active material [𝑚3 ]. One common method that has proven accurate for solving the heat
conduction equation in 2-D coordinates is the alternating-direction implicit (ADI) finite difference
method [13], which has been adopted to solve Eq. (1). This technique discretises the heat
conduction equation producing two ADI equations which are each solved in turn, given boundary
conditions, using tri-diagonal matrices to determine the temperature values at the nodes within the
shaded area of Figure 1 (right). Newton’s law of cooling is specified at the external cell surfaces,
with radiation effects neglected. An insulating boundary condition is set at r=Ri given the
symmetry present within the cell. Derivation of the ADI equations is out of the scope of this paper.
3

Thermal model experimental validation

The accuracy of the thermal model is assessed against experimental temperature measurements
obtained from 18650 Panasonic cells with a nominal capacity rating of 3.1 Ah subject to two test
duty cycles. The cells have been placed in a climate chamber that circulates air at 25 oC.
Thermocouples have been placed at the top, bottom and mid-height exterior surface of the cells
facing outward from the module. Figure 2 shows the experimental set-up and an example of the
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location of the thermocouples as indicated by the yellow stars. Only temperature monitored cells
are shown. The 19 cells within the module are connected in parallel during testing.

Figure 2: Experimental set-up showing temperature monitored cells within a 19 cell module

The physical thermal parameters for the cell as model inputs are viewable below in Table 1.
Table 1: Test cell physical properties

𝑘𝑟
[W.m-1.K-1]
0.25

𝑘𝑧
[W.m-1.K-1]
30

𝐶𝑝
[W.m-1.K-1]
1015

𝜌
[kg.m-3]
2418

The value for the effective cell density has been calculated given the weight of the cell (40 g) and
the known volume of the cell active material (here a 3 mm cell mandrel size has been assumed
based on images from [14]).

Figure 3: Experimental (left) cell overpotential resistance (right) test drive cycle c-rate profile

The value for the cell effective heat capacity is given by the cell manufacturer. The effective crossplane thermal conductivity value has been chosen based off values that implicitly include the
contribution of thermal contact resistance present between layers in the electrode assembly. These
typically give rise to values in the region of 0.15-0.28 W.m-1.K-1, near a magnitude lower than
measured values for isolated electrode assembly samples [15]. Values that include the effect of
contact resistances are more representative of a complete cell structure [16] than those for isolated
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electrode assembly samples or methods which calculate the effective cross-plane thermal
conductivity that also ignore contact resistances. The axial thermal conductivity value is taken as
that reported by Drake et al. [16].The 𝑅𝜂 value of the cell has been measured experimentally as a
function of cell SOC using the pulse method technique described in [17] using a 10 s pulse duration
at 25 oC. The results can be viewed in Figure 3 (left) together with the test drive cycle cell C-rate
profile (right).

Figure 4:Mid-height outer cell surface temperature (left) constant 1C discharge (right) test drive cycle

A sub-set of the comparison results between the thermal model outputs and the experimental
temperature measurement (for cell 1 as seen in Figure 2) for both test cases can be viewed in Figure
4. The convective boundary conditions employed at the radial and bottom tab surface is 6 W.m1

.K-1. The suggested higher value of 10 W m-2 K-1 from Shah et al. [11] is set at the top tab which

is more exposed to air circulation effect from the climate chamber. Mesh resolution parameters for
space and time have been chosen to ensure that the model output is independent of their value.
The model provides good agreement with the experimental measurement for both cases with a peak
error of 5.3% for the 1C discharge and 2.4% for the test drive cycle duty cycles. The use of the 𝑅𝜂
polynomial has been used for the 1C discharge, given that the deep SOC discharge results in a large
increase in 𝑅𝜂 . The model slightly under predicts the temperature within the low SOC range <17%
where the large increase in 𝑅𝜂 begins. This discrepancy may be a result of neglecting the entropic
heating effect, which can be greater than 10% the value of the irreversible heat term between 020% SOC depending on chemistry type at 1C discharge [18]. For the test drive cycle, the cell SOC
does not drop below 17% thus avoiding the region of large resistance increase and potential higher
contributions from entropy heating. A nominal value of 32 mΩ has thus been used in the thermal
model here to avoid Coulomb-counting given that 𝑅𝜂 varies little between 100-17% SOC. Through
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avoiding the lower SOC region, the effects of large entropy heating fluctuations are expected to be
less, improving the accuracy of the assumption for sole irreversible heating. This may explain why
the observed experimental error is less. Other contributions of error may arise from neglecting
radiation effects, neighbouring effects from surrounding cells in the test module, the assumed
values for the convection coefficient and from using a static convection coefficient value which
would realistically change due to the surrounding air buoyancy effects as the cell surface
temperature changes.
4

Vehicle model

A full description of the vehicle model is derived in [19] and will therefore not be repeated here. A
brief overview is presented. The electrical current profiles employed were derived from a 1-D,
backward-facing, lumped parameter vehicle model. The input to the EV vehicle model is the
velocity profile of the US06 and WLTP drive cycle for the PHEV. Propulsion power (Pp) was
derived using the standard road law equation, comprising rolling resistance and aerodynamic drag
forces. The effective power at the terminals of the battery pack is reflected through the efficiency
of the powertrain components (e.g. electrical machine, gearing and power electronics). During
periods of regenerative braking, 24% of Pp is applied to the battery pack, with the balance
dissipated as heat in the friction brakes and electric motor and inverter losses. Table 2 presents key
vehicle and battery parameters considered for the model for the chosen example EV, PHEV and
HEV cases. For the HEV case, the US06 power profile as presented in [20] is employed with the
limit upscaled to match 40 kW, typical for the maximum power of a HEV electrical machine [21].
Table 2: Example EV, PHEV vehicle and battery parameters and HEV battery parameters

Example EV
Example PHEV
Example HEV

Curb weight +
80 kg driver
[kg]

Frontal
area
[m2]

𝐶𝑑
[-]

Cell type
[-]

𝑉𝑐𝑒𝑙𝑙
[V]

𝑁𝑐𝑒𝑙𝑙
[-]

𝐶𝑐𝑒𝑙𝑙
[Ah]

𝐸𝑝𝑎𝑐𝑘
[Ah]

2188
1801
[-]

2.33
2.20
[-]

0.24
0.28
[-]

18650
18650
32113

3.7
3.7
3.3

7104
1395
96

3.1
3.1
4.4

81
16
1.4

Where 𝐶𝑑 is the drag coefficient, 𝑉𝑐𝑒𝑙𝑙 the cell voltage [V], 𝑁𝑐𝑒𝑙𝑙 the number of cells in the battery
pack, 𝐶𝑐𝑒𝑙𝑙 the nominal cell capacity [Ah] and 𝐸𝑝𝑎𝑐𝑘 the nominal pack energy [kWh].
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5

Analysis

Results for the drive cycle C-rate profiles from the vehicle model for the EV and PHEV case are
shown in Figure 5. The upscaled HEV cycle is also shown. For the EV and PHEV cases with 18650
cell geometry, the nominal value of 32 mΩ is used for 𝑅𝜂 in the thermal model as deep discharges
(<17 % SOC) are avoided. For the 32113 HEV cell, a nominal value of 4 mΩ is used (deep
discharges also avoided) given that the cell is tailored towards high power rather than energy and
designed with a higher number of current collector tabs to reduce the value of 𝑅𝜂 . Thermal
conductivity values are assumed to be the same as for the 18650 cell. This is done to remain
conservative, as the measured value 𝑘𝑧 of the isolated jelly roll sample for the 32113 cell is reported
as higher at 76 W.m-1.K-1 [8] but neglects thermal resistances between the top of the jelly roll and
cell terminals [8] which are implicitly include in the value for the 18650 cell as reported by Drake
et al. [16]. The density of the cell is taken as 2256 kg.m-3 given its weight of 205 g and volume
(also assuming a 3 mm internal mandrel size). The effective cell heat capacity is taken as 1020
J.kg-1.K-1 as provided in [22]. Cooling boundary convective heat transfer values considered are 50
W.m-2.K-1 to reflect moderate forced convection with air [23] and 750 W.m-2.K-1 to reflect forced
convection with liquid e.g. attainable with water/glycol mixture [10]. Bulk heat transfer medium
and initial cell temperature are set at 25 ℃. The term radial cooling represents a positive h value at
r=Ro with h=zero for other surfaces. Tab cooling represents a positive h value at the tab(s) with
h=zero at the radial surface and opposite tab in the case of singular tab cooling.

Figure 5: C-rate profile for (left) EV US06 (middle) PHEV WLTP Class 3 (right) HEV US06
5.1

PHEV model

Thermal results for the PHEV vehicle model subject to 3 loops of the WLTP Class 3 cycle are
shown in Figure 6. Given the aspect ratio (diameter/length) of the cell, radial cooling with air and
singular tab cooling with liquid for these h values give rise to near identical thermal results given
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the overlay of the curves. Both strategies enable the peak value for ∆𝑇𝑚𝑎𝑥 to remain below 4 ℃
and 𝑇𝑎𝑣𝑔 to below 33 ℃. Double tab cooling with liquid is the most effective option as observed
by the dampening effect on the thermal transients. It is, however, envisaged to be the most complex
solution given that discrete tubing must be routed over both tabs for indirect liquid cooling
methods.

Figure 6: PHEV thermal model results for 18650 type cell subject to different cooling boundary conditions
5.2

EV model

Figure 7: EV thermal model results for 18650 type cell subject to radial air cooling boundary condition

Thermal results for the EV vehicle model subject to 4 loops of the US06 cycle together with a 40
minute 1C charge (from 20% to 87 % SOC) are shown in Figure 7. Owing to the small time
averaged cell heat generation rate across the US06 cycle of 0.0778 W as a result of the large pack
size (81 kWh), there is a small thermal effect on the cell. The 1C charge results in a much higher
time averaged heat generation value of 0.308 W resulting in a greater relative rise in 𝑇𝑎𝑣𝑔 of the
cell. In both instances a basic radial air cooling approach enables ∆𝑇𝑚𝑎𝑥 to remain below 1.5 ℃.
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5.3

HEV model

Thermal results for the HEV vehicle model subject to 4 loops of the US06 cycle are shown in
Figure 6. For radial cooling with air and singular tab cooling with liquid, ∆𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑎𝑥 exceed
15 ℃ and 50 ℃ respectively during the 4th loop of the US06 HEV cycle. Introducing liquid radial
cooling together with singular tab cooling offers a large reduction in both the value of 𝑇𝑚𝑎𝑥 and
the volume average cell temperature by more than 10℃ at t = 1970 s. However, this strategy still
fails to limit the peak value of ∆𝑇𝑚𝑎𝑥 to below 15 ℃ as with the singular liquid cooled tab method.
The greatest dampening effect on the value of ∆𝑇𝑚𝑎𝑥 is again observed with double tab cooling
with liquid, enabling the peak value to remain below 5 ℃. Also observed through comparison with
the 18650 results is that increasing the aspect ratio of the cell favours a relative improvement in the
cell thermal performance of tab cooling over radial cooling for these h values. This is mainly
attributed to the poor efficiency in extracting heat from the radial surface owing to the low value
of 𝑘𝑟 which is over an order of magnitude lower than 𝑘𝑧 .

Figure 8: HEV thermal model results for 32113 type cells subject to different cooling boundary conditions
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Conclusion

Results from the analysis indicate that air cooling across the radial surface of 18650 type high
energy cells is capable of minimising the peak in cell-temperature gradient to below 4 ℃ and 2 ℃
when the cell is exercised against a duty-cycle representative of a plug-in hybrid (PHEV) and
electric vehicle (EV) respectively. For high power 32113 cells subject to HEV type load-profiles,
the in-cell temperature gradient can exceed 15 ℃ with singular tab or radial cooling. Double tab
cooling with a liquid heat transfer medium is predicted to provide the greatest dampening effect
over thermal transients within the cell at a cost of a potentially more complex cooling design.
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