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To improve the efficiency of energy usage in battery electric vehicles, effective thermal management strategies
are crucial, particularly in cold climates, because of higher energy consumption due to increased auxiliary
energy demand for cabin and battery climatization. In this paper, the influence of auxiliary heating load
reduction strategies on vehicle performance was numerically investigated for an electric truck operating
in parking-driving scenarios at various ambient temperatures. The load reduction strategies included cabin
insulation, cabin air recirculation, and thermal encapsulation of the battery pack. The results showed that for
the baseline vehicle, auxiliary energy consumption increased more than fivefold when ambient temperature
was reduced from 10°C to —20°C. When all strategies were used, the heating loads for both the cabin and
the battery decreased, leading to an increase in the vehicle range at low ambient temperatures up to 7% at
—20°C. At high relative humidity, or with more occupants, the degree of cabin air recirculation that could be
employed was reduced, resulting in lower range gains.

1. Introduction

The transition to battery electric vehicles (BEVs) marks a significant
shift in the automotive industry and brings forth unique challenges
to the vehicle thermal management systems (VITMS). The VTMS is a
crucial subsystem that ensures a comfortable cabin for the occupants
and that the components, particularly the battery pack and the motors
are climatized to the appropriate temperatures for optimal energy
utilization, extending their lifetimes. The choice of VIMS strategies
employed has a strong influence on the energy consumption of BEVs.

A parameter known to largely affect the driving range of BEVs
is the ambient temperature, particularly at conditions below 10°C.
Several real-world tests have been conducted to investigate the influ-
ence of the ambient temperature on the energy consumption. These
studies have been consistent in reporting increasing energy consump-
tion with decreasing ambient temperatures. The reasons for the poor
low-temperature performance are high rolling and aerodynamic resis-
tances [1,2], high auxiliary loads, and poor battery performance [1,3-
5].

The heating ventilation and air conditioning (HVAC) system is one
of the largest auxiliary loads in the vehicle which ensures safe driving
by defogging and defrosting the windows and provides thermal comfort

for the occupants [6]. At low temperatures the HVAC load increases,
consequently causing a reduction in driving range. Zhang et al. [7]
showed that the ventilation load during heating was more than 70% of
the total HVAC load, while the rest was due to the ambient load, which
tends to increase with decreasing ambient temperatures. The high heat-
ing load while using a positive thermal coefficient (PTC) heater caused
a range reduction of up to 54%. Yuksel and Michalek [4] reported
a 65% increase in energy consumption at —30°C, while Taggart [1]
showed a 40% increase at —10°C as compared to that at 20°C ambient
temperature. Steinstraeter et al. [5] found a range decrease of about
50% due to heating demand and limited battery recuperation. About
32% of the net energy for the trip was spent on cabin heating and about
22% was lost due to limited battery recuperation.

Regarding battery performance, lithium-ion batteries (LIBs) at low
operating temperatures, have noted decreased energy and power capa-
bilities [8]. Several studies have investigated LIBs at low temperatures,
and have put forth many effects influencing their performance such
as increased resistance due to low electrolyte conductivity, slow ki-
netics, polarization of the anode leading to lithium plating resulting
in capacity loss and so on [9-11]. Additionally, fast charging at low
cell temperatures and at high state of charge (SoC) should be avoided
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Nomenclature

Abbreviations

0D Zero dimensional

BEV Battery electric vehicle

BMS Battery management system
CFD Computational fluid dynamics
ECM Electrical circuit model

HVAC Heating ventilation and air conditioning
LIB Lithium-ion battery

NMC Nickel Manganese Cobalt

OSA Outside air

PI Proportional integral

PTC Positive thermal coefficient
RAR Return-air ratio

RC Resistance capacitance

REC Recirculated air

RH Relative humidity

RMSE Root mean squared error

SoC State of charge

TXV Expansion valve

VTMS Vehicle thermal management system
Symbols

P, Traction power

M, Vehicle mass

a, Vehicle acceleration

p Air density

v, Vehicle velocity

C, Drag coefficient

Ag Frontal area of the vehicle

Uy Rolling resistance coefficient

g Acceleration due to gravity

B Road gradient

T Temperature

0 Non-dimensional temperature
Oer Normalized setpoint margin

T mean Mean window temperature
Targerdp Target dew-point temperature

4 Recirculation or return-air ratio
a CO, concentration

@ Specific humidity

t Time

T Thermal time constant

R, Thermal resistance

Y Road curvature

Vlegal Road legal speed

Oump Heat loss to the ambient

¢, Specific heat

Ty, Temperature upstream of the heater
Subscripts

0 Initial condition

set Set-point for the corresponding quantity
cab Mean quantity in the cabin

© Ambient condition

bo Upstream condition to the heater
in Inlet condition of a quantity

® Humidity-critical condition

a CO,-critical condition

h Source

to prevent lithium plating [12]. To prevent battery life deterioration,
many battery manufacturers disable/limit charging at subzero tempera-
tures in the battery management system (BMS) [3,5]. Furthermore, the
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cells are heated using coolant heaters to optimal operating tempera-
tures for improved longevity [13]. However, this increases the auxiliary
demand leading to decreased driving range.

To reduce the impact of the heating loads, methods of efficient
heat delivery, and of heating load reduction have been investigated.
The former typically employs waste-heat recovery strategies, and heat
pumps [14-16] to deliver the required heat efficiently. Such solutions
are more common in passenger vehicles but their architecture is still
under development for commercial vehicles. The latter methods aim
at reducing the heating loads using thermal insulation, phase change
materials, localized climatization, and cabin air recirculation [16-20].

In the previous works by the authors, three heating load reduc-
tion strategies were investigated. Using computational fluid dynamics
(CFD) simulations, the use of cabin insulation to reduce the ambient
load while driving was investigated under a constant HVAC heating
load [21]. A conjugate heat transfer model of a cabin was developed
and thermally insulating material was fastened to the cabin solids to
reduce heat loss from the cabin air to solid, resulting in higher cabin
temperatures. The use of adaptive recirculation to reduce the cabin
ventilation load was investigated using a similar CFD approach, with
a coupled thermoregulation model to account for heat, vapor, and
CO, sources from an occupant in the cabin [22]. The heating was
controlled using a PI controller to avoid fogging and to maintain air
quality, and this method reduced the heating load by up to 34% as
compared to a case without recirculation. Considering that in modern
electric trucks, cabin recirculation is not a standard practice for ambient
temperatures below 20°C to prevent windshield fogging, this strategy
is very promising. Additionally, battery pack thermal encapsulation
was studied as a means of passive battery thermal management to
reduce heat loss during periods of cooldown [23]. It was found that the
thermal resistance of the encapsulating material is the key parameter
that determines the temperature decay.

While the aforementioned studies have shown that these strate-
gies are beneficial to reduce the heating energy consumption at the
component level, their effects on the energy consumption and driving
range at the vehicle level still need to be evaluated. Moreover, with
the advent of electric trucks, more investigations are necessary to
assess the effectiveness of each strategy. In this work, an effort towards
understanding the effects of employing these heating load reduction
strategies holistically, at the vehicle level, is taken. An electric truck is
systematically modeled with various subsystems, along with validated
battery pack and cabin models. First, the influence of ambient tem-
perature on the driving range is studied for five ambient temperatures
ranging from —20°C to 20°C, followed by the effects of heating load
reduction strategies on the auxiliary energy consumption and vehicle
performance. Finally, the influence of ambient relative humidity (RH)
and number of occupants are discussed.

2. Methodology
2.1. Vehicle subsystems

The vehicle considered was a fully electric truck and its main
specifications are presented in Table 1. Fig. 1 illustrates a schematic
of the truck model. Three main vehicle subsystems were considered: a
simplified vehicle powertrain model, the vehicle thermal management
system, and the system controllers.

2.1.1. Vehicle powertrain

The vehicle had three axles, each assumed to be equally weighted
and were driven by an electric motor through a differential. The
electric motors also served as generators to regenerate energy while
braking. The efficiency map of the electric machine as a function of the
normalized torque and speed is shown in Fig. 2. According to Newton’s
law, the traction power was calculated as (see [24])

1 .
P, = (Muau + 5 p0ICaAy, + 1M, gcos(p) + Mugsm(ﬁ)> v, o))
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Fig. 1. Schematic of the simplified truck model with three main subsystems: powertrain model, thermal management system and controllers.

Table 1

Truck specifications.
Parameter Value
Vehicle mass (M,) 20000 kg

Drag coefficient (C,) 0.5
Frontal area (4;) 10 m?
Gear-train efficiency 0.855

where M, is the mass of the vehicle, g, is the acceleration, p is the
density of air, v, is the velocity of the vehicle, C, is the coefficient of
drag, Ay, is the frontal area, , is the rolling resistance coefficient of
the tyre, g is the acceleration due to gravity and g is the road gradient.
In this study, only a flat road was considered and hence, g was zero.

To account for the variation in the traction load due to operating
temperatures, the air density was modeled based on the ideal gas equa-
tion accounting for ambient temperature at 1 bar pressure. The drag
coefficient C, was considered to have a constant value of 0.5 (assuming
zero yaw and no wind), though it can show slight variations at different
operating temperatures. The rolling resistance coefficient was modeled
based on the works of Hyttenin [2] where it was defined as a function
of the tyre temperature and vehicle velocity. The tyre temperature was
initialized to the same as the ambient, and its variation was computed
based on the ambient temperature and vehicle velocity. The rolling
resistance coefficient was then computed instantaneously as a function
of velocity and tyre temperature.

The electric machines received information about the maximum
discharge/charge ability (discussed below in Section 2.1.3) of the bat-
teries during each timestep in the simulation. During braking, the brake
controller unit received messages about the maximum charging power
of the batteries and the maximum braking torque of the motors. If
the regenerated power was lower than the maximum charge threshold,
the batteries were charged whereas if the regenerated power exceeded
the maximum threshold, the batteries charged at their limits, and the
friction brakes supplied the rest of the braking torque. The electrical
losses to/from the battery pack were assumed to be 8%. Finally, the
vehicle was driven by a driver model whose input was a prescribed
target speed (discussed in Section 4). The driver model requested
torque equally from the three electric motors to match the vehicle speed
and the target speed.
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Fig. 2. Electric machine efficiency map as a function of normalized torque and speed.
The quantities have been normalized with respect to their corresponding maximum
operating values.

2.1.2. Vehicle thermal management system
The thermal management architecture for the vehicle consisted of
five circuits, as shown in the schematic in Fig. 3.

» The vehicle included six battery packs and coolant hoses were
connected in parallel to each pack. The battery circuit had a
pump and heater in series, and a chiller for cooling using the
refrigerant loop. The chiller was operated when the battery pack
temperature was above 28°C, and until the pack temperature
decreased below 26°C. The 10 kW heater downstream of the
pump was employed for battery heating if the initial average
temperature of the battery pack was below 15°C. The battery
circuit was opened to the E-machines circuit using valve V2 if
battery pack heating was necessary and when the temperature in
the outer loop was suitable for heating.

The components in the E-machines circuit were connected in
series, while identical components, i.e., each of the three motors,
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Fig. 3. Schematic of the vehicle thermal management system and its five circuits.

were connected in parallel with the others. The E-machines circuit
included a radiator for cooling. A thermostat was modeled to
regulate the temperature in the circuit by allowing coolant to
bypass the radiator when necessary, using valve V1.

The cabin coolant circuit consisted of three components: a pump,
a coolant-heater, and an air-heater to heat the cabin air entering
the cabin. The waste heat from the E-machines circuit was used
for this purpose if the temperature was between 1°C and 3°C
above the required temperature of the coolant using valve V4.
Outside this operating condition, the heater was employed to
achieve the required inlet air temperature.

The refrigerant circuit was modeled for dehumidifying the cabin
air at the evaporator, along with a secondary loop equipped with
a chiller for battery cooling. A variable-speed compressor was
used, and the speed was regulated based on the cooling request
at the chiller and evaporator. To achieve the desired effect at the
heat exchangers, the coolant flow rate at the chiller was regulated
with valve V3 controlled by a PI controller. Expansion valves
(TXV) upstream of the evaporator and chiller were employed to
expand the hot refrigerant. They were operated to achieve a target
degree of superheat upstream of the compressor. The evaporator
was operated when the dew point temperature of the ambient air
was above 5°C, aiming to cool down the air to 3°C. The chiller
operated if the average battery pack temperature was above 28°C,
and cooled until the average temperature was below 26°C.

The cabin air circuit was used to climatize the cabin. The main
components of this circuit are a blower, an evaporator, an air-
heater, and cabin. The blower drew air from the ambient outside
air (OSA) and/or the cabin through recirculation (REC). The
blower speed was set depending on the ambient temperature and
maintained throughout the simulation. The temperature in the
cabin air circuit was controlled by the evaporator and the cabin
air-heater, aiming to maintain 22°C. The cabin coolant heater
rate was limited such that the maximum air temperature entering
the cabin during heating was 40-T,, (°C) [22]. The requested
recirculation ratio was achieved through a PI-controlled flap
as shown in the figure. PI-controllers are very common in the
automotive industry as they are cheap, and easy to implement.

A fan was placed in the under-hood compartment downstream of the
radiator and was used when the vehicle velocity was less than 10 km/h,
and if there was either coolant flow through the radiator or refrigerant
flow through the condenser. Finally, a deaeration system (not shown in
Fig. 3) was included to prevent overpressure due to coolant expansion
under heating or to supplement the primary systems with additional
coolant when coolant contracts under cooling, which would otherwise
create a negative pressure. In addition, the expansion tank aids in pre-
venting cavitation by providing a high pressure upstream of the pump.
The power required to run the auxiliary components was considered
during vehicle operation.

The battery pack modeling approach used was similar to that pre-
sented by the authors in [23,25]. The pack had Li-ion cells arranged
in several stacks or trays. Each tray included battery modules, an
aluminum cooling plate for the coolant to flow through, and a thermal
interface material between the modules and the cooling plate. Each
module had several prismatic NMC-type Li-ion cells. The battery pack
model was discretized at the module level, i.e, the cells in each battery
module were represented as a single thermal mass. This facilitated
simulations at the vehicle level with a good trade-off between accuracy
and computational resources. The consequence is that all cells in the
module have identical states. A second-order (2RC) Thevenin electrical
equivalent model (ECM) [26] was used to describe the electrical be-
havior of the battery cells along with Bernardi’s thermal model [27] to
account for heat generation.

The battery pack was calibrated using experimental data under cool-
down and heat-up scenarios in a climate chamber. Fig. 4 presents a
comparison between the non dimensional measured and simulated bat-
tery pack temperatures during a cool-down test under idle conditions.
The ambient temperature was maintained at sub-zero temperatures for
about 34 h and the average battery pack temperature was monitored.
The results from the simulation agree with the measurements indicating
that the heat loss from the battery pack to the ambient is captured very
well. Excellent agreement was seen for the heat-up test, with a mean
root-mean-squared error of less than 0.5°C, though not shown here.
Battery pack thermal encapsulation was included as in [23] with plates
of insulating material with a certain thickness and material properties
attached to each side of the battery pack.
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Fig. 4. Battery pack model calibration: comparison of measurements and simulation
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Fig. 5. Schematic of the vehicle battery management system.

The cabin air was modeled as a single control volume, where the
transport equations for the temperature, CO,, and humidity were solved
in the time. The cabin solids were represented as lumped thermal
masses, and heat transfer to these solids was calibrated by imposing
suitable heat transfer coefficients to each solid as functions of HVAC
inlet mass flow rate. The external heat transfer coefficient was imposed
based on vehicle velocity as described in [22]. For the insulated cabin
configuration, a thermal insulation material was included between the
cabin air and the cabin solids to replicate the effects in [21].

2.1.3. System controllers

Battery management system
The simplified control logic for the battery pack simulations is
shown in Fig. 5. The total electrical power, i.e., the sum of trac-
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Fig. 6. Battery pack performance abilities as functions of SoC and temperature (a)
Normalized battery discharge ability; (b) Normalized battery charge ability.

tion and auxiliary loads, requested/delivered from/to the pack was
passed through the controller. This power was then converted to dis-
charge/charge current from/to the battery pack based on its terminal
voltage. Additionally, the battery pack’s maximum discharge/charge
ability in terms of power was considered in the controller for battery
longevity. They were defined as functions of temperature and SoC
as shown in Figs. 6(a) and 6(b). When the discharge power request
from the batteries exceeded the limit, the E-machines were de-rated
to accommodate the total auxiliary loads. If the power regenerated
exceeded the charging ability, the batteries were charged at their limits,
and friction brakes were employed for the rest of the braking torque.

Cabin air recirculation controller

In [22], CFD simulations were performed during cabin heating
operation, and recirculation was controlled to target a dew-point tem-
perature of 1°C below the minimum interfacial temperature between
the cabin air and the windows. The simulations of the cabin at the
vehicle level were performed with 0D models, with one control volume
for air and lumped masses for the cabin solids and provided only
the mean temperatures. Thus, the target dew-point (7,4, 4,) must
be reformulated with the mean window temperature (7, ,,.,,) With
minimal window fogging. For this purpose, a normalized set-point
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margin (6,,,) was defined as,
Trpmean = T

w,mean

set =
Tin - Too

arget,dp

0 (2)

where T;, is the inlet HVAC temperature into the cabin.

This quantity indicates the relative interval between the target dew-
point and the mean window temperature for a given inlet and ambient
temperature. The values for 6, were determined based on steady-state
CFD such that the 99.5% of the window area had interfacial tempera-
tures greater than the T}, 4,- These computations were performed at
selected driving speeds as shown in Fig. 7 and the values are tabulated
in Table 2. To improve the robustness of the control strategy and energy
savings, the target dew-point temperature had a lower bound of the

ambient temperature, and was defined as,
T,

arget.dp = Max (Too’ Tg,mean - eset(uv) : (Tm - Too)) 3

Table 2
Variation of normalized set-point margin at different driving speeds.

Driving speed (km/h) Set-point margin (-)

0 0.19

30 0.105
60 0.081
90 0.066

Thus, the recirculation controller targeted a dew-point temperature
based on the ambient temperature, the driving speed, and the mean
windshield temperature.

The control strategy for the adaptive recirculation is defined based
on the analytical solution for recirculation in a OD cabin defined in [22]
as,

y =min(y,,7,) ()]
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Table 3
RMSE and maximum errors between the measured and simulated quantities for the
validation scenario.

Quantity RMSE Maximum error

Average pack temperature (°C) 0.633 1.308

Outlet coolant temperature (°C) 0.244 1.087

Normalized pack voltage (%) 1.34 6.5

SoC (%) 1.03 2.13

1
= . 5
To =7 PRp—T )
1 (@i 5ot =D )
myap,

Yass = 1= (6)

min (aset - aoo)

where y is the recirculation ratio, « is CO, concentration, and w
is specific humidity, ,@, is the vapor source and assumed to be
42 g/h/occupant, e, is the CO, source and assumed to
be 21.6 g/h/occupant [28,29], m;, is the HVAC mass flow rate into the
cabin, a,, is the ambient CO, at 420 ppm, «a,,, is the setpoint for CO, at
1000 ppm, w,, is the specific humidity at ambient, and w,), ;,, is the inlet
specific humidity corresponding to the target dewpoint temperature in
Eq. (3) at saturated conditions. Once the return-air ratio (RAR) was
computed, the HVAC flap (in Fig. 3) was controlled with a PI controller
such that the fresh and recirculated air into the cabin satisfied the target
values.

2.2. Subsystem validation

The validations of the battery pack model using experimental data
and the cabin model using a calibrated CFD procedure are presented
below.

Battery pack model

Data measured from a truck during a winter expedition in Kiruna,
Sweden, was used to validate the battery pack performance. Fig. 8(a)
presents the requested current from the pack. The battery pack was ini-
tially cold, so the battery was heated using the heater during operation.
The initial SoC of the battery pack was 83%, and the coolant flow rate
and temperature into the battery pack are presented in Fig. 8(b).

Based on these inputs, four quantities namely, average battery pack
temperature, coolant outlet temperature, terminal pack voltage, and
SoC were evaluated as shown in Fig. 9. The root-mean-square errors
(RMSE) and the maximum errors between the simulated and measured
values are presented in Table 3. As seen, the trends and the results are
in good agreement with the measurements.

Volume flow rate (L/min)
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(b) Inlet volumetric flow rate and temperature of the coolant.

Cabin model

In [22], a CFD model of the truck cabin was developed, and vali-
dated using test data from a climate chamber test. Using the CFD model,
the OD cabin model used in the vehicle simulations was calibrated
and validated. Several steady-state computations were performed such
that both the cabin models maintained identical volume averaged
temperatures (~22°C), and the mean front window temperature, heat
loss from cabin air to solids, and the heater energy required to maintain
the required state were compared for a range of vehicle speeds at
—10°C. Table 4 summaries the results of the validation study. The
0D cabin slightly over-predicted the results for all vehicle speeds as
compared to the CFD cabin. The mean front window temperature was
between 0.7°C and 1.35°C higher, while the heat losses and heater rates
were under 0.1 kW and 0.2 kW, respectively. Based on these results, the
0D cabin model was considered to be sufficiently accurate for vehicle
simulations. A validation of the OD model with cabin insulation was
also performed with good agreement.

3. Battery cool-down and thermal encapsulation characteristics

Cycles with long parking times between operation tend to cool-
down the battery pack and require heating at restart. To reduce the
required heating, an alternate approach is encapsulation of the bat-
tery pack to mitigate the heat loss. Since battery pack encapsulation
is a fixed solution, it is important to choose the optimal insulation
characteristics that best suit the truck operations. In [23], the authors
investigated the effect of thermal encapsulation on the cool-down per-
formance. Thermal resistance of the insulation material was identified
as the key design parameter. In this section, a method to estimate the
required encapsulation for a certain parking period such that battery
heating is not required is explored.

In Fig. 10(a), cool-down trends are presented for the baseline and
encapsulated battery packs with increasing thermal resistance. The
battery pack was initialized to 23°C (T;) at an ambient temperature
of —20°C (T,,). As the battery pack with encapsulation experiences
reduced heat loss, the rate of cooling decreases with increasing thermal
resistance, resulting in higher temperatures. Both the thermal conduc-
tivity and the encapsulation thickness of the insulating material were
varied to achieve the respective resistance values. The results indicate
that the temperature variation is an exponentially decaying process.
This behavior can be captured [30] using equation,

0(1) = exp(—t/7) 7

where 7 is the thermal time constant, which represents the time it takes
for the temperature to change by 63.2% of the temperature difference,
and ¢ is the non-dimensional temperature.
Tb - Too

0= —"=
TO_Too

(8)
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Table 4

Results for the cabin validation comparing CFD and OD models at —10°C at selected driving speeds.

Vehicle speed (km/h) Mean window temperature (°C)

Heat loss from air to solids (kW)

Heater rate (kW)

CFD cabin 0D cabin CFD cabin 0D cabin CFD cabin 0D cabin
0 7.25 8.6 0.77 0.85 3.87 4.07
30 -3.6 -2.3 1.1 1.13 4.15 4.32
60 -5.2 -4.5 1.16 1.19 4.21 4.39
90 -6.2 -5.5 1.19 1.22 4.25 4.45

The time constant for each simulated configuration was estimated,
and is plotted in Fig. 10(b) as a function of the thermal resistance of
encapsulation. The temperature decay that is obtained from Eq. (7)
was within 1.5% of the simulated values for all cases. The thermal
resistance of 0 m> K/W in the figure represents the baseline battery
pack. With increasing thermal resistance, the time constant increases,
i.e., the cooling process is delayed. Based on these results, a curve-fit
was generated between thermal resistance and time constant,

501 - R9367
+13.04

T(Ry) =
" RO 416,108

©)
As seen, this equation describes the relationship well for the simulated
cases between the 0 and 4 m? K/W, and was deemed accurate. The in-
tercept of the function is the time constant for the baseline battery pack.
The function behaves asymptotically at very high thermal resistances of
encapsulation.

Using Egs. (7) and (9) in (8), the battery pack temperature, 7}, at
the end of the parking phase can be computed.

Ty =Ty, + Ty —T,) - exp(—t/t") 10)

to,

R =

4.

By expanding the formulation for z*, the equation can be rearranged

_1
~16.08 (ﬁ n 13.04) o

'
514.04 + e

1)

Based on this equation, a thermal resistance of 1.72 m? K/W is
required to eliminate the need for battery heating at —20°C for a
parking duration of 12 h. This value has been used in all cases with
battery encapsulation in this study.

Vehicle simulation methodology

To capture the vehicle’s performance, a transient operating cycle

was used based on the recommendations from Romano et al. [31,32].
A representative cycle describing the road legal speed limit (v;,4,),
stop times, and road curvature (Y) generated as functions of distance,
illustrated in Fig. 11, was chosen for this study.
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The driver was considered to operate such that the maximum truck
speed was 25 m/s following the regulations in Sweden for heavy
vehicles [33], and the lateral acceleration due to road curvature within
4.9 m/s. Thus, the target speed was defined as

Utarger = min(25, Ulegal> V 4-9/Y) 12

Five ambient temperatures were considered, 20°C, 10°C, 0°C, —10°C,
and —20°C. The simulations were performed to investigate:

1. Ambient temperature influence on the driving range and vehicle
energy consumption at 70% RH and one occupant.

2. Effects of the heating load reduction strategies on the vehicle
performance at 70% RH and one occupant.

3. Influence of ambient RH and number of occupants in the cabin
on the effectiveness of the strategies.

A parking-driving scenario consisting of a 12 h parking period
followed by driving was studied. The average battery pack temperature
at the end of parking was set based on Eq. (10), with an initial
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Fig. 11. Road legal speed limit and the driver’s target speed as functions of distance
traveled.

temperature of 23°C and the time constant corresponding to the battery
pack configuration (baseline or encapsulated) for all scenarios with
a parking duration of 12 h. The cabin and all cooling circuits were
initialized to the same temperature as the ambient. Once the driving
phase started, the driver targeted the speed obtained from the operating
cycle. The battery packs were initialized to 80% SoC, and driving was
carried out until it dropped to 20%. The auxiliary components were
operated during the driving phase, and heating/cooling to the cabin
and battery packs were provided depending on the scenarios.

For the cases with battery pack encapsulation, a thermal resistance
of 1.72 m?> K/W was considered as it eliminated the need for the
use of battery heating at —20°C for a parking duration of 12 h, as
discussed in Section 3. For the cases with cabin insulation, a thermal
resistance of 4 m? K/W using a material with low thermal inertia for
quicker response time was considered based on the results in [21]. The
additional mass due to the cabin and battery insulation (approx. 36 kg)
was included in the total mass of the truck, although it was negligible
compared to the vehicle mass (20 tons).

Limitations and scope of the study

 Battery aging effects: In this study, the analysis is focused on
the performance of the vehicle over a single cycle. The effects of
cold start and battery encapsulation’s effects on the cell aging are
not considered.

Vehicle modeling: While the vehicle, VTMS architecture and
controls relevant to this study have been modeled with suffi-
cient fidelity, several simplifications were made to reduce the
computational cost such as,

1. Modeling of the gearbox, brake compressor, and on board
charger were grouped under ’Other auxiliaries’ in the E-
machines circuit.

2. All components were modeled as lumped thermal masses.
Though heat leakage from components and ducts were
modeled through maps, the accuracy of the maps is dif-
ficult to quantify.

3. The control strategies for E-machines, BMS, HVAC and
valves are simplified as compared to that in a modern
vehicle.

» Environmental modeling: Conditions like wind gusts, precipita-
tion, driver behavior, topography, traffic, planned route, and so
on, have not been considered in this study which can also affect
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energy consumption and the range of the vehicle. Additionally,
temperature and relative humidity were maintained constant in
each simulation so that the effects can be studied systematically.
However, in reality, dynamic variations of these parameters are
seen.

5. Results and discussion

5.1. Ambient temperature influence on driving range and vehicle energy
consumption

The ambient temperature influence on the baseline vehicle, i.e.,
without cabin insulation, cabin air recirculation, and battery pack
encapsulation, is discussed in this subsection.

Fig. 12 describes the vehicle’s range and energy consumption at the
various ambient temperatures normalized to that at 20°C. The distance
traveled by the vehicle decreases with decreasing ambient temperature,
as much as 37.6% at —20°C. The energy consumption increases with
decreasing ambient temperatures by about 58% at —20°C.

The reasons for this are explained by Fig. 13. The bars represent
the degree of energy from the battery used for each influencing factor.
About 8% of the energy is lost due to electrical losses for all scenarios as
assumed. Most of the energy is used for traction, i.e., to overcome the
aerodynamic resistance, rolling resistance, energy spent to accelerate
the vehicle but lost at the friction brakes, and the losses at motors and
gears, for all scenarios. However, at lower ambient temperatures, the
percentage of energy used for traction decreases while the energy used
for auxiliaries and battery losses (marginally) increases, which is in
good agreement with the data available literature. Among the traction
resistances, the contribution of the rolling resistance increases while the
others decrease at low temperatures. The aerodynamic force increases
at lower temperatures due to higher density. Yet, the percentage of
energy in overcoming the resistance decreases due to the reduced
distance traveled (see Fig. 12). Meanwhile, the rolling resistance energy
usage increases even with the lower distance due to the higher rolling
resistance coefficient at low temperatures. As mentioned earlier, this
parameter was modeled to be temperature-dependent and increases
with a decrease in tyre temperature. The mean rolling resistance co-
efficient of the cycle for each scenario is plotted in Fig. 14, and the
values increase steadily from 0.007 at 20°C to 0.014 at —20°C.

The auxiliary energy expenditure increases by 3.5 times from 10°C
to —20°C, effectively ranging from 1.98% to 7.08%, respectively.
Fig. 15 illustrates the factors contributing to this increase. The mean
auxiliary consumption increases fivefold, from about 1.8 kW at 10°C
to 9 kW at —20°C. The main ambient temperature-dependent factors

10

Thermal Science and Engineering Progress 60 (2025) 103417

are cabin heating, battery heating, compressor, and underhood fan. All
the other auxiliaries, such as the pumps and blowers have approxi-
mately the same effect at all operating temperatures. The cabin heating
load is the largest auxiliary load at low ambient temperatures as the
heater operates to target a mean cabin temperature of 22°C. This is
followed by battery heating for ambient temperatures below 0°C. For
these scenarios, the battery pack temperature at the end of the 12 h
parking phase is below the 15°C threshold as illustrated in Fig. 16,
and thus battery heating is necessary. The compressor is not used at
temperatures below 0°C, since dehumidification is not needed. For the
duration of the cycle, the battery chiller is not used for these scenarios.
Moreover, at these temperatures, the fan is employed less frequently
than at 10°C and 20°C, as it was engaged only when the vehicle speed
was below 10 km/h and if there was coolant flow through the radiator
or refrigerant flow through the condenser.

Surprisingly, the scenario at 10°C has the lowest auxiliary energy
consumption among the five scenarios as shown in Fig. 15. The main
reason is that the coolant temperature in the cabin coolant circuit
required to maintain the cabin at 22°C is within the same margins as
the coolant temperature in the outer E-machines circuit. Thus, the valve
V4 (Fig. 3) is opened, mitigating the usage of the heater in the cabin
coolant circuit.

The scenario at 20°C has the second lowest auxiliary energy con-
sumption among the considered cases. The compressor requires the
most energy as it cools both the evaporator, for dehumidifying the
cabin air, and the battery chiller, for cooling the battery packs. The
HVAC cabin air requires cabin coolant heating to re-heat the air leaving
the evaporator so that the air temperature entering the cabin is at an
appropriate level.

5.2. Effects of the heating load reduction strategies on the vehicle perfor-
mance

The percentage of battery energy for auxiliaries with the heating
load reduction strategies and the corresponding range variation relative
to the baseline are illustrated in Figs. 17(a) and 17(b). The strategies
reduce the auxiliary energy consumption, consequently increasing the
range for ambient temperatures below 0°C. At 10°C, encapsulating the
battery increased the auxiliary energy expenditure marginally but did
not have a significant effect on the range. However, using recirculation
at 20°C decreases the vehicle range by about —0.6% as compared to
the baseline vehicle. Additionally, when all strategies are employed
together, an additive effect is seen on the vehicle range. For clarity,
the effects of each strategy are discussed individually.

Cabin insulation

The objective of the insulated cabin is to reduce the ambient load
(Ogmp)s i.e., heat loss to the ambient. Fig. 18(a) presents the mean
cabin inlet temperature. Analytically, at steady-state, the cabin inlet
temperature (7},) can be expressed as,

Qamb

Tin = Tcab + - a3

incp
where T,,, is the mean cabin temperature, r;, is the mass flow rate
through the blower, and ¢, is the specific heat of air through the heater.
The heat transferred at the heater (Q,,,4.,) iS,

thater = mincp(Tin - Tho)

where T, is the temperature upstream of the heater, which is the
ambient temperature in this case. The blower speed was maintained
constant for each scenario. By reducing the heat loss to the ambient,
the required inlet temperature is decreased and is directly responsible
for reducing the energy consumption.

Due to the inlet temperature reduction, the scenarios at 0°C and
10°C are within the same margins as the coolant temperatures in the
E-machines circuit, thus making it possible to use waste heat for cabin
heating by opening valve V4. This is illustrated in Fig. 18(b). Thus, a
slightly larger relative reduction in heating load and range saving is
observed for 0°C as compared to other temperatures.

14
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Cabin air recirculation

By recirculating cabin air, the temperature upstream of the heater
is increased thereby reducing the heating energy requirement as de-
scribed in Eq. (14). The temperature upstream of the heater is given
by,

Ty =¥Toqp + (1 —y)T (15)

The degree of recirculation used is dependent on the target dew-
point temperature. The mean front window and target dewpoint tem-
peratures are shown in Fig. 19(a). For the current operating cycle, the
mean set point margin was 11%. The target dewpoint was obtained
based on Eq. (3). Thus, the RAR controller operates as shown in
Fig. 19(b). From these results, the scenarios above 0°C can be classified
to be CO,-critical, with a fresh-air intake of approximately 10 g/s to
maintain mean CO, at 1000 ppm. The scenarios at —10°C and —20°C
are humidity-critical, allowing about 13.3 g/s and 21.8 g/s of fresh
air, which corresponds to 84.9% and 78.5% mean return-air ratios,
respectively.

With recirculation, the mass flow rate increases through the HVAC
system as shown in Fig. 19(c). The increase of about 10 g/s is due to
the difference in the operating pressure in the cabin and that upstream
of the blower. This lowers the inlet temperature based on Eq. (13),
as shown in Fig. 18(a). Thus, valve V4 opens to allow waste heat
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from the E-machines circuit to be used for cabin heating, Fig. 18(b).
However, due to the higher mass flow rate with recirculation, more
energy is extracted through the heater, which means that the coolant
temperature on the outer loop (E-machines circuit) decreases. Thus,
valve V4 closes more often than with cabin insulation.

Another consequence of using cabin air recirculation at 10°C, and
20°C is that the evaporator heat transfer varies as shown in Fig. 20(a).
At these temperatures, the cabin air at 22°C mixes with the colder
ambient air, effectively increasing the air temperature upstream of the
evaporator. This increases the energy required to cool down the air
to 3°C at the evaporator and is the reason for the increased energy
consumption at 10°C as shown in Fig. 20(b). However, at 20°C, a
small decrease in evaporator heat transfer is noted despite the above
argument. The reason for this is that the ambient air has 70% RH
while the cabin air has about 30%. At the evaporator, condensation is
exothermic and so, the compressor must work against this effect. Since
the cabin air is less humid than the ambient air, the energy required
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Fig. 18. Comparison between mean quantities from the baseline vehicle and a vehicle
with insulated cabin at selected ambient temperatures: (a) Cabin inlet temperature; (b)
V4 valve position (see Fig. 3).

while recirculating air is lower. However, the cabin heating load at
20°C increases with recirculation as shown in Fig. 21, due to higher
mass flow rate with recirculation as explained earlier. This is believed
to be the main reason for the slight decrease in vehicle range at 20°C
seen in Fig. 17(b). Thus, it is recommended to adjust fan operation
when recirculation is employed at 20°C, and to refrain from using
recirculation when dehumidification is necessary, and if the ambient
temperature is below 20°C.

The outcome of these effects is that the cabin heating load reduces
for temperatures below 10°C, see Fig. 21. The heating load reduction
with the cabin air recirculation is much greater than with the insulated
cabin, suggesting that the ventilation load reduction is more effective
than ambient load reduction, which is in line with the discussions
in [7,18,34]. As seen before, combining the two strategies results in
an additive effect.

Battery pack encapsulation
As discussed in Section 3, by insulating the battery pack, its tem-
perature can be retained at a sufficiently high value so that the energy
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required for battery heating in the subsequent cycles after parking for
a long time can be mitigated. The thermal resistance of 1.72 m? K/W
used for encapsulation, eliminated the need for battery heating when
the parking duration was 12 h even at —20°C. Meanwhile, due to
high insulation, the cooling requirement of the battery packs increases
slightly. The battery packs are now entirely reliant on the cooling
system, which increases the demand on the refrigerant system. The
insulated battery pack temperatures are plotted in Fig. 22(a), and it can
be seen that temperatures reach the threshold for chiller employment
at a faster rate than the baseline packs, shown in Fig. 16. The energy
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Fig. 20. Comparison between mean quantities from the baseline vehicle and a vehicle
with cabin air recirculation at selected ambient temperatures: (a) Evaporator heat
transfer rate; (b) Compressor power.

spent cooling the insulated battery pack is greater than the baseline
pack for ambient temperatures above —10°C as shown in Fig. 22(b).
Nevertheless, the energy gain from using battery pack encapsulation
for cases below 0°C outweighs the energy expenditure due to chiller
employment during one battery cycle as seen earlier in Fig. 17.

5.3. Influence of ambient RH and number of occupants in the cabin on the
effectiveness of the strategies

Among the strategies investigated in this study, cabin air recircula-
tion is sensitive to two other parameters namely, the ambient humidity,
and the number of occupants in the cabin. The two parameters were
varied and results for the same cycle are presented in this subsection.
The heat, humidity, CO,, and mass of the second occupant were in-
cluded appropriately. A parametric study of 70% and 90% RH, and one
and two occupants were evaluated on the vehicle configurations with
all the strategies.

Fig. 23(a) compares the cabin heating load of the vehicle with all
strategies among the scenarios with varying number of occupants and
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RH. At —10°C and —20°C, the heating load slightly increases when two
occupants are present, and at 90% RH as compared to one occupant and
70% RH. The main reason is because of fresh air flow rate (Fig. 23(b))
and return-air ratios (Fig. 23(c)) employed to prevent fogging and to
maintain a 1000 ppm CO, concentration. When two occupants are
present in the cabin, the vapor and CO, sources in the cabin increase
and hence, more fresh air is needed to satisfy the constraints. When
operating at 90% ambient RH, more fresh air is needed to prevent fog-
ging. The employed RAR reduces at 0°C, indicating that the condition
is humidity critical. For ambient temperatures above 0°C, the cabin
heating load with two occupants is lower than that with one occupant.
This is because of the increased metabolic heat load with the additional
occupant, effectively reducing the HVAC energy required to maintain
22°C in the cabin.

The consequence of the higher heating load at sub-zero tempera-
tures is that the increase in range experienced with the investigated
strategies at low temperatures decreases. Fig. 24 presents the range
variation among the four cases relative to the baseline vehicle with one
occupant and 70% ambient RH. At —10°C and —20°C, since the energy
for cabin heating is predominantly from the heater in the cabin coolant
circuit, decreasing the return-air ratio reduces the range gains. At 0°C,
however, a significant portion of the energy is derived from waste heat
and therefore, this effect is mitigated. Above 10°C, no significant range
variations are noted.

6. Conclusion

The transition to battery electric vehicles has introduced several
challenges for vehicle thermal management systems, especially in en-
suring proper climate control for the passenger cabin, battery pack,
and motors, all while maintaining driving range. Environmental fac-
tors, particularly low ambient temperatures, are known to significantly
affect vehicle energy consumption. For this reason, this study focuses
on energy-saving strategies for BEVs in cold climates, aiming to reduce
heating consumption at the component level. The current study utilized
vehicle simulations of an electric truck to evaluate energy consumption
under parking and driving scenarios. A complete vehicle simulation
framework was developed, incorporating various subsystems. The cabin
and battery pack models were validated against calibrated high-fidelity
models and measurement data. A strategy was developed to determine
the target dew-point temperature for cabin air recirculation under
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Comparison of compressor power between the baseline and pack-encapsulated vehicles
at selected ambient temperatures.

dynamic conditions, and an empirical formula was derived to calculate
the thermal resistance needed to maintain battery pack temperatures
above heating thresholds during long parking periods.

Heating load reduction strategies for the cabin and battery pack,
namely, cabin insulation, cabin air recirculation, and battery pack
encapsulation, were investigated for five ambient temperature, two
relative humidity levels, and varying number of occupants. The key
conclusions of the study are as follows:

1. During the driving phase of the baseline vehicle, the auxiliary
energy usage relative to the available battery energy increased
by 5.1% from 10°C to —20°C. The cabin heating load was the
largest load below 0°C, followed by battery heating.

2. With cabin insulation, the heat losses from cabin air to the
ambient were reduced, which resulted in a decrease in the cabin
inlet temperature to maintain the cabin at 22°C. With cabin air
recirculation, the ventilation load was reduced by increasing the
upstream temperature of the heater for conditions below 0°C. An
additive effect was noted when both strategies were combined.
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Fig. 24. Variation in vehicle range with heating load reduction strategies illustrating
the effect of ambient RH, and number of cabin occupants, relative to the baseline
vehicle at selected temperatures.

3. With battery pack thermal encapsulation of 1.72 m? K/W, the
battery heating load was eliminated for all cases, but increased
the battery chiller engagement for scenarios above —10°C. Nev-
ertheless, the range improved with battery pack encapsulation
for ambient temperatures below 0°C.

. The combined effects of all strategies had a cumulative effect.

The vehicle range increases for low ambient temperatures, and
up to about 7% at —20°C while operating at 70% RH and one
occupant. At higher RH and more occupants, the range gains
were somewhat reduced.
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