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A B S T R A C T

Thermal management for electric vehicles is becoming ever more significant for ensuring prolonged driving
range. Climatization of batteries to the optimal operating temperatures is crucial for their performance and
lifetime, and therefore they need to be heated when operating in cold climate. This often results in reduced
driving range. This work numerically investigates the potential of thermal encapsulation of large battery
packs for electric truck applications. Vehicle-level simulations were performed under drive cycle conditions at
different operating temperatures to study its influence on the battery performance. Parking–driving cycles at
various ambient temperatures and a parametric study on the encapsulation characteristics were carried out
to assess the energy consumption under each condition. The study shows that high thermal resistance of the
insulation material significantly reduced the heat loss to the environment acclimatizing the battery pack close
to near-optimal operating temperatures, which can result in potential energy savings of about 15% at −25 ◦C
when operating after a 12-h parking period.
1. Introduction

Lithium-ion batteries (LIBs) have high energy density, long cycling
life and cause little pollution [1,2]. Hence, they have become the
primary source of energy for a number of applications ranging from
portable electronics to battery electric vehicles (BEVs). However, the
operating temperatures of LIBs have a significant impact on their
performance. At low temperatures, LIBs experience reduced charging
efficiency, significant power loss and accelerated aging [3–5]. For
BEVs, these effects negatively impact the driving range. Hence, there
is a strong need to develop effective battery climatization techniques
under low temperature operations for improved battery and vehicle
performance.

Several studies have attempted to investigate the battery perfor-
mance and aging at low temperatures. Nagasubramanian [6] studied
the performance of the commercial 18650 Li-ion cell and he reported
an energy density of 5% and power density of 1.25% at −40 ◦C as
compared to 25 ◦C. Zhang et al. [4] linked the poor performance of
battery cells at low temperatures to the poor charge transfer at the
electrode/electrolyte interface due to slow kinetics. Fan and Tan [7]
studied the charging characteristics at low temperatures and found
that significant lithium plating, which occurred when charging at low
temperatures, led to an irreversible decrease in battery capacity. They

✩ This document is the result of the research project funded by the Swedish Energy Authority/FFI project number, D. nr P48024-1.
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E-mail address: anandh.rameshbabu@chalmers.se (A. Ramesh Babu).

also recommended avoiding charging at high current at these tem-
peratures. Bandhauer et al. [8] reviewed the temperature effects on
capacity loss and concluded that the charge transfer degraded rapidly
with decrease in temperature and that the slow charge transfer at
the electrode/electrolyte interface caused the poor low-temperature
performance of the cells. Petzl et al. [9] focused on non-destructive
characterization of the fading behavior of the battery cells during long-
term cycling. They elucidated the lithium plating effects on the graphite
anode as the most severe factor leading to capacity fade in LIBs at
low temperature, where the loss of cyclable active lithium material
led to capacity decay. To summarize, poor performance of LIBs in
cold climates can be attributed to four main factors [3–5,8,10–13]: (1)
low conductivity of the electrolyte and solid electrolyte interface on
the electrode surface; (2) declined solid-state Li diffusivity; (3) high
polarization of the graphite anode; and (4) sluggish kinetics caused by
high charge-transfer resistance on the electrode interfaces.

In vehicle applications, these factors limit battery discharge dur-
ing propulsion and their charging ability during regenerative braking.
Numerous studies have investigated battery modeling for vehicle appli-
cations and have attempted to capture these effects both numerically
and experimentally [14–23]. Shidore and Bohn [14] quantified the
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359-4311/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.applthermaleng.2022.118548
Received 12 January 2022; Received in revised form 8 April 2022; Accepted 17 Ap
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ril 2022

http://www.elsevier.com/locate/ate
http://www.elsevier.com/locate/ate
mailto:anandh.rameshbabu@chalmers.se
https://doi.org/10.1016/j.applthermaleng.2022.118548
https://doi.org/10.1016/j.applthermaleng.2022.118548
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2022.118548&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Thermal Engineering 212 (2022) 118548A. Ramesh Babu et al.

f
b
t

h
e
h
l
s
d
d
n
l

t
n
t
B
2
e
t
m
a
r
g
d
c
s
h
i
h
i
o
h
t
1
e
o
t
l
e
d
a
t
r
d
a
a
t
a
c
I
c
a
i
c
i

c
e
e
T
e
u
v
p
p

Nomenclature

Abbreviations

LIB Lithium-ion battery
BEV Battery electric vehicle
PCM Phase-change material
ECM Electrical circuit model
EPA Environmental energy agency
HWFET Highway fuel economy test
NMC Nickel–Manganese–Cobalt
1D One-dimensional
RC Resistance–capacitance
RMS Root mean square
CFD Computational fluid dynamics
HPPC Hybrid pulse power characterization

Symbols

𝜏 Motor torque
𝜔 Motor angular velocity
𝑀𝑣 Mass of the vehicle
𝑃 Traction power
𝑎𝑣 Vehicle acceleration
𝜌𝑎 Density of air
𝑣𝑣 Vehicle velocity
𝐶𝑑 Coefficient of drag
𝐴𝑓𝑣 Vehicle frontal area
𝜇𝑟 Rolling resistance
𝑔 Acceleration due to gravity
𝛼 Road gradient
𝑅𝑖,0 Battery resistances
𝐶𝑖 Battery capacitances
𝑉𝑇 Terminal voltage
𝑈𝑜𝑐 Open-circuit voltage
𝑈𝑖 Voltage drop across 𝑖𝑡ℎ RC branch
𝑆𝑜𝐶 State of charge
𝐼 Current
𝛥𝑡 Timestep size
𝑄 Heat rejected by each module
𝑁𝑚𝑜𝑑 Number of cells in each module
𝑇 Temperature
𝑑𝑈𝑜𝑐
𝑑𝑇 Battery entropic coefficient
𝑡 Encapsulation thickness
𝑘 Thermal conductivity
𝜌 Density
𝑐𝑝 Specific heat
𝑅𝑡ℎ Thermal resistance
𝐶𝑡ℎ Thermal capacitance
𝑇∞ Ambient temperature
𝛥𝑇𝑤−∞ Difference between wall and ambient tem-

peratures

impact of low ambient temperatures 0 ◦C and −7 ◦C on battery per-
ormance in hybrid electric vehicles. They found a 34% reduction in
attery power and an 8%–12% increase in internal resistance at these
emperatures as compared to an ambient temperature of 20 ◦C. More-

over, battery packs not only provide energy to power the propulsion
system, but also acclimatize themselves, the entire powertrain and the
passenger compartment. At low temperatures, a large portion of the
2

t

energy is spent on heating the battery packs and the cabin, thus short-
ening the driving range by more than 30%–40% [16,18]. Taggart [22]
analyzed over 10,000 T Model S and observed energy consumption
increased by over 45% at −10 ◦C. Short trips particularly exhibited
igher consumption due to the transient battery and cabin heating
nergy demand. Steinstraeter [23] et al. studied the impact of cabin
eating demand and limited battery capacity to recuperate energy at
ow temperatures in the Tesla Model 3 and in the BMW i3. The results
howed a 32% decrease in range due to heating demand and a 22%
ecrease due to limited recuperation, giving a combined maximum
ecrease of about 50% under cold conditions. This emphasizes the
eed for efficient vehicle thermal management systems to improve
ow-temperature performance and prolong the range in BEVs.

To overcome the challenges at low-temperature operating condi-
ions, different strategies have been studied both experimentally and
umerically. Battery heating is a feasible approach that has been ex-
ensively studied to improve the low-temperature performance of LIBs.
attery heating strategies were first investigated by Pesaran et al. [24,
5]. They classified battery heating based on energy source and en-
rgy/heat transfer pattern and compared different heating strategies
o improved battery performance. Later, Wang et al. [5] classified
ethods with respect to the location of heat generation into ‘internal’

nd ‘external’ methods, where internal methods use the cell’s internal
esistance to heat themselves up while the external methods use heat
enerated outside the cells to warm up either convectively or con-
uctively. Ji and Wang [26] employed an electrochemical-thermally
oupled model to simulate the different heating processes, namely
elf-heating, convective heating, pulse heating and externally powered
eating, from subzero temperature. Their characteristics were discussed
n terms of capacity loss, time and cost. They observed that the pulse
eating strategy produced the least capacity loss, which implied an
ncrease in vehicle range. With the convective and pulse heating meth-
ds, the warm-up time was reduced considerably. Other studies [27,28]
ave performed similar investigations to corroborate the findings on
he aforementioned heating strategies. The usage of heat pumps [16,
8,29,30] and battery pre-conditioning coolant circuit [18] have been
xplored to reduce the load on batteries for self-heating during vehicle
peration. Nevertheless, heating with external power supply proved
o be the best solution since it produced the least capacity loss and
ong cycling life [26,31–33]. While there has been a considerable
ffort towards improving the warm-up performance of batteries using
ifferent strategies, a few studies have examined passive thermal man-
gement such as battery insulation to reduce heat loss at low ambient
emperatures. Hu et al. [34] pointed out that effective insulation can
educe heat loss to the environment, thus reducing the energy expenses
uring the warm-up phase. Recently, Ouyang et al. [35] carried out
series of experiments to probe the influence of thermal insulation

round battery cells for the temperature range 0–20 ◦C and concluded
hat thermally insulated cells showed improved discharge performance
nd a slower decay rate. Ling et al. [36] investigated the effect of phase
hange materials (PCM) with high thermal capacitance to store heat.
t was noted that the usage of PCM decreased the rate at which the
ells cool down, but negatively affected the heat-up performance of
lready cold battery cells. Wu et al. [37] examined the effect of thermal
nsulation using nano-porous aerogel with different thickness in battery
ells. The low thermal diffusivity of the aerogel aided in retaining heat
n the cells at low temperatures resulting in better energy utilization.

With the available literature indicating that insulating battery packs
an be beneficial while operating under low ambient temperatures, the
ffect of battery pack insulation at the vehicle level and the potential
nergy savings under drive cycle conditions is yet to be investigated.
his paper focuses on a numerical study of battery pack thermal
ncapsulation and its effect on the energy usage of electric vehicles
nder parking–driving scenarios at low ambient temperatures. The
ehicle energy consumption of an encapsulated battery pack was com-
ared to a non-encapsulated pack, and a parametric analysis was
erformed by varying the material properties and thickness of the

hermal encapsulation.
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Table 1
Truck specifications.
Parameter Value

Vehicle mass (𝑀𝑣) 15000 kg
Tyre rolling resistance (𝜇𝑟) 0.008
Drag coefficient (𝐶𝑑 ) 0.5
Frontal area (𝐴) 10 m2

Gear-train efficiency (𝜂𝑔𝑡) 0.95

Fig. 1. Schematic of the electric truck model.

2. Modeling methodology

To perform transient drive cycle simulations, a system-level vehicle
model was developed in GT-SUITE, a commercial simulation platform
for vehicle systems [38]. This section describes in detail the vehi-
cle model comprising the electric energy storage (battery packs), the
electric powertrain, the cooling system and the vehicle controllers.

2.1. Vehicle model

The vehicle considered in this work was a simplified fully electric
truck (see schematic in Fig. 1) and its main specifications are presented
in Table 1. It had two axles, each driven by an electric motor through a
differential. The electric motors served also as generators to regenerate
energy while braking. The efficiency map of the electric machine as a
function of operating torque (𝜏) and angular velocity (𝜔) is shown in
Fig. 2. The traction power was calculated as:

𝑃 =
(

𝑀𝑣𝑎𝑣 +
1
2
𝜌𝑎𝑣

2
𝑣𝐶𝑑𝐴𝑓𝑣 + (𝜇𝑟cos(𝛼) + sin(𝛼))𝑀𝑣𝑔

)

𝑣𝑣 (1)

The vehicle was driven by a driver model which requested torque
(accelerating or braking) from the electric machines to match the actual
vehicle speed with the prescribed speed (drive cycle). Based on the
operating angular velocity, torque and efficiency, the electric machines
requested/delivered electrical power from/to the battery pack con-
troller. The battery controller (further explained in the later subsection)
converted this power into current that discharged/charged the battery
packs. The output power from the battery packs was sent back to the
electric machines to drive the vehicle. In case the power delivered was
lower than the power requested, the vehicle acceleration was reduced
and the target speed would not be achieved. During braking, the brake
controller unit received information about the maximum power that
could be harnessed by the batteries to be stored (charging threshold)
and the maximum braking torque the motors could produce. If the
regenerated power was lower than the maximum charging threshold,
3

Fig. 2. Electric machine efficiency map.

Fig. 3. Cross-sectional view of the battery module.

the batteries were charged whereas if the regenerated power exceeded
the maximum threshold, the batteries charged at their limits and the
rest of the braking torque was supplied by friction brakes. The driver
model received information about the position of the vehicle to satisfy
the total distance traveled as a result of the prescribed speed profile.

2.2. Battery pack modeling

The battery pack modeling employed strategy for thermal simu-
lations in this work was presented by the authors in their previous
publication [39]. The paper discusses the modeling approach of dif-
ferent components, calibration and validation with four experimental
test data for the battery pack. Nevertheless, a brief description of the
battery pack geometry and the modeling approach is provided here
for completeness. The vehicle energy storage system consisted of three
battery packs with configuration 180s2p (where s stands for series and
p stands for parallel). Each pack contained two trays, placed one on
top of the other. Each tray included battery modules, an aluminium
cooling plate and a thermal interface material separating the module
casings and the cooling plate as shown in Fig. 3. Every module had
several prismatic NMC cells with the specifications tabulated in Table 2.
The cooling channels were stamped on the cooling plate and indirectly
cooled/heated the battery cells. Heat conduction was modeled between
the battery cells and the cooling plates. The coolant flow through
the cooling channels was described using the 1D Navier–Stokes equa-
tions and the heat transfer between the cooling plate and the cooling
channels was modeled using the empirical Colburn expression [40].

Electrical circuit model
A second-order Thevenin electrical circuit model (ECM) [41] was

used to describe the electrical behavior of battery cells together with
Bernardi’s thermal model [42] to account for heat generation. The ECM
uses resistors (𝑅 ) and capacitors (𝐶 ) to estimate the output voltage.
𝑖 𝑖
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Table 2
Battery cell specifications.
Parameters Values

Cell type Li-ion NMC
Rated capacity 37 Ah
Nominal voltage 3.7 V
Minimum voltage 3 V
Maximum voltage 4.2 V
Specific heat 1145 J/kgK
Density 1827 kg/m3

Thermal conductivity 19.3 W/mK

Table 3
RMS error of the normalized battery pack output voltage.
Case-1 Case-2 Case-3

0.567% 0.699% 0.973%

Fig. 4. Schematic of the second-order Thevenin electrical circuit model.

The schematic of the second-order Thevenin ECM is illustrated in Fig. 4.
The output voltage 𝑉𝑇 is computed as [43]:

𝑈𝑖(𝑗 + 1) = 𝑈𝑖(𝑗)𝑒
− 𝛥𝑡

𝑅𝑖𝐶𝑖 + 𝑅𝑖(1 − 𝑒−
𝛥𝑡

𝑅𝑖𝐶𝑖 )𝐼(𝑗) (2)

where i∈[1,2] and,

𝑉𝑇 (𝑗) = 𝑈𝑜𝑐 − 𝑈1(𝑗) − 𝑈2(𝑗) − 𝑅0𝐼(𝑗) (3)

Look-up tables as functions of current, battery temperature and SoC
were created for the model parameters 𝑅𝑖,0 and 𝐶𝑖 by using a standard
hybrid pulse power characterization (HPPC) test of the battery cell.
The developed model was applicable for cell temperatures between
−30 ◦C to 50 ◦C across SoC in the range of 0.1 to 0.9 and at different
current rates. Nevertheless, the battery pack model was discretized
at the module level. All battery cells within the same module were
assumed to have identical states. Each module was considered as one
thermal mass. The heat generated (Q) by each module was estimated
using the expression:

𝑄 = 𝑁𝑚𝑜𝑑𝐼
(

(𝑈𝑜𝑐 − 𝑉𝑇 ) + 𝑇
𝑑𝑈𝑜𝑐
𝑑𝑇

)

(4)

The battery pack model was validated for three cyclic charge–
discharge current profiles. The simulation results for the battery pack
terminal voltage were compared with the experimental measurements.
The current profiles had a maximum current of 2 C (where C represents
C-rate which is the charge/discharge current relative to the battery ca-
pacity) during charge and discharge, and they each varied in frequency.
The root mean square (RMS) error was computed for the three cases
(see Table 3). The ECM marginally under-predicted the average battery
pack voltage with the maximum RMS error of 1%.

Battery pack cool-down
The battery pack casing was a 3 mm thick stainless steel plate

enclosing the battery modules. The heat transfer between the battery
casing and the surrounding air occurs due to convection and the
framework being 1D, the heat transfer coefficient (ℎ∞) at the wall
must be specified. The heat transfer coefficient between the battery
casing and the environment was estimated using the results from CFD
4

Fig. 5. Thermal encapsulation of the battery pack.

Fig. 6. Average battery pack temperature during cool-down at the ambient temperature
−15 ◦C.

simulations of a simplified battery pack geometry. The CFD simula-
tions were performed for various battery pack wall temperatures and
surrounding air temperatures, and a lookup table for the difference in
wall temperature and air temperature (𝛥𝑇𝑤−∞) versus average wall heat
transfer coefficient was obtained. Thus in the 1D simulations, based on
the instantaneous 𝛥𝑇𝑤−∞, the ℎ∞ value was imposed.

The heat transfer between the modules and the battery pack casing
was modeled using a thermal resistance (Rth) (see Fig. 5). By using
thermal resistance, the geometric effects were simplified within the
pack and the thermal resistance of the intermediate air between the
modules and the battery casing could be accounted for. The thermal
resistance was calibrated using the temperature measurement data
from a cool-down test of the battery pack, that was performed by
the supplier. In this test, the battery pack initially at an optimal
operating temperature, was allowed to cool down by natural convection
at an ambient temperature of −15 ◦C and the average battery pack
temperature was monitored for 24 h. The thermal resistance was op-
timized using the Nelder–Mead optimization approach [44] so that the
difference between the simulated and the measured temperature values
was minimized. Fig. 6 illustrates the agreement between the measured
and simulated average battery pack temperatures during cool-down.
The RMS error between the simulated and measured temperatures is
0.35 ◦C.

Thermal encapsulation of the battery pack
All three battery pack casings were encapsulated using thermal

insulation materials as seen in Fig. 5. A plate of thermally insulating
material of certain thickness and material properties (discussed later in
Section 3) was placed on each side of the battery pack. The thermal
conduction between the battery pack casing and the thermal insulation
was considered. The net increase in the truck’s total mass due to
the presence of the insulating material was taken into account when
calculating the power request.
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Fig. 7. Battery pack control unit.

Fig. 8. Normalized battery discharge ability (𝑃𝑑𝑖𝑠𝑐ℎ−𝑎𝑏∕𝑃𝑑𝑖𝑠𝑐ℎ−𝑎𝑏,𝑚𝑎𝑥) as a function of SoC
and temperature.

Battery pack control unit
The simplified control logic for the battery pack simulations is

shown in Fig. 7. The electrical power was requested/delivered from/by
the electric motor-generator unit. This power was then converted to
discharge/charge current based on the battery’s output voltage. In
addition, the battery pack’s maximum discharge/charge ability was
considered in terms of power as a function of temperature and SoC
as seen in Figs. 8 and 9, respectively. When the coolant heaters were
engaged to heat up the battery packs, this power demand in addition to
the request from the traction components and the auxiliary units was
also considered.

2.3. Energy storage cooling system

The schematic of the cooling system for the electric energy storage
is presented in Fig. 10. A pump was used to climatize the three battery
packs in the truck during operation. Battery-1 and Battery-2 were
5

Fig. 9. Normalized battery charge ability (𝑃𝑐ℎ−𝑎𝑏∕𝑃𝑐ℎ−𝑎𝑏,𝑚𝑎𝑥) as a function of SoC and
temperature.

Fig. 10. Schematic of the electric energy storage cooling circuit.

placed on the right side of the vehicle while Battery-3 was placed
on the left-side and hence the coolant hoses were modeled as shown
in the figure. A 2.5 kW coolant heater was placed in front of each
battery pack to supply heat in case their temperatures fell below a
threshold value. The ideal battery operating temperature range is 15
to 35 ◦C [45,46] and therefore the threshold temperature was set to
15 ◦C. Additionally, a radiator bypass valve was used to regulate the
coolant flow through the radiator. In the cases that either the coolant
heaters were engaged or the average temperature of the packs fell
below 25 ◦C, the flow was bypassed from the radiator whereas if the
temperature of the battery packs was above 25 ◦C, the bypass valve was
shut off and the coolant flowed through the radiator. A fan was placed
in the under-hood compartment downstream of the radiator. The fan
was used when the ram air was less than 15 km/h and if there was
coolant flow in the radiator. Finally, an expansion tank was included
in the circuit to prevent over-pressure due to coolant expansion under
heating or to supplement the primary system with additional coolant
when coolant contracts under cooling, which would otherwise create a
negative pressure. The power required to run the fan and pump were
included as auxiliary units in the battery controller (see Fig. 7).

3. Simulation methodology

The truck simulations were performed for the EPA HWFET driving
schedule (see Fig. 11). The battery packs without thermal encapsulation
were considered and referred to as the baseline configuration. The
simulations were performed to investigate:

1. Temperature influence of the battery pack performance
2. Influence of battery pack encapsulation on parking–driving sce-

narios at different ambient temperatures
3. Parametric analysis of encapsulation characteristics

In all the simulations, the initial SoC for the battery packs was 80%.
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Fig. 11. EPA HWFET drive cycle; Duration—765 s; Distance—16.45 km; Average
speed—77.7 km/h [47].

Fig. 12. Drive cycle with cool-down.

3.1. Temperature influence on the battery pack performance

Five different battery initial operating temperatures, 40 ◦C, 25 ◦C,
10 ◦C, 0 ◦C and −10 ◦C were considered to assess the performance
of the battery pack in the baseline configuration. The coolant heaters
were not used in this study. The voltage output from the battery pack,
the current requested/delivered and the average energy consumption
during the drive cycle were analyzed.

3.2. Influence of battery pack encapsulation on parking–driving scenarios
at different ambient temperatures

A parking–driving scenario consisting of a 12-hour parking period
followed by five consecutive HWFET cycles was considered as seen in
Fig. 12. The simulations were performed at five ambient temperatures,
25 ◦C, 10 ◦C, 0 ◦C, −10 ◦C and −25 ◦C, with the initial battery pack
temperature at 25 ◦C. The coolant heaters were engaged to heat the bat-
tery packs if necessary, when the driving phase started. As previously
mentioned, the coolant heaters were turned on when the battery pack
temperatures were below 15 ◦C. Both the baseline configuration and
the encapsulated battery packs were examined. The information about
the encapsulation thickness and the properties of the commercially
available insulating material [48,49] are presented in Table 4.

3.3. Parametric analysis of encapsulation characteristics

Finally, the encapsulation thickness and the material properties of
the encapsulation material (see Table 5) were varied to analyze their
effects on the pack’s performance in cold climates. Three ambient
temperatures, 0 ◦C, −10 ◦C and −25 ◦C were considered and the same
parking/driving scenario with battery packs at 25 ◦C initial temper-
atures was simulated as presented in Fig. 12. Only one property was
6

Fig. 13. A comparison between the target and simulated speed of the truck for the
HWFET drive cycle.

Table 4
Battery pack encapsulation characteristics.
Property Value

Density (𝜌) 61 kg/m3

Thermal conductivity (𝑘) 0.027 W/mK
Specific heat (𝑐𝑝) 2500 J/kgK
Encapsulation thickness (𝑡) 0.0127 m

Table 5
Sensitivity analysis of the encapsulation thickness and material
properties of the insulating material.
Property Values

Encapsulation thickness (m) 0.00635, 0.0127, 0.0254,
0.0508

Thermal conductivity (W/mK) 0.001, 0.01, 0.1, 1
Density (kg/m3) 30, 60, 120, 240, 480
Specific heat (J/kgK) 500, 1000, 2000, 4000

varied at a time. The variation in the truck’s mass due to changes in
the encapsulation mass (material density and encapsulation thickness)
was considered when calculating traction power. The battery pack
temperature at the end of the parking phase, the energy consumed by
the coolant heaters, the average energy consumption during the drive
cycle and the percentage of energy savings relative to the baseline
configuration were used to assess the performance of each design
configuration.

4. Results and discussion

Fig. 13 shows an excellent agreement between the target and the
simulated speed when the truck is run through the HWFET drive cycle.
Based on the driver’s torque request from the electric motors, the
electric motors’ power request from the batteries, and the batteries’
operating characteristics, the target vehicle speed is achieved.

4.1. Temperature influence of the battery pack performance

Figs. 14 and 15 present the variations in the output voltage and
discharge/charge currents respectively, during the HWFET drive cycle.
Note that the negative values represent discharge currents and positive
values, charge currents.

A decrease in the output voltage is observed with a decrease in
the battery pack temperature. The output voltage is a function of the
internal battery resistance and a decrease in the operating temperature
leads to an increase in the internal resistance which results in lower
output potential. Consequently, higher discharge currents are required
at lower operating temperatures to satisfy the power demand (see
Fig. 15). At the same time, the charging ability of the batteries during
regenerative braking is reduced at these temperatures which translates
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Fig. 14. Output voltage from the battery pack for HWFET drive cycle at different
perating temperatures.

Fig. 15. Current requested from/delivered to the battery pack at different operating
temperatures.

Fig. 16. Average truck energy consumption during the HWFET driving cycle for
different pack operating temperatures.

to lower current input during charging (see Fig. 9). Thus, the battery
discharges more and recovers lesser energy while operating at low
temperatures. Fig. 16 illustrates the relationship between the average
energy consumption of vehicle and the battery pack operating temper-
ature during the HWFET drive cycle. An increase in the average energy
consumption with a decrease in operating temperature is seen for the
operating temperatures below 25 ◦C because of the above-mentioned
ffects. The battery pack consumes an average of 0.15 kWh/km (18.7%)
ore at −10 ◦C as compared to the pack operating at 25 ◦C.

.2. Influence of battery pack encapsulation on parking–driving scenarios
t different ambient temperatures

The average battery pack temperatures under parking–driving sce-
ario at different ambient temperatures are presented in Fig. 17. The
attery pack temperature was initialized to 25 ◦C. The horizontal black
otted line represents the 15 ◦C temperature threshold for battery
7

Fig. 17. Average battery pack temperature; Baseline configuration (-), Encapsulated
configuration (−−).

Fig. 18. Energy consumed by the coolant heater to heat up the battery pack.

Fig. 19. Average vehicle energy consumption during the parking–driving scenario.

pack heating during its operation. It is observed that the encapsulated
battery pack retains higher temperatures (dotted lines) compared to the
baseline configuration (solid lines) at all ambient temperatures except
25 ◦C where the initial pack and ambient temperatures are equal. This
effect is seen because of the additional thermal insulation between the
battery pack casing and the ambient, which reduces the heat transfer
between the battery modules and the cold environment.

The energy provided by the coolant heater to heat the battery pack
at different ambient temperatures is shown in Fig. 18. The energy con-
sumed by the coolant heaters increases for both the encapsulated and
the baseline configurations at the ambient temperatures −10 ◦C and
−25 ◦C. But with battery pack encapsulation, the energy requirement
is reduced since the battery packs are at higher temperatures at the
end of the parking phase. At 0 ◦C, the encapsulation acclimatizes the
battery pack above the 15 ◦C threshold, thereby eliminating the need
for heating whereas the baseline battery pack requires about 2 MJ of
energy to heat the battery pack to 15 ◦C.
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Table 6
Percentage of energy savings with the encapsulated pack
relative to the baseline configuration at different ambient
temperatures.
Ambient temperature (◦C) Energy savings (%)

25 −0.03
10 0.85
0 2.53
−10 4.74
−25 9.08

Table 7
Increase in the mass of the truck due to increase in the
encapsulation thickness.
Thickness (m) Mass increase (kg)

0.00635 4.6
0.0127 9.2
0.0254 18.4
0.0508 36.8

Fig. 19 and Table 6 illustrate the average truck energy consumption
uring the driving phase and the percentage of energy saved with
he encapsulated configuration relative to the baseline configuration,
espectively. The average energy consumption for the vehicle increases
ith decrease in the ambient temperature for both the insulated and
aseline battery packs. This is observed because of the increased bat-
ery internal resistance and reduced charging capacity at low battery
perating temperatures, as discussed in Section 4.1. Nonetheless, the
ombined effects of higher pack operating temperature and reduced
nergy expenses for the coolant heaters, the vehicle with the insulated
attery packs consumes lesser energy overall, at all low ambient tem-
erature scenarios (10 ◦C, 0 ◦C, −10 ◦C and −25 ◦C). At 25 ◦C ambient
owever, the energy consumed is marginally (0.03%) higher for the
ehicle with the encapsulated configuration due to the increased truck
ass. Nevertheless, the energy saved increases for the encapsulated

onfiguration with a decrease in ambient temperature from 0.8% at
0 ◦C to about 9% at −25 ◦C. The results demonstrate the feasibility
f using thermally insulating materials around the battery pack casing
s opposed to insulating individual cells as performed in other stud-
es [35–37] which can pose design and packaging constraints especially
n large packs that are tightly packed to increase the energy density.

.3. Parametric analysis of the encapsulation characteristics

The results from Section 4.2 demonstrate the feasibility of battery
ack encapsulation as a means to climatize the battery pack under
arking–driving scenarios at low ambient temperatures. In this sub-
ection, the encapsulation characteristics are varied to study their
nfluence on the vehicle energy consumption.

.3.1. Effects of variation in the encapsulation thickness
The thickness of the encapsulation was varied as specified in Ta-

le 5, while the material properties were retained (see Table 4). The
ncrease in the mass of the insulating material with varying thickness
s tabulated in Table 7.

The average battery pack temperature at the end of the 12-hour
arking period at different ambient temperatures is presented in
ig. 20. It is seen that thicker encapsulation yields higher average
attery pack temperatures at the end of the parking period for all
mbient temperatures because of the decrease in heat transfer between
he battery modules and the ambient. The horizontal black dotted line
epresents the threshold temperature of 15 ◦C for engaging coolant
eaters during the truck operation. Consequently, the energy required
o heat the battery pack decreases with an increase in the encapsu-
ation thickness as seen in Fig. 21. With the encapsulation thickness
f 0.0508 m, the need for battery pack heating is eliminated at all
8

Fig. 20. Average battery pack temperature at the end of the 12-hour parking period
with variation in the encapsulation thickness at different ambient temperatures.

Fig. 21. Coolant heaters energy usage during the driving phase with variation in the
encapsulation thickness at different ambient temperatures.

Fig. 22. Average vehicle energy consumption during the parking–driving scenario with
variation in the encapsulation thickness at different ambient temperatures.

considered ambient temperatures and with a thickness of 0.0254 m,
battery pack heating is required only at the ambient temperature of
−25 ◦C.

The decreased energy usage of the coolant heaters with thicker pack
encapsulation and higher overall battery pack temperature during the
cycle result in reduced average energy consumption as seen in Fig. 22.
Minor variations in the average energy consumption are observed for
all cases even though the coolant heaters are not used. This is a result
of the slightly reduced performance due to lower battery temperature
as explained in Section 4.1 and additional power requirements as a
result of the varying truck mass due to encapsulation. The percentage
of energy savings with varying encapsulation thickness relative to
the baseline energy consumption at different ambient temperatures is
shown in Table 8. The magnitude of energy savings increase with de-
crease in ambient temperature as seen in Section 4.2 and with increase
in encapsulation thickness. Thus, the benefit of increased thickness,
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Table 8
Percentage of energy savings with variation in the encapsulation thickness at different
ambient temperatures.

T∞ Encapsulation thickness (m)

0.00625 0.0127 0.0254 0.0508

0 ◦C 1.58 2.53 3.29 3.91
−10 ◦C 2.76 4.74 6.25 7.16
−25 ◦C 5.50 9.08 12.43 14.03

Table 9
Percentage of energy savings with variation in the thermal conductivity of the
encapsulation material at different ambient temperatures.

T∞ Thermal conductivity (W/mK)

0.001 0.01 0.1 1

0 ◦C 4.43 3.59 0.71 −0.62
−10 ◦C 8.09 6.67 1.28 −1.33
−25 ◦C 15.41 13.31 2.66 −1.85

Fig. 23. Average battery pack temperature at the end of the 12-hour parking period
with variation in the thermal conductivity of the material at different ambient
temperatures.

which reduces heat loss to the environment, outweighs the negative
impact of the increased mass of the truck.

4.3.2. Effects of variation in the thermal conductivity of the encapsulation
material

The thermal conductivity of the insulating material was varied as
specified in Table 5. Fig. 23 displays the average temperature of the
battery pack at the end of the 12-hour parking period.

With low thermal conductivity of the material, the ability of the
material to conduct heat conduction is reduced, which reduces the rate
of heat transfer between the battery modules and the ambient. This
results in higher temperature of the battery pack. With an increase
in the thermal conductivity, the average temperature of the pack de-
creases as more heat can be rejected through the encapsulation into
the ambient. When the thermal conductivity approaches 1 W/mK, the
encapsulated pack temperature decreases and reaches a value lower
than the baseline configuration during cool-down which means the
encapsulation enhances the heat transfer to the ambient, and thus acts
as a fin.

The energy consumed by each coolant heater with changes in
the thermal conductivity of the encapsulation material is shown in
Fig. 24. It is seen that for thermal conductivity of 0.001 W/mK, the
pack temperature stays above the threshold value for all ambient
temperatures, and hence the heaters are not engaged. With increase
in the thermal conductivity of the material, which results in lower
temperatures of the battery pack at the end of the parking phase,
the magnitude of heater energy consumed increases. Consequently, the
average energy consumption of the vehicle increases with increase in
9

the thermal conductivity of the encapsulation as illustrated in Fig. 25.
Fig. 24. Coolant heaters energy usage during the driving phase with variation in the
thermal conductivity of the material at different ambient temperatures.

Fig. 25. Average vehicle energy consumption during the parking–driving scenario with
variation in the thermal conductivity of the material at different ambient temperatures.

Table 9 presents the percentage of energy savings with variations in the
thermal conductivity of the encapsulation material at different ambient
temperatures. Large changes in the percentage of energy savings are
seen for variation in the thermal conductivity at respective ambient
temperatures, which highlight the importance of this material property
while insulating the battery pack. The thermal conductivity of 0.001
W/mK reduces energy consumption by 15.41% while a thermal con-
ductivity of 1 W/mK increases energy consumption by 1.85% at −25 ◦C
relative to the baseline configuration.

Effects of the thermal resistance of the encapsulation material

The energy savings from Sections 4.3.1 and 4.3.2 have been plotted
against the thermal resistance (𝑅𝑡ℎ = 𝑡∕𝑘) in Fig. 26 at different ambient
temperatures. It can be seen that the energy savings increases when the
thermal resistance of the encapsulation material is increased till approx-
imately 2 Km2/W beyond which the energy savings become asymptotic.
As previously explained, with decreasing the thermal conductivity or
increasing the thickness (resulting in high thermal resistance), the heat
loss to the surroundings is reduced resulting in higher battery pack
temperatures at the end of the parking phase. However, with thermal
resistances above 2 Km2/W, the temperatures approach closer to the
initial battery pack temperature (25 ◦C). This leads to the average
energy consumption approaching 0.83 kWh/km (from Fig. 19), which
corresponds to the consumption at 25 ◦C during the entire cycle. Thus,
the asymptotic relationship is seen beyond 2 Km2/W. The observed
results are in-line with the conclusions from [37] where a critical thick-
ness of nano-porous aerogel for cell insulation was suggested beyond
which the gains were marginal for a specific operating scenario.
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Fig. 26. Effect of thermal resistance on energy savings. : variation of thermal
conductivity; ×: variation of thickness; red: 𝑇∞ = 0 ◦C; blue: 𝑇∞ = −10 ◦C; green:
𝑇∞ = −25 ◦C.

Fig. 27. Average vehicle energy consumption during the parking–driving scenario with
variation in the density of the material at different ambient temperatures.

4.3.3. Effects of variation in the density of the encapsulation material
The density of the insulation material was varied as shown in

Table 5. Table 10 presents the increase in the mass of the truck due to
the variation in the encapsulation material density. Fig. 27 displays the
temperature at the end of the 12-hour cool-down period at different am-
bient temperatures. It is noted that the temperatures increase slightly
with the increase in density. This corresponds to a small decrease in the
total heat rejected by the battery modules to the ambient with increase
in the encapsulation density. This effect is observed because of an
increase in thermal inertia with the increase in density and therefore,
higher thermal energy is stored in the encapsulating material shielding
the pack which delays the battery pack from losing heat.

The coolant heater energy consumption for each case is shown in
Fig. 28. For cases with ambient temperatures 0 ◦C, the pack tempera-
tures at the end of the parking phase remain above the 15 ◦C threshold
and hence there was no energy consumed by the coolant heaters. At
−10 ◦C and −25 ◦C, increasing the density of the encapsulation material
marginally reduces the heating energy expense.

The average energy consumption of the truck and the percentage of
energy saved with variation in the density of the encapsulation material
relative to the baseline configuration are presented in Fig. 29 and Ta-
ble 11, respectively. The variations in the density of the encapsulating
material have a small effect on average vehicle energy consumption and
energy savings. At −10 ◦C and −25 ◦C, the vehicle energy consumption
reduces marginally with the increase in density predominantly due
to the reduced energy expenses from the coolant heater which also
results in a slight increase in energy savings (see Table 11). However,
increasing the density at 0 ◦C has a slightly unfavorable effect on the
percentage of energy saved due to the increased mass of the vehicle as
the energy saving decreases from 2.53% with a density of 30 kg/m3 to
2.51% with a density of 480 kg/m3.
10
Fig. 28. Coolant heaters energy usage during the driving phase with variation in the
density of the material at different ambient temperatures.

Fig. 29. Average vehicle energy consumption during the parking–driving scenario with
variation in the density of the material at different ambient temperatures.

Table 10
Increase in the mass of the vehicle due to increase in the
density of the encapsulation material.
Density (kg/m3) Mass increase (kg)

30 4.52
60 9.04
120 18.09
240 36.19
480 72.39

Table 11
Percentage of energy savings with variation in the density of the encapsulation material
at different ambient temperatures.

T∞ Density (kg/m3)

30 60 120 240 480

0 ◦C 2.53 2.53 2.53 2.52 2.51
−10 ◦C 4.72 4.74 4.76 4.82 4.96
−25 ◦C 9.06 9.07 9.14 9.29 9.64

4.3.4. Effects of variation in the specific heat of the encapsulation material
Finally, the specific heat of the insulating material was varied. The

average pack temperatures at the end of the parking phase for each
scenario is plotted in Fig. 30. It is seen that the variation in the specific
heat of the insulating material has almost no effect on the average pack
temperature at the end of the parking phase. Consequently, the heater
energy required to heat the battery packs remained approximately
equal as seen in Fig. 31.

Fig. 32 and Table 12 exhibit the average truck energy consumption
and the percentage of energy savings with variation in the specific heat
of the encapsulation material relative to the baseline configuration, re-
spectively. The average energy consumption has a very small decrease
with the increase in the specific heat of the encapsulating material at
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Fig. 30. Average vehicle energy consumption during the parking–driving scenario with
variation in the specific heat of the material at different ambient temperatures.

Fig. 31. Coolant heaters energy usage during the driving phase with variation in the
density of the material at different ambient temperatures.

Fig. 32. Average vehicle energy consumption during the parking–driving scenario with
variation in the density of the material at different ambient temperatures.

Fig. 33. Effect of thermal capacitance on energy savings. : variation of density; ×:
variation of specific heat; red: 𝑇∞ = 0 ◦C; blue: 𝑇∞ = −10 ◦C; green: 𝑇∞ = −25 ◦C.
11
Table 12
Percentage of energy savings with variation in the specific heat of the encapsulation
material at different ambient temperatures.

T∞ Specific heat (kJ/kgK)

500 1000 2000 4000

0 ◦C 2.51 2.52 2.53 2.54
−10 ◦C 4.69 4.70 4.72 4.77
−25 ◦C 9.03 9.04 9.06 9.14

all three ambient temperatures considered. The small increase in the
energy savings can be attributed to the higher thermal energy stored
in the encapsulating material due to the increase in its specific heat
thereby delaying the cool down of the battery modules.

Effects of thermal capacitance of the encapsulation

The energy savings from Sections 4.3.3 and 4.3.4 have been plotted
against the thermal capacitance (𝐶𝑡ℎ = 𝜌𝑐𝑝) in Fig. 33 at different
ambient temperatures. From the plot, it can be seen that the energy
savings increased with decrease in the ambient temperature and in the
same magnitude as obtained from the study with the commercially
available insulating material (see Table 6). However, the increase in
the thermal capacitance of the encapsulation has only a marginal effect
on the energy savings. As discussed earlier, the higher thermal energy
from the encapsulation shields the battery pack and delays it from
losing heat. From this plot, it is evident that the battery encapsulation
would need significantly large thermal inertia before it can contribute
to change in energy savings. Thus, it can inferred that the thermal
resistance of the material is responsible for the observed energy savings.
Moreover, in the event that the thermal inertia of the encapsulation is
depleted, it would then need a large amount of heat energy to heat-up
again, which could result in reduced battery performance. This effect
was seen when PCM materials [36] that have high thermal capacitance,
were used to insulate the batteries, and they negatively impacted the
warm-up performance.

5. Conclusions

System simulations were performed for an electric truck to assess its
energy usage in cold climates. A thermal encapsulation of the battery
packs was emulated and the encapsulation characteristics were varied.
The main conclusions from the study are as follows:

1. The energy consumption of the vehicle at −10 ◦C was
0.15 kWh/km (18.7%) higher as compared to the consumption
at 25 ◦C due to increased internal resistance leading to higher
discharge current to satisfy the power demand and decreased
charging ability to regenerate energy during braking at low
temperatures.

2. The encapsulated battery pack with a commercially available
insulating material of thickness 0.0127 m retained a higher
temperature compared to the baseline battery pack configura-
tion at all low ambient temperatures during the parking phase.
Consequently, the combined effects of improved battery perfor-
mance and reduced heater usage contributed to lower energy
consumption of the truck resulting in about 0.8% at 10 ◦C to
9% energy savings at −25 ◦C. Thus if a vehicle was to operate
in locations where the average temperature is below the ideal
battery operating temperatures (like in northern Europe and
America), it would be recommended to encapsulate the battery
packs for improved performance.

3. Finally, the thermal resistance of the encapsulation (the thick-
ness and the thermal conductivity of the material) played a
significant role in reducing the heat loss from the battery pack
to the environment at low ambient temperatures. A thermal
resistance of about 2 Km2/W was found to be sufficient for the
battery pack which produced about 4%, 7% and 14% energy
savings at 0 ◦C, −10 ◦C and −25 ◦C, respectively.
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