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Abstract

The global automotive sector is experiencing a rapid transition towards electrification
due to increasing concern over global warming and stricter emission regulations.
Battery Electric vehicles (BEVs) play a central role in this transition. The
efficiency and reliability of BEVs largely depend on the thermal behavior of various
temperature-dependent components like battery pack, electric motor, and power
electronics. The thermal management system (TMS) must not only balance the
cooling and heating of temperature critical components, but also ensure passenger
comfort by regulating the cabin temperature as per the need.

There are several TMS architectures used in the automotive application. The key
focus of this study will be investigating the performance of Full Secondary Loop (FSL)
architecture which uses propane-based refrigerant and water-glycerol as coolant.
The investigation in this project has been done using the Complete Vehicle Thermal
Modelling (CVTM) simulation environment at Volvo Cars, which is a GT-Suite based
one-dimensional (1D) thermal-fluid model that represents the physical FSL hardware.

The study focuses on investigating the effectiveness of the FSL architecture
in controlling the temperature of battery, electric drivetrain and cabin temperature
in an energy efficient manner by studying the effects of operating parameters of
various actuators present in a TMS like pumps, valves, radiator fan and compressor.
A control strategy has also been developed based on the requirements for cooling
of the battery, electric drivetrain or cabin and the operating parameters of the
controllable actuators.

The results demonstrate that a properly designed FSL system can effectively
regulate the temperatures of critical components and the cabin, and also identifies
the optimal operating parameters necessary for efficient system performance.

Keywords: Battery Electric Vehicle (BEV), Thermal Management System (TMS),
Full Secondary Loop (FSL), Complete Vehicle Thermal Modelling (CVTM), One
Dimensional (1D).
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Nomenclature

Below is the nomenclature of abbreviations, parameters and variables.

Abbreviations

BEV
COq
COP
CVTM
DOE
DX
ED
EDU
FSL
GWP
HFC
HFO
HV
HVAC
ICE
iCond
ODP
PFAS
R290
R744
SSL
TMS
VMA

Battery Electric Vehicle

Carbon dioxide

Coeflicient of Performance
Complete Vehicle Thermal Model
Design of Experiments

Direct Expansion

Electric Drive

Electric Drive Unit

Full Secondary Loop

Global Warming Potential
Hydrofluorocarbon
Hydrofluoroolefin

High Voltage

Heating, Ventilation, and Air Conditioning
Internal Combustion Engine
Internal Condenser

Ozone Depletion Potential

Per- and Polyfluoroalkyl Substances
Propane refrigerant

Carbon dioxide refrigerant
Semi-Secondary Loop

Thermal Management System
Valve Module Assembly

ix



WCond Water-Cooled Condenser

WLTC Worldwide Harmonized Light Vehicle Test Cycle
Parameters

COPrattery Coefficient of performance during battery cooling

COP capin Coefficient of performance during cabin cooling

COP combined Coefficient of performance during combined cooling

Ecompressor Compressor energy consumption

Etan Radiator cooling fan energy consumption

Epump Pump energy consumption

Eiotar Total auxiliary energy consumption

I Battery current

Qbattery Heat absorbed from battery

Qcabin Heat absorbed from cabin

R Battery internal resistance

Tomb Ambient temperature

Tbattery Battery average temperature

Thatteryinitial Initial battery temperature

T eabin Cabin air temperature

Tcabin initial
tcooling battery

tcoolz'ng cabin

AT

Variables

PWM

QO » =

Initial cabin temperature
Battery cooling time
Cabin cooling time

Battery temperature spread

Pulse Width Modulation operating condition
Convective heat transfer coefficient
Heat transfer area

Heat transfer rate
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1

Introduction

1.1 Background

The global automotive sector is undergoing a rapid transformation towards
electrification. The major driver for this transformation is the tighter emission
standards and regulations set by the government to meet the climate targets.
To fulfill the average fleet CO, emission requirements and to avoid financial
penalties, automakers are adopting towards Battery Electric Vehicles (BEVs) as
an effective strategy. According to the Global EV Outlook 2025, global electric
car sales reached approximately 17 million units in 2024. This growth has
continued into 2025, with more than 4 million electric cars sold in the first quarter
alone, representing an increase of about 35% compared to the same period in 2024 [1].

With the increasing adoption of BEVs, ensuring reliable and efficient opera-
tion has become a critical task and also an engineering challenge. Compared
to Internal Combustion Engine (ICE) vehicles, BEVs are far more sensitive to
temperature fluctuations. ICE vehicles contain predominantly mechanical parts
that are designed to withstand high operating temperatures, often exceeding 100°C,
without significant performance degradation. In contrast, BEVs rely on temperature
critical components like lithium-ion batteries, power electronics and electric motors,
all of these components operate efficiently only within a narrow thermal range.
Deviations from this optimal range can result in reduced battery efficiency, cell
ageing and even safety risks such as thermal runaway. These thermally dependent
limitations of the components also directly influence the driving range of the vehicle,
particularly when driven in extreme climate conditions. In these conditions the
temperature critical components should be either heated or cooled and the energy
for doing this is drawn from battery itself, which further reduces the range of BEVs
and increases the range anxiety among the customers [2].

Due to the above explained thermal dependent characteristics BEVs require
a dedicated thermal management system to keep all critical components within their
optimal thermal range and also to enhance the passenger comfort by regulating the
Heating, Ventilation and Air Conditioning (HVAC) of the vehicle cabin.
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1.2 Problem Statement

As competition intensifies among manufacturers to deliver vehicles with higher
efficiency and long ranges, the ability to manage heat effectively has become a
fundamental design priority in BEVs. Therefore, advanced cooling technologies,
integrated multi-loop systems and heat pump architectures are now viewed as key
contributors to enhance efficiency, reliability and increasing the component life of
electric vehicles. In addition to performance requirements, emerging regulatory
restrictions on per- and polyfluoroalkyl substances (PFAS) are driving the transition
toward alternative refrigerants with lower environmental impact. One of the
alternative solutions for the current refrigerant is Propane (R290), but the major
concern is that propane is a highly flammable gas. This shift necessitates the
adoption of advanced thermal management architectures that can effectively
integrate new working fluids while ensuring safety and performance.

For all these underlying challenges, Full Secondary Loop (FSL) has emerges
as a promising solution due to its capability to decouple refrigerant and coolant
circuits, enabling indirect heat transfer and improved system flexibility. However,
this increased flexibility introduces significant complexity in system control and
operation. The thermal behavior of the system depends on multiple interacting
components, including pumps, valves, heat exchangers, and air-side systems such as
radiators and fans for enhancing air flow through heat exchangers.

Control actions such as pump speed variation, valve configurations, and ra-
diator fan operation are interdependent and influence not only heat transfer
performance but also energy consumption and system stability. Therefore, there is a
need to systematically investigate how control parameters influence thermal behavior
in full secondary loop systems and to identify suitable operating strategies for
achieving effective and energy-efficient cooling under different operating conditions.

1.3 Envisioned Solution

To address the challenges associated with the control and operation of full
secondary loop thermal management systems, this study proposes a simulation-based
investigation of system-level thermal behavior and control strategies. A detailed
system model representing a full secondary loop architecture, implemented within
Volvo’s internal Complete Vehicle Thermal Modelling (CVTM) framework and the
GT-SUITE simulation environment, is used to investigate the thermal behavior of
the system.

The approach involves defining multiple cooling operation modes based on
operating conditions such as thermal load and ambient temperature. For each mode,
appropriate coolant flow paths are established using valve configurations, and control
strategies are implemented to regulate actuator behavior, including pump speeds,
valve positions, and radiator fan operation.
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A supervisory control strategy is employed to select suitable operating modes based
on system conditions, while low-level control is used to ensure stable and efficient
operation within each mode. The performance of the system is evaluated under
varying operating scenarios to assess thermal effectiveness, energy efficiency, and
system stability.

Through this approach, the study aims to identify optimal operating pa-

rameters and control strategies that enable effective temperature regulation of
critical components while minimizing energy consumption.

1.4 Objectives

The objectives of this study are as follows:
1. To analyze the structure and functionality of a full secondary loop thermal
management system for Battery Electric Vehicles using system-level simulation

models.

2. To investigate the interaction between thermal subsystems and coolant circuits
under cooling-dominated operating conditions.

3. To define and implement different cooling operation modes based on system
requirements and operating conditions.

4. To identify suitable actuator operating strategies for pumps, valves, and
radiator fan under different cooling modes.

5. To evaluate system performance in terms of thermal regulation, energy
efficiency, and stability under varying thermal loads and ambient conditions.

1.5 Limitations
This study is subject to the following limitations:
1. The analysis is conducted entirely in a simulation environment using
GT-SUITE and CVTM, and the results are not validated through experimental

or vehicle-level testing.

2. The investigation is limited to full secondary loop architecture, and other
thermal management configurations are not analyzed in detail for comparison.
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3. Component aging, degradation effects, and long-term reliability are not
considered within the scope of this work.

4. The study focuses primarily on cooling operation modes, while heating modes
and heat recovery strategies are not explored in detail.
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Theory

This chapter presents the theoretical background and previous research relevant
to TMS in BEVs. It covers the thermal requirements of key vehicle subsystems,
commonly used thermal management architectures and refrigerant selection reported
in literature. The chapter concludes by identifying the research gap that motivates
the present study.

2.1 Thermal Management in Battery Electric Ve-
hicles

The thermal management system of a Battery Electric Vehicle is responsible for
controlling heat generation, heat rejection, and heat distribution across multiple
onboard subsystems. Unlike a single-purpose cooling system used in ICE vehicles,
BEV thermal management must simultaneously support battery conditioning,
electric drivetrain temperature control, power electronics protection, and cabin
climate control. These functions are interdependent and must be coordinated under
continuously changing operating conditions [3].

1 E-Motor and Power Electronics

2 Cabin
L )] I Optimal range
- p——
Limited operation
L ‘
-40 -20 0 20 40 60 80 100 120 140 160 180 [ Area of max. temp.

Figure 2.1: Optimum operating temperature of BEV components [5]
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Heat in battery-electric vehicles arises from multiple components and external
influences. The battery pack generates thermal energy because of internal resistance
during both charging and discharging. The electric motor produces heat as a
by-product of torque generation, while power electronics such as inverters, converters,
and onboard chargers emit heat through switching and conduction losses. Cabin
thermal loads are further affected by solar radiation, the number of occupants, and
surrounding environmental conditions. The overall intensity of these thermal loads
depends on factors like driving style, charging power, road conditions, and climate.
[3] [4]. Figure 2.1 shows the optimal operating temperature of various components
of a BEV that need to be managed by the TMS.

Table 2.1: Optimal operating temperature ranges of key EV components

Component Optimal Temperature Range (°C)
Battery 20 — 40
E-Motor and Power Electronics 20 — 80
Cabin (Comfort) 20 - 25

2.1.1 Thermal Management of Battery

Lithium-ion batteries are widely used in modern electric vehicles due to their
high energy and power density, strong energy storage capability, and ability to be
recharged without memory-effect limitations. Despite these advantages, their thermal
behavior remains a major concern. During discharge, internal electrochemical
processes produce heat, which can rapidly increase cell temperature. For this reason,
an efficient cooling system is necessary to prevent overheating and protect the
battery from damage. On the other hand, when the battery operates below its
recommended temperature range, issues such as reduced power output and faster
aging can occur. As a result, an effective heating system is equally important to
warm the battery to an appropriate operating temperature under cold conditions. [7]

In modern electric vehicles, liquid cooling is one of the most widely used methods
for controlling battery temperature because of its high heat removal capability and
better temperature uniformity.[7][8] Figure 2.2 shows the layered structure of an
battery module. The battery cells are grouped into module and placed within the
battery housing. The battery temperature control system is positioned beneath the
module to remove heat or for heating during different operations. During battery
cooling, the heat produced by the cells is transferred to the cooling plates, where
the circulating coolant absorbs the thermal energy and is then directed towards the
other components of thermal management system to reject the heat before being
recirculated again.

6
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Housing cover "1

HV connectors
Electric / Electronics

High voltage harness

Cells

Cell module

Housing

Battery Cooling

Underbody cover

Figure 2.2: Liquid Cooling of Battery in BEV [§]

2.1.2 Thermal Management of Electric Drive Unit

The electric drive unit (EDU) in battery electric vehicles integrates key components
such as the electric motor, power electronics (inverter), and transmission system.
During operation, these components generate heat due to electrical, magnetic,
and mechanical losses. If this heat is not effectively dissipated, it can negatively
impact efficiency, reliability, and durability. Therefore, a well-designed thermal
management system is essential to maintain the drive unit within its optimal
operating temperature range.

Electric motors in BEVs are used to convert electrical energy received from battery
to mechanical energy for propelling the vehicle. During this conversion, not all the
input electrical energy is transferred to useful mechanical energy, some portion of it
is dissipated as heat due to various losses as described in Figure 2.3. If the heat is
not effectively controlled it may result in deterioration of insulation materials and
potential damage to motor components.

The optimal operating temperature range of an electric drive unit is relatively
wide compared to that of battery systems. This is because components such as
the electric motor and power electronics are designed to withstand higher thermal
loads and operate efficiently over a broader temperature band. This wider operating
range provides greater flexibility in thermal management, allowing the system to
tolerate temperature fluctuations without immediate performance loss. However,
maintaining temperatures within an optimal band is still important to minimize
losses, prevent overheating, and ensure long-term reliability of the electric drive unit.

7
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Electric

Heat losses

Copperloss  Iron loss  Magnet loss Mechanical loss Stray loss

ch ij Qm Qm Q

Figure 2.3: Various losses in electric motor resulting in heat generation
[10]

2.1.3 Thermal Management of Cabin in Electric Vehicles

The thermal management of the passenger cabin in electric vehicles (EVs) is
essential to ensure occupant comfort while minimizing energy consumption. Unlike
conventional vehicles, where waste heat from the internal combustion engine can
be used for cabin heating, EVs rely entirely on electrical energy from the battery
for both heating and cooling. As a result, cabin thermal management has a direct
impact on vehicle range and overall energy efficiency.

As illustrated in Figure 2.4 think of the car cabin like a closed room sitting in the
sun. In a battery electric vehicle (BEV), keeping this space cool and comfortable is
important, but it also consumes battery energy.
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A Solar radiation
f‘._‘IJ ‘—< thermal load O, Conduction
Z thermal loads Q.
v
Sunrrg:f Roof canvas
Cooling capacity Windshield Dashboard <_~ Side glasses
)a — Rear shield
Lo = Seats et .
o, g
Ventilati t P — . % Passengers’ thermal
/entilation system | \ / \ g
thermal lua‘ do. 1 \ / \ metabolic load O,

Figure 2.4: Sources of heat generation in car cabin [4]

The main source of heat is sunlight. Direct sunlight enters through the windows
and heats up surfaces like the seats, dashboard, and floor. These surfaces then
release heat back into the air, making the cabin even hotter. In addition, scattered
sunlight from the sky (diffuse radiation) also contributes to heating. Heat also
comes from the surroundings. When the outside temperature is high, heat flows
into the cabin through the car body and roof by conduction. Inside the cabin,
warm air moves and spreads heat due to convection. Ventilation brings outside
air into the cabin, which can further increase the cooling load if the ambient air is hot.

All these heat sources together increase the cooling demand. Therefore, higher heat
gain leads to higher energy consumption and reduced driving range. To ensure
comfort, engineers follow guidelines from American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE), which recommend maintaining a
cabin temperature of about 20-25°C with proper airflow and humidity. This thesis
primarily majorly focus on keeping the cabin temperature in this range, other
comfort parameters such as humidity and airflow are not considered in the present
analysis.

2.1.4 Components of TMS in Electric Vehicles

The key components of a thermal management system in BEVs include:

1. Compressor: The compressor serves as the primary driver of the refrigerant
circuit. It draws in low-pressure vapor from the evaporator or chiller and
compresses it to a high-pressure, high-temperature state. This elevated
pressure level enables effective heat rejection in the condenser. Unlike
conventional vehicles that rely on engine-driven compressors, BEVs use fully
electric units, allowing operation independent of vehicle speed and providing
more precise control over cooling performance.[4]
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({Inverter, Controller)
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Figure 2.5: Electric scroll compressor used in HVAC system|9]

2. Expansion Valve: The expansion valve plays a vital role in the refrigerant
circuit by lowering the refrigerant’s pressure and temperature before it
enters the evaporator or chiller. In addition to this pressure drop, the valve
regulates the refrigerant flow rate, ensuring that the evaporator receives the
correct amount of refrigerant for effective heat absorption and stable system
performance.

Bulb (attached Capillary Tube

to Evap. Qutlet)
Diaphragm
Internal

Equalization

to Evaporator

Spring Adjustment
{superheat set pt.)

Figure 2.6: Thermal Expansion Valve[16]

3. Heat Exchangers: Heat exchangers are key elements of a battery electric
vehicle thermal management system because they allow heat to be taken from
one fluid or component and transferred to another medium without the fluids
mixing. They are used at different points in the system depending on whether
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heat must be removed or supplied. For example, a chiller transfers heat from
the coolant loop to the refrigerant, which helps lower the temperature of the
battery or electric drive unit coolant. A condenser or water-cooled condenser
allows the refrigerant to release heat to air or another coolant loop. Similarly,
a radiator acts as a medium of heat exchange between the coolant loop and
the ambient environment, while the cabin evaporator absorbs heat from the
passenger compartment during cooling operation. In this way, heat exchangers
support both heat absorption and heat rejection processes. Their effectiveness
has a direct influence on cooling performance, energy consumption, and the
ability to maintain the battery, electric drive unit, and cabin within their
required temperature limits. [4]

4. Pumps: Pumps are essential components in the coolant-based thermal
management system of battery electric vehicles because they circulate the
coolant through different thermal loops. The coolant pump ensures that heat
absorbed from components such as the battery pack, electric drive unit, and
power electronics is continuously transported to heat exchangers such as
radiators, chillers, or water condensers. In modern BEVs, electric coolant
pumps are commonly used because their speed can be controlled according
to cooling demand. By adjusting the pump speed, the system can regulate
coolant flow rate, improve heat transfer, and reduce unnecessary energy
consumption. Therefore, pump operation has a direct influence on cooling
performance, temperature uniformity, and overall system efficiency.

5. Valves: Valves are used in electric vehicle thermal management systems to
control the direction and distribution of coolant or refrigerant flow between
different components. They allow the system to switch between operating
modes such as battery cooling, cabin cooling, cabin heating, or combined heat
rejection. In integrated TMS, multi-port valves are often used to connect or
isolate different thermal loops depending on the required operating condition.
Proper valve control ensures that coolant is directed only to the components
that require heating or cooling, improving energy efficiency and system response.
As a result, valves play an important role in managing thermal flow paths and
enabling flexible operation of complex BEV thermal management architectures.

2.1.5 Cooling Mechanisms in Electric Vehicle TMS

In BEVs, the thermal management of key components such as the battery, ED unit,
and cabin is achieved through a combination of coolant-based and refrigerant-based
systems. In current battery electric vehicles, coolant loops are predominantly used for
the thermal management of the battery and electric drive unit, ensuring that these
components operate within their optimal temperature range. On the other hand, the
refrigerant loop is primarily utilized for the HVAC system, where it directly manages
cabin thermal comfort. The refrigerant loop acts as an intermediate heat transfer
mechanism between different coolant circuits. Specifically, the refrigerant system
facilitates heat exchange between a cold coolant loop (connected to components

11
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such as the battery and electric drive unit) and a hot coolant loop (connected to the
heat rejection system). This interaction typically occurs through heat exchangers
such as chillers and condensers, where the refrigerant absorbs heat from the cold
coolant loop and subsequently rejects it to the hot coolant loop.

The Figure 2.7 illustrates the combined operation of the refrigerant cycle and its
interaction with the coolant loop.
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Coolant Flow (Liquid)

REFRIGERANT LOOP (Vapor Compression Cycle)
Compressor

® ®
Low pressure emmmmmnamp | e [ == ————— e High pressure
Low temperature : 1 High temperature
(Vapor) 1 : (Vapor)
) ]
' ]
d )
& Ch||le; ) I : Condenser
Coolant Out b tghonnal ! (2-3)
- —_— Warm Coolant Out
(To Battery / Motor / (4-1) ‘ v (To Radi
2 X o iator /
Other Components) |- A Heat Exchanger)
Heat absorbed Heat rejected
Coolant Pump A by refrigerant by refrigerant A Coolant Pump
from coolant to coolant
Coolant In + 2 2 = Cool Coolant In
(From Battery / Motor / * H (From Radiator /
Other Components) ! : Heat Exchanger)
® O,
1 )
Low pressure | e —— TS ! High pressure
Low temperature Low temperature
(Mixture) Expansion Valve {Liquid)

(3-4)

Figure 2.7: Refrigeration Cycle and Heat Transfer between Refrigerant and
Coolant

The cycle begins with the refrigerant entering the compressor in a low-pressure,
low-temperature vapor state (state 1). The compressor increases its pressure and
temperature, producing a high-pressure, high-temperature vapor (state 2). This
hot refrigerant then flows into the condenser, where it transfers heat to the coolant
circulating on the heat rejection side. As heat is rejected, the refrigerant condenses
into a high-pressure liquid (state 3), while the coolant carries this heat to the radiator
or external environment. The high-pressure liquid refrigerant then passes through the
expansion valve, where it undergoes a pressure drop, resulting in a low-pressure, low-
temperature mixture (state 4). This cold refrigerant enters the chiller (evaporator),
where it absorbs heat from the coolant circulating from the battery, electric drive
unit, or other components. As heat is absorbed, the refrigerant evaporates back into
a low-pressure vapor (state 1), completing the cycle.

12
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2.2 Refrigerants Used in Automotive Systems

A wide range of refrigerants have been developed and used in automotive thermal
management systems, each with different thermodynamic, environmental, and safety
characteristics. Table 2.2 illustrates the properties of refrigerants commonly used in
HVAC systems.

Table 2.2: Comparison of refrigerants used in automotive thermal management

systems [12]
Property R134a R1234yf CO; (R744) Propane
(R290)
Type HFC HFO Natural Natural hydro-
carbon
GWP ~1430 ~4 1 ~3
ODP 0 0 0 0
Flammability Al (Non- | A2L (Mild) Al (Non- | A3 (Highly
flammable) flammable) flammable)
Operating Pressure | Moderate Moderate Very high Moderate
Critical Temp (°C) | 101 94.7 31 96.7
Performance Good Similar to R134a | Good (heat | Excellent
pump)
Environmental Im- | High GWP Low GWP, | Very low Very low
pact PFAS concern
Cost Low High Moderate Low
System Complexity | Low Low High Moderate
Safety Concern Low Mild flammabil- | High pressure High flammabil-
ity ity
Current Use Phased out Widely used Emerging Limited (safety)

Among these, R134a was widely used in earlier automotive air conditioning systems
due to its stable performance and compatibility with system components. However,
its high global warming potential (GWP = 1430) led to its gradual phase-out under
environmental regulations.[11]

To address this issue, R1234yf was introduced as a low-GWP alternative and has
become the current industry standard in many battery electric vehicles. With a
significantly lower GWP (=4), R1234yf offers similar thermodynamic performance
to R134a and requires minimal system modifications.[11] In recent years, increasing
attention has been directed towards the environmental impact of refrigerants,
particularly those belonging to the group of PFAS. Since R1234yf falls under this
category, emerging regulations aimed at restricting PFAS usage have raised concerns
about its long-term viability. As a result, there is a growing need to identify
alternative refrigerants that not only provide efficient thermal performance but also
comply with future environmental and safety regulations. Therefore, the selection
of refrigerants for automotive thermal management systems is evolving beyond
performance considerations to include environmental sustainability, regulatory
compliance, and system safety, driving ongoing research into next-generation

13
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refrigerants.

In addition to synthetic refrigerants, natural refrigerants such as carbon dioxide
(R744) are increasingly being explored for automotive applications. CO, has
negligible GWP, is non-flammable, and is environmentally compatible. However, it
operates at significantly higher pressures, which requires robust system design and
specialized components.

Among the alternative refrigerants under consideration, propane (R290) has emerged
as a promising candidate due to its favorable thermodynamic and environmental
characteristics. R290 is a natural hydrocarbon refrigerant with a very low global
warming potential (GWP = 3) and zero ozone depletion potential, resulting in
a low environmental impact. In addition, it exhibits excellent thermodynamic
performance, including high latent heat of vaporization and good heat transfer
properties, which can enhance system efficiency compared to conventional refriger-
ants. Also Compared to synthetic refrigerants such as R1234yf, R290 offers lower
refrigerant cost due to its natural availability and simpler production process. Its
operating pressures are also comparable to those of R134a and R1234yf, allowing
the possibility of adapting existing system designs with relatively minor modifications.

However, the widespread adoption of R290 is limited by its high flammability (A3
classification). Therefore, its application in automotive systems requires a thermal
management design in which the refrigerant is confined within a closed circuit and
does not enter the passenger cabin. By ensuring that the refrigerant remains isolated
from the cabin environment, the associated safety risks can be significantly reduced,
making R290 a viable and future-oriented alternative for electric vehicle thermal
management systems.|[14]

2.3 TMS Architectures in Electric Vehicles

TMS in BEV can be categorized based on the different ways the refrigerant and
coolant circuits interact with each other as well as the other key subsystems. These

configurations plays a key role in determining the efficiency, safety and complexity
of the TMS.

In automotive applications, three primary types of TMS architecture are commonly
considered for HVAC application:

1. Direct expansion (DX) systems

2. Semi-Secondary loop (SSL) systems

3. Full-Secondary loop (FSL) systems

14
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Each architecture differs in terms of refrigerant distribution, level of integration with
coolant loops, and degree of isolation between the refrigerant and the vehicle cabin.

Figure 2.8 illustrates different thermal architecture used in BEV. In Figure
2.8a a direct expansion (DX) thermal management system, the refrigerant directly
reaches the cabin HVAC unit for both cooling and heating operations. During
cooling mode, the low-temperature refrigerant flows through the cabin evaporator,
where it absorbs heat from the cabin air. During heating mode, the high-temperature
refrigerant passes through the internal condenser (iCond), transferring heat directly
to the cabin air. Since the refrigerant directly circulates through cabin heat
exchangers, the DX system provides high thermal efficiency and fast cabin response.
However, this configuration distributes refrigerant throughout the cabin HVAC
system, which can raise safety concerns when flammable refrigerants such as R290
are used.

Figure 2.8b illustrates Semi-Secondary loop. In a SSL system, refrigerant is
used directly only for cabin cooling, while cabin heating is achieved through a
secondary coolant loop. During cooling operation, refrigerant flows through the
cabin evaporator and directly cools the cabin air, similar to the DX system. However,
during heating operation, heat from the refrigerant loop is first transferred to a
coolant circuit through a heat exchanger, and the heated coolant is then circulated
to the cabin heater core. In this configuration, refrigerant still enters the cabin
during cooling mode, but cabin heating is isolated through the coolant loop. The
SSL architecture therefore offers a partial reduction in refrigerant exposure while
maintaining efficient cooling performance.

Figure 2.8c illustrates a full-secondary loop (FSL) system, the refrigerant
remains confined within a closed refrigeration module and does not directly enter the
passenger cabin. Both cabin cooling and cabin heating are achieved using coolant
loops. During cooling operation, the refrigerant cools the secondary coolant through
a chiller, and the cooled coolant is circulated to the cabin cooler core. Similarly,
during heating operation, heat from the refrigerant loop is transferred to another
coolant loop through water cooled condensor (WCond), which supplies warm coolant
to the cabin heater core. As a result, only coolant circulates through the cabin
HVAC unit for both heating and cooling functions. This architecture significantly
improves safety when using flammable refrigerants such as R290, as the refrigerant
remains isolated from the cabin environment.
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2.4 Research Gap

Recent developments in electric vehicle thermal management systems have
increasingly focused on integrated secondary-loop architectures to improve safety,
thermal efficiency, and refrigerant management. In particular, FSL systems have
gained attention for their ability to isolate the refrigerant from the passenger cabin,
making them suitable for the application of flammable low-GWP refrigerants such
as R290.[15] Among these developments, Volvo Cars has proposed a FSL TM
architecture in which coolant loops are utilized for both cabin cooling and heating,
while the refrigerant remains confined within a closed refrigeration module.

Although previous studies have investigated integrated TM architectures and
alternative refrigerants, limited research has been conducted on the cooling
performance and actuator operating strategies of FSL systems based on the Volvo
cars’ architecture. In particular, the coordinated operation of coolant pumps, valves,
and cooling fans significantly influences coolant flow distribution, heat transfer
effectiveness, and overall thermal regulation during cooling operation.

Furthermore, the interaction between refrigerant and secondary coolant loops in
R290-based FSL systems requires further investigation to identify effective operating
strategies that can improve cooling performance while maintaining safe refrigerant
isolation from the passenger cabin. Therefore, there is a need to analyze and eval-
uate actuator operation strategies for integrated FSL TMS in battery electric vehicles.
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Methods

3.1 Simulation Environment

3.1.1 CVTM

GT-Suite is a comprehensive software platform for physical modeling and simulation,
offering a wide range of libraries that contain premodelled components and operating
environments. We can incorporate this tool which significantly reduces development
time and associated costs by enabling accurate system response analysis and virtual
validation of modeled systems.
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Figure 3.1: CVTM Simulation Environment

At Volvo Cars, a Complete Vehicle Thermal Model (CVTM) has been developed
within the GT Suite environment. This simulation platform allows users to evaluate
the thermal behavior of the system using 1D model for the complete system,
encompassing all subsystems that require heating or cooling. The CVTM plant
model includes cabin module, battery module, electric drive module, air cooling as
well as the refrigerant and coolant circuits. These systems comprise multi way valves,
pipes, pumps, and radiators, whose operation is regulated by control strategies
based on heating and cooling demands.
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3.2 FSL Architecture

The architecture in Figure 3.2 illustrates the FSL thermal management architecture
implemented in the CVTM. The system integrates the refrigerant circuit, cabin
HVAC loop, electric drive cooling loop, and battery cooling loop through centralized
valve module assemblies for thermal management.

hmmmane---
Hot Pump ~
i VMA 1
Refrigerant Loop

L ——

Cold Pump

VMA 2

Figure 3.2: FSL Architecture

The cabin consists of the cabin cooler core and heater core. During cooling operation,
chilled coolant from the chiller is circulated through the cabin cooler core to extract
heat from cabin air. During heating operation, warm coolant is directed from
WCond to the heater core to provide cabin heating.

The electric drive cooling loop is connected to the electric motor and power
electronics. The coolant circulation through this loop removes heat generated by the
electric drive unit during vehicle operation. The thermal energy extracted from the
electric drive can either be rejected through the radiator or redistributed within the
thermal management system depending on valve operating conditions.

The battery pump circulates coolant through the battery pack to maintain cell
temperatures within the desired operating range. Depending on thermal demand,
coolant from the battery loop can be routed either toward the chiller for active
cooling or toward the radiator for passive heat rejection to the ambient.

The radiator and cooling fan subsystem serve as the primary heat rejection path to
the ambient environment. The heat absorbed from the cabin, electric drive, and
battery loops is transferred across the refrigerant loop (from chiller to WCond) and
rejected to ambient air through forced convection with the help of radiator and
cooling fan.

20



3. Methods

The Valve Module Assemblies (VMA 1 and VMA 2) play a critical role in the
system by dynamically controlling coolant flow distribution between the different
thermal subsystems. This can be achieved by varying valve proportionality and pump
operating conditions, the system can operate in multiple cooling modes including
cabin-only cooling, battery-only cooling, electric drive cooling, and combined thermal
management modes.

3.3 Modes

The scope of the current thesis is limited to cooling operating modes, namely cabin
cooling, battery cooling, and combined cabin—battery cooling. In each mode ED
cooling is done passively by rejecting the heat generated in ED circuit to ambient
through radiator.

3.3.1 Cabin Cooling Mode

Figure 3.3 illustrates the FSL thermal management architecture configured for cabin
cooling operation.

VMA 1

Lﬁ@. | W-Cond ¢
Hot Pump -
i3
ﬁ Refrigerant Loop X.
Cold Pump
r)@, —% | Chiller }

Battery Pump

VMA 2

Heater
<&
<

Figure 3.3: Cabin Cooling Mode Layout

In cabin-only cooling mode, the VMA 1 prioritizes coolant flow toward the cabin
cooler while minimizing or bypassing coolant flow from chiller to the battery and
electric drive cooling circuits. During operation, the cold-side pump circulates coolant
through the chiller, where heat is transferred from the coolant to the refrigerant,
producing chilled coolant flow. The chilled coolant is then routed through VMA
1 toward the cabin cooler core to extract heat from the cabin air and provide
passenger thermal comfort. The absorbed heat from the cabin through coolant loops
is transferred to the refrigerant through chiller and it is absorbed by the coolant
present in the hot circuit through WCond which is then rejected to the ambient
environment through the radiator. This configuration enables thermally decoupled
cabin cooling operation.
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3.3.2 Battery Cooling Mode

Figure 3.4 illustrates the FSL thermal management architecture configured for
battery-only cooling operation.
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Figure 3.4: Battery Cooling Mode Layout

In this mode, the VMA1 and VMAZ2 prioritizes coolant flow toward the battery
cooling loop while minimizing or bypassing coolant flow from chiller to the cabin and
electric drive cooling circuits. During operation, the battery pump circulates coolant
through the battery pack, where heat generated due to electrochemical reaction
which is absorbed by the coolant. The heated coolant is then routed through the
valve module assembly toward the chiller, where heat is transferred from the coolant
to the refrigerant loop. The absorbed heat from the refrigerant is subsequently
transferred to the hot-side coolant circuit through the WCond and rejected to the
ambient environment through the radiator. This configuration enables thermally
decoupled battery cooling operation.

3.3.3 Cabin & Battery (Combined) Cooling Mode

Figure 3.5 illustrates the FSL thermal management architecture configured for
combined cabin and battery cooling operation. In this mode, VMA1 and VMA2
distribute coolant flow simultaneously toward both the cabin cooling loop and the
battery cooling loop based on the thermal demand of each subsystem. During
operation, the cold-side pump circulates coolant through the chiller, where heat is
transferred from the coolant to the refrigerant, producing chilled coolant flow. The
chilled coolant is then routed through VMA1 toward the cabin cooler core to extract
heat from the cabin air, while a portion of the coolant is simultaneously directed
toward the battery cooling loop to regulate battery temperature.
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Figure 3.5: Cabin and Battery Cooling Mode Layout

The battery pump circulates coolant through the battery pack, where heat generated
is absorbed by the coolant. The absorbed heat from both the cabin and battery
coolant loops is transferred to the refrigerant through the chiller and subsequently
transferred to the hot-side coolant circuit through the WCond. Finally, the heat
is rejected to the ambient environment through the radiator. This configuration
enables simultaneous thermal management of passenger cabin comfort and battery
thermal stability under combined cooling operating conditions.

The valve assembly module and pump speeds are coordinated rather than
independently optimized for a single mode. The valve module assembly dynamically
adjusts flow distribution to balance competing thermal needs, ensuring that neither
the cabin nor the battery is over or under-cooled. This coordinated control allows
dynamic coolant distribution between the cabin and battery cooling loops based
on the cooling demand of each subsystem while maintaining system safety and
operational robustness.

This mode represents a realistic and frequently encountered operating condition,
demonstrating the flexibility of the integrated thermal architecture and its ability to
deliver comfort and component protection simultaneously under demanding real-world
conditions.

3.4 Simulation Case Studies

The simulation methodology a structured workflow approach developed to evaluate
a large number of operating cases efficiently while significantly reducing overall
simulation runtime and computational cost. Since full transient thermal simulations
require high computational effort, an initial filtering process was introduced to
eliminate thermally unsuitable cases at an early stage. Figure 3.6 illustrates the
complete simulation workflow adopted in the present study.
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Figure 3.6: Simulation Workflow

The workflow begins with a short-duration flow simulation of 100 seconds, which is
primarily intended to evaluate coolant flow distribution within the FSL architecture.
At this stage, the objective is not to analyze complete thermal behavior, but rather
to verify whether sufficient coolant circulation is achieved across the cabin, battery,
electric drive, hot-side, and cold-side cooling loops. Since coolant flow stabilization
occurs relatively quickly compared to thermal stabilization, a shorter simulation
duration is sufficient to identify cases with inadequate hydraulic performance. This
approach considerably reduces computational expense by avoiding unnecessary
long-duration thermal simulations.

Following the flow simulations, a flow analysis is carried out to evaluate important
parameters such as coolant flow rates (L/min), pump operating behavior, and coolant
distribution through the valve module assemblies. Cases exhibiting insufficient
coolant flow or operating below the predefined threshold limits are eliminated from
further analysis. This filtering process significantly reduces the number of feasible
operating conditions and thereby minimizes the total thermal simulation runtime.

The remaining shortlisted cases are subsequently subjected to detailed transient
thermal simulations with a duration of 1200 seconds. The extended simulation
duration allows the system to capture transient thermal behavior and temperature
evolution of the cabin, battery, coolant loops, refrigerant loop, and electric drive
system under realistic operating conditions. During this stage, the interaction
between coolant flow distribution and heat transfer is evaluated through param-
eters such as cabin temperature, battery temperature, energy consumption, and COP.

Based on the thermal analysis, the best-performing operating conditions DOE cases
are selected considering both thermal performance and energy efficiency. These
selected cases are then validated under the Worldwide Harmonized Light Vehicle
Test Cycle (WLTC), which introduces realistic transient driving conditions including
varying vehicle speed, thermal load fluctuations, and airflow conditions.

The WLTC validation ensures that the developed cooling strategies remain effective,
stable, and energy efficient under practical vehicle operating scenarios. Thus, the
simulation methodology enables systematic screening of multiple operating conditions
while significantly reducing computational time by preventing low-performing cases
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from progressing to computationally expensive transient thermal simulations.

3.5 FSL Cooling Strategy Evaluation

This section presents the simulation studies carried out for evaluating the cooling
strategies of the FSL thermal management architecture under different operating
conditions, as introduced in Section 3.4. The analysis focuses on assessing cooling
performance, energy efficiency, and control effectiveness for cabin cooling, battery
cooling, and combined cabin—battery cooling modes. The control strategy study
investigates the influence of coolant flow distribution, pump operating conditions &
valve module assembly proportionality operation on the overall thermal management
performance. The simulations are performed under extreme ambient conditions
to evaluate transient cooling response, energy consumption, and COP, with the
objective of cooling control strategies are evaluated under the specified boundary
conditions to analyze their influence on cabin thermal comfort, battery thermal
regulation, and overall system energy efficiency.

3.5.1 Parameters Considered for Evaluation

The comparable evaluation is analyzed for the FSL Architecture across all cooling
modes by a common set of operating and performance parameters was considered
throughout the simulation study. The simulations were performed under an
ambient temperature boundary condition of 40°C to represent high ambient thermal
conditions encountered during severe vehicle operating scenarios.

The Table 3.1 shown below illustrates operating parameters varied as part of the
DOEs which are:

Parameter Operating Conditions

Electric Drive pump, Battery pump, Hot pump,
Pump Duty Cycles | and Cold pump varied between 25%, 50%, 75%
& 100% of their maximum operating limits
Varied between 0% and 100% of their maximum
operating limits

Constant vehicle speeds of 0, 25, 50, 75, and 100
km/h including WLTC operating conditions

Fan Speeds

Vehicle Speed

Valve Module
Assembly
Configurations

Different operating configurations of VMA1 and
VMA2

Table 3.1: Operating Parameters Considered During DOE Analysis

From the above operating conditions, the performance metrics are extracted from
the simulations including coolant flow rates (L/min), cabin and battery temperature
profiles, heat energy absorbed (kWh), radiator heat rejection (kWh), total energy
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consumption (kWh), and system COP. Cooling time is quantified as the time required
to reach the respective target temperature for cabin or battery.

3.5.2 Simulation Boundary Conditions

To ensure consistency and comparability across all DOEs cases, common operating
boundary conditions were maintained throughout the study. The simulations were
conducted under severe summer operating conditions with an ambient temperature

of:

Tomp = 40°C

The selected ambient condition represents a worst-case cooling scenario commonly
encountered in hot climatic regions. Under these conditions, the thermal load on the
cabin and battery becomes significantly high due to:

e Solar heat gain through windshield and side windows

o Elevated cabin soak temperature

o Increased battery internal heat generation

o Reduced heat rejection effectiveness at high ambient temperatures

The cabin initial temperature was initialized at approximately:

o
Tcabininitial =40°C

Similarly, the battery initial average temperature was initialized between:

Tbattery initial — 35°C' — 45°C

depending on the operating case.

The target operating temperatures considered during the analysis are:

Subsystem Target Temperature Range
Cabin 22°C' — 23°C
Battery < 35°C
Electric Drive Unit 20°C' — 60°C'

Table 3.2: Target Thermal Conditions

3.5.3 Performance Metrics Used for Evaluation

The methodology was developed to investigate the effectiveness of the FSL
architecture in achieving:

1. Faster rate of cabin cooling under extreme ambient conditions

2. Faster rate of battery cooling under extreme ambient conditions
3. High COP
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4. Lowest Energy consumption
5. Balanced cooling distribution & thermal stabilization during combined cooling
operation

3.5.3.1 Cooling Time

Cooling time represents the transient response capability of the thermal management
system.
For cabin cooling:

tcooling cabin

is defined as the time required for cabin air temperature to reduce from initial
condition to:

Tcabin S 2300

Similarly, for battery cooling:

tcooling battery

is defined as the time required for battery average temperature to reach:

Tbattery S 35°C

Lower cooling time indicates better transient thermal response.

3.5.3.2 Coefficient of Performance (COP)

The overall thermal efficiency of the system is evaluated using the coefficient of
performance.
For Cabin Cooling,

Qcabin
COPca in — 3.1
’ Etotal ( )
where,
Qcabin = Cabin Cooler Heat Energy Absorbed
Eiota1 = Total Energy Consumed

For Battery Cooling,

COPbattery _ Qbattery (32)

Etotal

where,

Qbattery = Battery Heat Energy Absorbed

FEiotar = Total Energy Consumed
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For Cabin - Battery Combined Cooling,

Qcabin + Qbattery
Etotal

OOPcombined = (33)

where,

Qcabin = Heat Absorbed in Cabin
Qbattery = Heat Absorbed in Battery
FEiotar = Total Energy Consumed

Higher COP indicates that energy consumed by auxiliary unit in thermal system is
properly utilized to reject heat from respective component.

3.5.3.3 Energy Consumption

The energy consumption of each operating mode was evaluated using integrated
power consumption over simulation duration. The total auxiliary energy consumption
is:

Etotal = ERadiator cooling fan + ECabin blower fan + EBattery Pump

+ EElectricdrive Pump + EHot Pump + ECOld Pump
+ ECompressor (34)

The objective is to minimize total energy while maintaining acceptable thermal
performance.

3.5.4 Cabin Cooling Mode Strategy

The cabin cooling mode illustrated in Figure 3.3 represents operating conditions
where passenger thermal comfort becomes the dominant cooling requirement.

During this operating mode:
» Battery cooling loop remains isolated
o Cabin receives chilled coolant flow
» Valve module prioritizes cabin cooling path
o Compressor operates according to cabin thermal load

The cabin-only cooling analysis was divided into two major objectives.

3.5.4.1 Cabin Cooling Strategy 1: Faster Cabin Pull-Down

The primary objective of this strategy is to reduce cabin air temperature as quickly
as possible.

Under high ambient conditions, cabin temperature increases rapidly due to:

o Solar radiation load
o Conduction heat transfer from body panels
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o Occupant heat generation
o High ventilation thermal load

To investigate rapid cabin cooling behavior the following parameters are evaluated
to analyze their effect on overall thermal system:

e Cold pump speed

o Hot pump speed

o Electric drive pump speed

o Chiller coolant outlet temperature

o Ambient temperatures

3.5.4.2 Cabin Cooling Strategy 2: High COP and Low Energy Consump-
tion

The second strategy focuses on energy-efficient cabin cooling by evaluating operating
conditions as below:

« Stable cabin cooling
o Lower pump energy consumption
» Variation in system COP

The different cold pump operating conditions are evaluated to analyze their influence
on:

o Compressor operating behavior
e Energy consumption
o Overall thermal system efficiency

The influence of pump operating conditions on cabin cooling performance and energy
consumption is being investigated throughout the simulations.

3.5.5 Battery Cooling Mode Strategy

The battery only cooling operation becomes dominant during:

o High discharge loads

o Fast charging conditions

o High ambient operation

o Continuous uphill or aggressive driving

The battery thermal management objective differs from cabin cooling because lithium-
ion batteries require:

« Stable thermal gradients

o Controlled cooling rate

o Uniform temperature distribution
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3.5.5.1 Battery Cooling Strategy 1: Faster Battery Cooling

This strategy focuses on investigating aggressive heat extraction from the battery loop.

The following operating conditions is evaluated during the simulations to analyze
their effect on overall thermal system:

« Battery pump speed

e Cold pump speed

e Electric drive pump speed

« Radiator fan speed at different vehicle speed

Battery heat generation is generally evaluated using the internal resistance relation-
ship:

Qbattery = IQR (35)

where:
o Qpattery = battery heat generation
o [ = battery current
e R = internal resistance
The thermal response of the battery cooling loop was analyzed using:
o Battery average temperature
e Maximum cell temperature
o Temperature spread AT
o Cooling rate

3.5.5.2 Battery Cooling Strategy 2: High COP Low Energy Cooling

This operating strategy focuses on energy-efficient battery cooling by analyzing:
e Energy consumption
o Battery thermal stability
o Overall thermal system efficiency (COP)

3.5.6 Combined Cabin and Battery Cooling Mode Strategy

Combined cooling mode represents realistic electric vehicle operating conditions
where both cabin cooling demand and battery cooling demand exist simultaneously.

In this operating mode:
o Cabin cooling demand exists simultaneously
« Battery cooling demand becomes active
o Cooling capacity is distributed dynamically between thermal loops

The valve module assembly plays an important role in controlling proportional
coolant distribution between cabin and battery loops.
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3.5.6.1 Combined Cooling Strategy 1: Energy efficient Combined Cooling

This strategy focuses on evaluating balanced cooling operation with reduced energy
consumption.

The operating conditions were adjusted to investigate:
« Balanced coolant distribution
o Compressor cycling behavior
o Pump operating conditions
e Thermal stability
System COP study

3.5.6.2 Combined Cooling Strategy 2: Prioritized Cabin Cooling with
Battery Cooling

This strategy prioritizes passenger thermal comfort during the initial transient phase.

Initially:
o Higher coolant flow was directed toward the cabin loop
» Reduced coolant flow was supplied to the battery loop
o Cabin thermal response was monitored

After cabin temperature stabilization:
o Additional cooling capacity was redistributed
» Battery cooling flow conditions were adjusted

This strategy was evaluated based on:
» Cabin cooling response
o DBattery thermal state
o Compressor operating behavior
o Coolant flow redistribution

3.5.6.3 Combined Cooling Strategy 3: Prioritized Battery Cooling with
Cabin Cooling

This strategy is considered for operating conditions where battery thermal control
becomes the main priority while cabin cooling is still required. Such a situation
can occur during fast charging, where the battery may generate significant heat
due to high charging current. If passengers remain inside the vehicle during
charging, cabin cooling is also needed to maintain comfort. Therefore, the
thermal management system must support both battery cooling and cabin cool-
ing at the same time, but with higher priority given to battery temperature reduction.

During this mode initially more coolant flow is directed towards the battery loop till
the battery reaches safe operating temperature when

Tbattery = 40°C
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The valve proportionality is changed depending upon the requirements

The system operating conditions were modified through:
» Valve assembly module proportionality variation
o Battery pump speed variation

3.5.7 WLTC Validation Methodology

The final shortlisted operating conditions were evaluated using the Worldwide
Harmonized Light Vehicle Test Cycle (WLTC).

WLTC introduces dynamic vehicle speeds with variable airflow conditions as per
realistic transient operating behavior.

Worldedde Hamanized Light Vahichs Tasd Cyila

Wahicle Spaad pmh]

o 200 400 60D 200 1000 1300 1400 1600 1800
Tirme [2)

Figure 3.7: Worldwide harmonised Light vehicles Test Cycle (WLTC)

The WLTC simulations were used to evaluate the effectiveness of the developed
cooling strategies under realistic transient operating conditions.

The following parameters were monitored throughout the WLTC cycle:
o Cabin temperature
» Battery average temperature
» Auxiliary energy consumption
o System COP
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Results

This section presents the simulation results for cabin cooling, battery cooling, and
combined cabin—battery cooling modes. The analysis focuses on coolant flow distri-
bution, thermal response, energy consumption, and coefficient of performance under
different actuator operating conditions. Based on the results, suitable cooling control
strategies are identified to improve cooling response and energy efficiency under high
ambient temperature conditions.

4.1 Cabin Cooling Results

Figure A.1 in Appendix shows the coolant flow distribution during cabin cooling
mode for different operating cases. Cases in which the flow rate in any pump falls
below the defined threshold are removed from the analysis, and only the remaining
feasible cases are selected for detailed thermal analysis (shown in green in table
[A.1]). The cold-side pump directly affects cabin cooling by circulating chilled
coolant from the chiller to the cabin cooler core. Higher cold-side flow improves heat
removal from the cabin and can reduce pull-down time. The hot-side pump controls
heat rejection through the water-cooled condenser and radiator loop. Improved heat
rejection reduces the load on the refrigerant circuit, allowing the compressor to
operate with lower power demand. The electric drive coolant flow is also influenced
by the hot-side loop because both circuits are hydraulically connected through the
radiator side.

Figure 4.1 shows the feasible ED pump and hot-side pump speed combinations
that satisfy this requirement. Since both the ED circuit and hot-side circuit can
supply coolant to the radiator, the final flow distribution depends on the combined
operation of both pumps. Some combinations may cause hydraulic dominance,
where one loop restricts the flow contribution of the other. Therefore, only balanced
operating points with sufficient flow in both circuits are selected for further cooling
performance analysis.
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Figure 4.1: Feasible ED pump and hot-side pump speed combinations satisfying

the minimum coolant flow criterion.

4.1.1 Cabin Cooling Strategy Results for Faster Cabin Pull
Down

The coolant flow from the chiller to the cabin cooler core has a direct influence
on cabin cooling performance. Figure 4.2 illustrates that when the cold pump is
operated at higher speed, a larger amount of chilled coolant is supplied to the cabin
cooler core, improving the heat transfer between the cabin air and the coolant. This
enhances heat removal from the cabin and results in a faster reduction in cabin

temperature.
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Figure 4.3 shows the effect of coolant flow rate through the cabin cooler on the time
and energy required to reach the target cabin temperature of 23°C. Time taken and
energy consumed are presented in normalized form with respect to the reference
case. Therefore, the value of 100 does not represent 100 s or 100 Wh; instead,
it represents the reference value used for comparison. The results show the rel-
ative change in cooling time and energy consumption as the cold pump speed is varied.

Cold pump speed influence on rapid cabin cooling
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Figure 4.3: Time taken and energy consumed by the TMS system to reach the
target temperature at different cold pump speed

As the coolant flow rate increases, the time required to cool the cabin decreases.
However, the energy consumed to reach 23°C increases with higher coolant flow.
This is mainly due to the higher actuator power demand, especially from the
coolant pump and associated cooling components. Therefore, although increasing
coolant flow improves cabin pull-down performance, it also leads to greater energy
consumption.
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(a) Effect of hot-side pump speed on compressor energy
consumption

Total energy consumed w.r.t Hot-side pump speed
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(b) Effect of hot-side pump speed on total energy consumption

Figure 4.4: Effect of WCond pump operation on TMS energy consumption

The results in 4.3 show a clear trade-off between cabin pull-down time and energy
consumption. Although the 100% cold pump speed provides the fastest cooling
response, it also results in the highest energy consumption. In contrast, the 50%
pump speed consumes less energy but requires a longer time to reach the target
cabin temperature. Therefore, 75% cold pump speed is selected as the preferred
operating condition because it provides a good balance between cooling performance
and energy efficiency. This operating point significantly reduces the pull-down
time compared to 50% pump speed, while avoiding the additional energy penalty
associated with 100% pump operation.

As illustrated in Figure 4.4 at 40°C ambient temperature, very low hot-side pump

speed is not suitable because it limits heat rejection and increases compressor energy
consumption. Based on the trade-off between compressor energy reduction and total
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system energy, 75% hot-side pump speed can be considered an effective operating
point for cabin cooling.

4.1.2 Cabin Cooling Strategy Results for High COP and
Low Energy Consumption

In section 4.1.1 we evaluated actuator settings for faster cabin pull-down. The
results showed that increasing cold-side pump speed improves the cabin cooling
response, while higher WCond pump speed improves heat rejection and reduces
compressor workload. However, operating the pumps at higher speeds also increases
auxiliary energy consumption. Therefore, this section evaluates the energy-efficient
cooling strategy, where the objective is to maintain acceptable cabin cooling while
reducing total energy consumption and improving COP.

Figure 4.5 shows the comparison of energy consumption for the selected WLTC cases
at 40°C ambient temperature. From the 18 feasible cases obtained after the flow
survey, four cases were selected based on their energy-efficient cooling performance
from the 1200 seconds thermal simulation (Case 1-4). These selected cases were then
evaluated under the WLTC driving cycle and compared with a random case (Case 5)
and the reference case, where all pumps are operated at maximum speed (Case 6).

Energy consumption for WLTC @ 40 °C

+1%
Reference

-6%
] : } .0 I .
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Wh/km

Figure 4.5: Energy consumption comparison of selected WLTC cabin cooling cases
at 40°C ambient temperature.

The results show that selected most efficient pump-speed combinations can lower the
energy consumption by 7% compared with full pump operation while maintaining
acceptable cabin cooling performance. But also we can observe from Figure 4.2 that
since the cold-pump is operating at 50% speed in the most efficient case, the cooling
time would be slightly higher. Hence we should make a tradeoff strategy of when
to use Fast Cabin Cooling and when we should implement Efficient Cabin Cooling
strategy.
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Table 4.1: Selected operating cases for WLTC energy comparison at 40°C ambient

temperature
Case | Cold Pump (%) | ED Pump (%) | Hot-side Pump (%) | Description
Case 1 50 50 50 Selected energy-efficient case
Case 2 50 75 75 Best energy-saving case
Case 3 50 75 100 Selected energy-efficient case
Case 4 75 75 75 Selected energy-efficient case
Case 5 100 75 50 Selected random case
Case 6 100 100 100 Reference: all pumps at maximum speed

Table 4.2: Proposed two-stage cabin cooling strategy

When Used Cold Pump (%) | ED Pump (%) | Hot-side Pump (%) | Purpose
Initial cooling stage, Teapin > Tiarget + 2 75 75 75 Fast cabin temperature reduction
After cabin reaches target temperature 50 75 75 Efficient cooling

Another factor which effect the overall TMS efficiency is the radiator cooling fan
speed. During cabin cooling, heat rejected from the coolant coming out of WCond is
rejected through radiator to the ambient. Figure 4.6 shows that at lower vehicle
speeds, the ram-air effect is limited, hence the radiator cooling fan should operate
at higher speed to reject heat from coolant flowing through the radiator to the
ambient. On the other hand, when the vehicle speed is higher, natural airflow
coming through the shutters helps to reject heat from the radiator. During high
vehicle speed, fan speed does not significantly help to release heat, instead if we
run the fan, it will add to more auxillary power consumption. The cases used
for the analysis are the 4 energy efficient cases used in the previous section (Case 1-4).

In Figure 4.6a we can see at vehicle speed 0 km/h, there is no ram-air flow through
the radiator. Therefore, low fan speeds are not sufficient to reject heat effectively,
resulting in lower COP. As the fan speed increases, heat rejection improves and
COP rises significantly. The maximum COP is obtained around 75% fan speed,
after which further increase in fan speed slightly reduces COP due to additional fan
power consumption but no improvement in heat rejection through radiator.

The COP values shown in Figure 4.6 are calculated using the formula:

Qrad

COP =
Etotal

(4.1)

where );.q represents the heat rejected through the radiator, and Fi.. represents
the total energy consumed by the compressor, pumps, and radiator fan.
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Figure 4.6: Effect of radiator fan speed on COP at different vehicle speeds durigg
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Similarly at 50 km/h as shown in Figue 4.6b, some natural airflow is already
available due to vehicle motion. Therefore, the system does not require very high fan
speed to maintain heat rejection. The COP reaches its maximum around 50% fan
speed, showing that moderate fan operation is sufficient at medium vehicle speed.

At 100 km/h, the ram-air effect is strong, and the radiator receives sufficient airflow
from vehicle motion. In this case, the highest COP is observed at low or zero fan
speed. Increasing fan speed reduces COP because the fan consumes additional power
while providing little improvement in heat rejection. Therefore, fan operation should
be minimized at high vehicle speeds.
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Figure 4.7: Optimized fan speed map with respect to vehicle speed for cabin
cooling mode.

Based on the COP variation observed at different vehicle speeds, the vehicle-speed-
based fan speed map was developed as shown in Figure 4.7. The map assigns higher
fan speed at low vehicle speeds, where ram-air cooling is limited, and gradually
reduces fan speed as vehicle speed increases. This fan speed map is then used for the
WLTC simulation to improve system efficiency while maintaining sufficient radiator
heat rejection.

Figure 4.8 shows the radiator fan command applied over the WLTC cycle based
on the optimized vehicle-speed-dependent fan map. The red curve represents the
WLTC vehicle speed profile, while the blue curve shows the corresponding fan speed
command.
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Figure 4.8: Controlled radiator fan speed for WLTC cycle during cabin cooling
mode.

As illustrated in Figure 4.10 compared to the full-actuation reference case (all
pumps and radiator cooling fan running at 100% speed), the proposed control
strategy, as mentioned in Table 4.2 and using the optimized fan speed map, the
total battery energy consumption can be reduced by approximately 4.25% during the
WLTC drive cycle (23.18 km), while maintaining similar cabin comfort conditions
as the full-actuation referance case provides (Figure 4.9). Assuming similar cabin
cooling operating conditions, the observed energy reduction could correspond to an
approximate range improvement of 21 km for a vehicle with a nominal 500 km range.

Cabin Air Temperature Comparizon

Cabin Cooling Using Efficient Stratergy

Cabin Cooling @ 100% Actuation
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Figure 4.9: Cabin temperature comparison for 100% actuation and efficient control
strategy.
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Battery Energy Consumption Comparison for WLTC Test
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Figure 4.10: Battery energy consumption comparison between the efficient
strategy and full-actuation strategy for cabin cooling during the WLTC test.

4.2 Battery Cooling Results

4.2.1 Battery Cooling Strategy Results for Faster Battery
Pull Down

Figure 4.11 illustrates the battery temperature variation with time for different cold
and battery pump speed combinations during the faster battery pull-down process. In
all cases, the battery temperature decreases continuously from an initial temperature
of 45°C, demonstrating the effectiveness of the cooling system. The rapid reduction of
battery temperature is essential in battery thermal management systems to prevent
overheating, maintain battery safety, and improve overall battery performance
during high thermal load conditions. Therefore, for the faster battery pull-down
strategy, different cold and battery pump speed combinations are investigated to eval-
uate their influence on battery cooling performance in battery cooling mode operation.

The objective of this analysis is to reduce the battery temperature from 45°C to
the target temperature of 35°C as quickly as possible while also analyzing the
corresponding cooling time and total energy consumption. In this FSL layout, the
cold pump and battery pump play a significant role in controlling coolant circulation
and heat rejection, directly influencing the battery thermal pull-down rate, cooling
efficiency, and overall energy usage of the thermal management system.
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Figure 4.11: Battery cooling faster pull down test result

Figure 4.11 highlights the influence of maintaining equal cold and battery pump
speeds on battery thermal management performance. When both pumps operate at
the same speed, the coolant circulation and heat exchange become more balanced,
resulting in smoother and more effective heat removal from the battery pack.
Increasing the pump speeds simultaneously from 25% to 75% greatly enhances
cooling efficiency, while the improvement from 75% to 100% is relatively small.
This indicates that diverting the maximum coolant flow to the chiller and providing
lower coolant flow for electric drive system can achieve the cooling performance.
Therefore, maintaining balanced cold and battery pump speeds provides stable
thermal control and faster rate of battery cooling performance. The detailed
comparison of the cooling time required to reach 35°C and the corresponding target
temperature to be achieved is presented in Table 4.3.

Cold Pump Battery Pump Time to Reach
Speed (%) Speed (%) 35°C (min)
25 25 19.0
50 50 17.0
75 75 15.7
100 100 15.5

Table 4.3: Cooling Time for Different Pump Speed Combinations

Table 4.3 presents the cooling time required for the battery temperature to decrease
from 45°C to 35°C. The results show that increasing both pump speeds improves
the battery cooling performance by reducing the pull-down time. At 25% pump
speed, the battery requires approximately 19 minutes to reach 35°C, whereas at
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100% pump speed the cooling time decreases to about 15.5 minutes. However, the
reduction in cooling time becomes smaller at higher pump speeds, particularly
between the 75% and 100% cases. Although the maximum pump speed provides
the fastest cooling but the improvement is small as compared to the CP 75% &
BP 75% case but there is 6.3% additional energy required when compared to 100%.
This indicates this combination can be considered an effective compromise be-
tween faster rate of cooling and energy efficiency which can be witnessed in Figure 4.8.

The percentage increase in total energy consumption is calculated by normalizing
each pump speed case with respect to the baseline CP 25% | BP 25% condition
using:

Ei - E25%

% Increase =
Eosy

x 100 (4.2)

where F; represents the total energy consumption at a given pump speed combination
and Fasy, represents the energy consumption of the reference CP 25% | BP 25% case.
This normalization method allows the relative increase in energy demand at higher
pump speeds to be compared with respect to the minimum energy consumption
condition.

Energy Consumption (%)

Pump Speed (%)

0 5 10 15 20

Total Energy Consumption

Figure 4.12: Energy consumption comparison for cold-pump speed and hot-pump
speed during battery cooling mode.

Figure 4.12 illustrates the normalized increase in total energy consumption for
different cold pump (CP) and battery pump (BP) speed combinations. The graph
clearly shows that increasing both pump speeds results in a progressive rise in
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energy consumption due to the higher coolant circulation flow rate. As the pump
speed increases from 50% to 100%, the percentage increase in energy consumption
becomes significantly larger, indicating that the thermal management system
requires substantially more energy to sustain higher coolant flow rates.

The graph also highlights the trade-off between cooling performance and system
efficiency. Although higher pump speeds improve the battery thermal pull-down
rate and reduce the cooling time, the additional cooling benefit becomes smaller at
higher operating speeds while the energy demand continues to increase noticeably.
This behavior indicates diminishing returns in thermal performance at maximum
pump operation. Therefore, operating both the cold and battery pumps at balanced
moderate-to-high speeds can provide efficient battery cooling performance while
limiting excessive energy consumption in the battery cooling mode layout.

Effect of Hot-Pump Speed
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Figure 4.13: Effect of hot-pump speed for battery cooling mode.

Figure 4.13 shows that increasing the hot pump speed improves battery cooling
performance by enhancing heat rejection through the WCond and radiator loop. As
the hot pump speed increases from 50% to 75%, the time required for battery cooling,
compressor energy consumption, and total TMS energy consumption all decrease
significantly. Further increasing the hot pump speed to 100% continues to reduce
compressor energy and total system energy consumption, although the reduction in
cooling time is comparatively smaller.

This indicates that, for battery cooling, stronger hot-side coolant circulation helps the
refrigerant loop reject heat more effectively. As a result, the compressor requires less
work, and the overall energy consumption of the TMS decreases. Therefore, 100%
hot pump speed is preferred for battery cooling when the objective is to minimize
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total energy consumption and improve system efficiency.

4.2.2 Battery Cooling Strategy Results for High COP and
Low Energy Consumption

Table 4.4: Pump speed settings for different energy efficient battery cooling cases

Case | Battery Pump (%) | ED Pump (%) | Cold Pump (%) | Hot-side Pump (%) | Description

Case 1 50 75 50 100 Best energy-saving case

Case 2 50 75 75 100 Selected energy-efficient case

Case 3 50 100 50 100 Selected energy-efficient case

Case 4 75 75 50 100 Selected energy-efficient case

Case 5 75 75 75 100 Selected energy-efficient case

Case 6 100 100 100 100 Reference: all pumps at maximum speed

The table 4.4 shows the selected battery cooling pump speed combinations used for
the WLTC simulation at 40 °C ambient temperature. Compared with the reference
case, where all pumps operate at 100% speed, the selected cases use reduced pump
speeds to lower auxiliary power consumption.

Energy consumption for WLTC @ 40 °C
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Figure 4.14: Comparison of WLTC energy consumption for different cases during
battery cooling mode at 40 °C ambient temperature.

Figure 4.14 shows that all selected cases reduce energy consumption compared with
the reference. Case 1 gives the best result, with about 4.5% energy saving, making it
the most efficient battery cooling case. This indicates that effective cooling can be
achieved without operating all pumps at maximum speed, improving overall vehicle
efficiency.

Table 4.5: Proposed pump speed control strategy for battery cooling mode

Battery Temperature

Battery Pump (%)

Cold Pump (%)

ED pump (%)

Hot-side Pump (%)

Description

Fast Charging
Tyt > 35°C
Tyt < 35°C

K6l
75
50

75
75
50

75
75
75

100
100
100

Fast battery temperature pulldown
Fast battery temperature pulldown
Efficient battery temperature pulldown
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The proposed battery cooling strategy controls the pump speeds based on the
battery temperature. When the battery temperature is above 35 °C, the battery
pump and cold pump operate at 75% speed to provide fast battery temperature
pulldown. This mode is also used during fast charging, where higher heat generation
requires quicker cooling.

When the battery temperature is 35 °C or below, the battery pump and cold pump
operate at 50% speed to reduce auxiliary power consumption while still maintaining
effective battery cooling. The ED pump remains at 75% speed, and the hot-side
pump remains at 100% speed in both conditions.

Once the battery temperature reaches 25 °C, the battery cooling mode is switched
off to avoid unnecessary cooling energy consumption. Cooling remains off until the
battery temperature rises to 35 °C again, after which the cooling mode is reactivated.

Battery Cooling Comparison between 100% Actuation Setting and Proposed Strategy
100% Actuation

Battery Cooling Proposed Strategy
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Figure 4.15: Comparison of proposed strategy with 100% actuation strategy for
battery cooling test carried under 2XWLTC cycle

Figure 4.15 illustrates that when the proposed strategy is tested under 2 X WLTC
cycle the cabin cooling performance of the proposed strategy is almost similar to
that if all the pumps are run at maximum speed. But with the proposed strategy we
can save the energy consumed by auxiliary components if TMS system by 4.15%.

4.3 Combined Cooling Results

A separate flow survey was performed for the combined cabin—battery cooling mode
because coolant distribution changes when both cooling demands are active at the
same time (as illustrated in Section 3.3.3). In this mode, sufficient flow must be
maintained in both the cabin cooling loop and the battery cooling loop. Therefore,
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only cases satisfying the minimum flow requirement in the cabin cooler, battery,
hot pump and ED pump were selected for transient thermal analysis. The detailed
combined cooling flow survey results are presented in A.3. Out of total 256 cases, 63
cases were selected for the thermal simulation.

4.3.1 Combined Cooling Strategy Results for Efficient Cool-
ing Performance.

Table 4.6 summarizes the actuator speed selection strategy used for combined
cabin—battery cooling mode. Since both cabin and battery cooling loads are active
simultaneously, the cold-side pump is operated at a minimum of 75% to ensure
sufficient chilled coolant supply to both loops. The hot-side pump is fixed at 100%
to support maximum heat rejection through the WCond and radiator loop. The ED
pump is maintained at 75% or 100% based on the flow survey to avoid hydraulic
dominance and ensure stable radiator-side coolant circulation. The battery pump
speed is varied depending on whether the control priority is faster battery cooling,
balanced cooling, or cabin-prioritized cooling operation.

Table 4.6: Actuator speed selection strategy for combined cabin—battery cooling

mode
Actuator Selected Speed Reason for Selection Control Purpose
Cold-pump Minimum 75% Combined cooling requires chilled | Ensure sufficient

coolant for both the cabin cooler | chilled coolant supply
and battery loop. Based on cabin | to cabin and battery
cooling results, higher cold-side | circuits

flow improves heat removal from
the cabin.

Hot-pump 100% Both cabin and battery loads re- | Maximize heat rejec-
ject heat through the WCond and | tion during combined
radiator loop. Higher hot-side | cooling

pump speed improves heat rejec-
tion and reduces compressor work-
load.

ED pump 75% or 100% Flow survey showed that higher | Maintain ~ adequate
ED pump speed helps main-| coolant flow through
tain stable radiator-side flow and | radiator-side circuit
avoids hydraulic dominance be-
tween ED and hot-side circuits.
Battery pump | Varied based on priority | Battery pump speed depends on | Control battery cool-
whether the priority is faster bat- | ing rate and energy
tery cooling, balanced cooling, | consumption

or cabin-prioritized cooling opera-
tion.

Table 4.7 presents the selected operating case for energy-efficient combined cooling.
The thermal simulation confirmed that this actuator combination achieved the
highest COP while managing simultaneous heat rejection from both the cabin and
battery circuits.
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Table 4.7: Maximum-COP actuator setting for combined cooling

Actuator Speed
Battery pump  50%
Cold pump 75%
ED pump 75%
Hot pump 100%

Cabin Cooling in Energy Efficient Combined Cooling Mode

Cabin Temperature [C]
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Time [5]

(a) Cabin temperature response

Battery Temperature in Energy Efficient Combined Cooling
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(b) Battery temperature response

Figure 4.16: Cabin and battery temperature response during energy-efficient
combined cooling mode

Figure 4.16 shows the cabin and battery temperature responses for the selected
energy-efficient combined cooling case. The cabin temperature decreases gradually
and requires more time to reach the target temperature because the cooling capacity
is shared between the cabin and battery loops. At the same time, the battery
temperature decreases continuously, showing that sufficient cooling is maintained
for the battery circuit. This confirms that the selected case prioritizes high COP
and lower energy consumption rather than rapid cabin pull-down. Therefore,
this operating mode is suitable for steady or normal combined cooling opera-
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tion, while a cabin-prioritized strategy is required when faster cabin cooling is needed.

4.3.2 Combined Cooling Strategy 2: Faster Cabin Cooling
with Slow Battery Cooling

In this strategy, the pump-speed combination from the efficient combined cooling
case is retained, but the valve proportionality is adjusted to direct a larger portion of
chilled coolant toward the cabin cooler core. The valve opening toward the battery
loop is reduced in VMA 1 (Figure 3.5), which limits the coolant flow to the battery
circuit and allows more cooling capacity to be supplied to the cabin. Since the
battery receives lower coolant flow in this mode, the battery temperature reduction
becomes slower. However, this is acceptable when rapid passenger comfort is the
main priority and the battery temperature remains within a manageable range.

Cabin Cooling in Combined Cooling Mode with Coolant Flow Proportionality Variation

——Case 1 —— Case 2 —— Case 3 —— Case &

Cabin Temperaturz [C]
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(a) Cabin temperature response

Battery Coaling in Combined Cooling Mode with Coolant Flow Proporionality Variation
= Case | = Case 2 = [ase § = Case &

Battery Temperature [C]

26 I I I I I 1 I I I

0 200 400 £00 200 1000 1200 1400 1800 1800 2000
Time [5]

(b) Battery temperature response

Figure 4.17: Effect of battery-side valve proportionality on cabin and battery
temperature during cabin-prioritized combined cooling

Figure 4.17 compares the cabin and battery temperature responses for different
battery-side valve proportionality settings during combined cooling operation. Case
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1 represents the baseline condition (same as efficient combined cooling pump speeds),
where no proportionality change is applied and all valve ports remain open. In
Cases 2, 3, and 4, the battery-side valve proportionality is set to 25%, 50%, and
75%, respectively, to evaluate how coolant distribution affects cabin and battery
cooling performance.

The cabin temperature response shows that Case 2 provides the fastest cabin
pull-down. This is because 25% battery-side valve proportionality restricts the
coolant flow toward the battery loop, allowing a larger portion of chilled coolant to be
directed toward the cabin cooler. However, keeping the battery-side proportionality
to 50% and 75% does not improve cabin cooling. Instead, the response becomes
closer to the baseline case because more coolant is distributed toward the battery loop.

Since the battery-side valve proportionality is reduced to 25%, only a limited
amount of chilled coolant from the chiller is directed toward the battery loop.
Under this condition, operating the battery pump at high speed may not provide
a significant improvement in battery cooling, because the available coolant flow
to the battery circuit is already restricted by the valve proportionality. Instead,
higher battery pump speed would mainly increase auxiliary energy consumption.
Therefore, the required battery pump speed is analyzed separately for this cabin-
prioritized combined cooling condition to identify the minimum pump operation
that can maintain acceptable battery cooling while improving overall energy efficiency.

Comparison of batteny cooling with variation in batten~pump speed
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Figure 4.18: Comparison of battery pump speeds for combined cooling prioritizing
cabin cooling

The results in Figure 4.18 show that the battery temperature reduction is very similar
for pump speeds above 25%. The curves for 25%, 30%, 35%, and 40% are close
to each other, indicating that higher battery pump speeds provide only marginal
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additional cooling. Since the valve proportionality is fixed for cabin-prioritized
operation, the coolant flow directed toward the cabin cooler remains unchanged.
Therefore, the cabin cooling response is expected to remain nearly the same for all
battery pump speed conditions. Hence, 25% battery pump speed is sufficient for this
operating condition, as it maintains gradual battery cooling without affecting cabin
cooling performance and avoids unnecessary pump energy consumption.

4.3.3 Combined Cooling Strategy 3: Prioritized Battery
Cooling With Cabin Cooling

Based on the thermal simulation results, the best operating condition for the battery-
prioritized combined cooling mode was obtained with 75% cold pump speed, 75%
battery pump speed, 100% hot pump speed, and 75% ED pump speed. In this case,
the fully opened battery-side flow path and higher battery pump operation increase
coolant circulation through the battery loop, improving battery heat removal. At
the same time, the cold pump operates at 100% to provide sufficient chilled coolant
to support both battery and cabin cooling. The hot pump is maintained at 100%
to ensure strong heat rejection through the WCond and radiator loop, while the
ED pump operates at 75% to maintain stable radiator-side flow. This actuator
combination provides stronger battery cooling while still allowing cabin cooling to
continue during combined operation.

Table 4.8: Temperature-based selection of combined cabin—battery cooling
strategies

Combined Cool-
ing Mode

Temperature Condi-| When to Use Main Setting

tion

23— Cold

Energy-efficient
combined cooling

Cabin near target:
25°C; Battery < 40°C

Normal combined cooling
or steady operation

Battery pump: 50%;
pump: 75%; ED pump: 75%;
Hot pump: 100%

Cabin-prioritized
combined cooling

Cabin > 25°C; Battery <
40°C

Faster cabin pull-down
while battery cooling con-
tinues slowly

Battery-side valve proportional-
ity: 25%; Battery pump: 25%;
Cold pump: 75%; ED pump:
75%; Hot pump: 100%

Battery-prioritized
combined cooling

Battery > 40°C; Cabin
cooling still required

Fast charging or high bat-
tery thermal load with
cabin cooling demand

Battery-side flow path: 100%
open; Battery pump: 75%;
Cold pump: 75%; ED pump:

75%; Hot pump: 100%

Table 4.8 presents the temperature-based selection logic for the combined
cabin—battery cooling strategies.This strategy is used to prevent the thermal manage-
ment system from operating with a single fixed actuator setting under all combined
cooling conditions. Since cabin comfort and battery protection have different thermal
requirements, the cooling priority must change depending on the operating condition.
Cabin-prioritized cooling improves passenger comfort during high cabin temperature
conditions, while battery-prioritized cooling protects the battery when it approaches
the critical temperature limit. Once both requirements are satisfied, the system
can shift to energy-efficient operation to reduce auxiliary power consumption and
improve COP. This priority-based strategy therefore allows the system to balance
comfort, safety, and energy efficiency during combined cooling operation.
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Conclusion

5.1 Summary

This thesis investigated the cooling performance and actuator operating strategy
of a full-secondary-loop thermal management system for a battery electric vehicle.
The study focused on cabin cooling, battery cooling, and combined cabin—battery
cooling modes, with particular attention to the operation of coolant pumps,
radiator fan, and heat rejection through the WCond-radiator loop. The aim
was to identify operating strategies that can provide effective thermal control
while reducing unnecessary auxiliary energy consumption and improving system COP.

The results show that actuator settings strongly influence system performance.
Higher pump and fan speeds generally improve coolant circulation and heat rejection,
but they also increase auxiliary energy demand. Therefore, the most effective
strategy is not continuous maximum-speed operation, but mode-dependent actuator
control based on thermal load, ambient condition, and vehicle speed.

For cabin cooling, 75% cold-side pump speed provided the best balance between faster
pull-down and energy use. A lower cold pump speed reduced energy consumption but
slowed cabin cooling, while 100% pump speed gave only limited additional cooling
benefit with higher energy demand. The WCond pump improved heat rejection and
reduced compressor work, especially at higher ambient temperature. Based on this,
a two-stage cabin cooling strategy is recommended: fast pull-down during initial
cooling, followed by energy-efficient operation near the target temperature.

For battery cooling, 75% battery pump and 75% cold-side pump operation improved
battery temperature reduction. Since the battery has high thermal mass, cooling
response is slower and sustained heat removal is required. The hot-side pump played a
major role by improving heat rejection through the WCond and radiator loop. Higher
hot-side pump speed reduced compressor effort and improved overall cooling efficiency.

For combined cabin—battery cooling, the thermal load increased because both cooling
demands were active at the same time. The flow survey showed that the cold-side
pump should operate at a minimum of 75%, the hot-side pump at 100%, and the ED
pump at 75% or 100% to maintain stable flow distribution. The thermal simulation
confirmed that the highest COP was achieved with 50% battery pump, 75% cold
pump, 75% ED pump, and 100% hot pump. This pump-speed combination was then
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used as the base operating condition for further valve proportionality analysis.

The valve proportionality was varied based on the cooling priority between
the cabin and battery loops, while keeping the main pump speeds unchanged.
During cabin-prioritized cooling, only 25% valve opening toward the battery
was used so that a larger portion of chilled coolant could be directed to the
cabin cooler core, improving cabin pull-down performance. Since the battery
receives reduced coolant flow in this condition, the battery pump speed can be
decreased to avoid unnecessary auxiliary energy consumption while maintaining
the same overall cooling strategy. On the other hand, during battery-prioritized
combined cooling the valve opening towards the battery is opened 100% to al-
low maximum flow towards the battery and the battery-pump speed was kept at 75%.

For WLTC operation, selected energy-efficient cases were compared against the
reference case where all pumps operated at full speed. The results showed that
reduced pump-speed combinations lowered energy consumption while maintaining
acceptable cooling performance. Fan optimization also showed that high fan speed is
needed at low vehicle speed, while fan operation can be reduced at higher speeds
due to ram-air cooling.

The results support the Chapter 2 discussion on integrated secondary-loop thermal
management systems. Literature shows that secondary-loop architectures improve
system flexibility and are suitable for refrigerant isolation, especially when low-GWP
refrigerants such as R290 are considered. The present study adds to this by
showing how actuator operation influences COP and energy consumption in such an
architecture. For Volvo and other OEMs, the results suggest that full-secondary-loop
systems should use adaptive actuator strategies instead of fixed maximum-speed
operation. Pump and fan commands can be calibrated according to cooling mode,
ambient temperature, vehicle speed, and component demand. This can improve
energy efficiency while maintaining cabin comfort and battery thermal control.

5.2 Future Scope

1. Develop thermal control strategies for a wider range of realistic operating
scenarios.

2. Extend the present cooling-mode analysis to heating mode, especially cabin
heating, battery warm-up, and heat pump operation under low ambient tem-
perature conditions.

3. Design a dynamic mode selection framework to identify the appropriate modes
based on real-time thermal demands.

4. Implement an automatic controller for intelligent switching and prioritization
between operating modes.

5. Optimize control operation to achieve maximum energy efficiency while main-
taining cabin comfort and battery thermal limits.
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Appendix

A.1 Cabin Cooling Case Matrix

Table A.1: Complete actuator case matrix for cabin cooling flow survey

Case | ED Pump (%) | Cold Pump (%) Hot Pump (%)
1 25 25 25
2 25 25 20
3 25 25 75
4 25 25 100
5 25 50 25
6 25 20 20
7 25 20 1)
8 25 30 100
9 25 75 25
10 25 75 20
11 25 75 75
12 25 75 100
13 25 100 25
14 25 100 50
15 25 100 75
16 25 100 100
17 50 25 25
18 50 25 20
19 50 25 75
20 20 25 100
21 50 50 25
22 50 20 20
23 50 20 75
24 50 50 100
25 20 75 25
26 50 75 20
27 50 75 75
28 50 75 100
29 50 100 25
30 50 100 50
31 20 100 75
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Case | Cold Pump (%) | ED Pump (%) Hot Pump (%)
32 50 100 100
33 75 25 25
34 75 25 50
35 75 25 75
36 75 25 100
37 75 50 25
38 75 50 50
39 75 50 75
40 75 50 100
41 75 75 25
42 75 75 50
43 5 75 75
44 75 75 100
45 75 100 25
46 75 100 50
47 75 100 75
48 5 100 100
49 100 25 25
50 100 25 50
o1 100 25 75
52 100 25 100
53 100 50 25
54 100 50 50
55 100 50 75
56 100 50 100
o7 100 75 25
58 100 75 50
59 100 75 75
60 100 75 100
61 100 100 25
62 100 100 50
63 100 100 75
64 100 100 100
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Coolant Flow Test

Coolant Flow Rate (Vmin)

Figure A.1: Flow analysis through various pumps in cabin cooling mode for
different cases

A.2 Battery cooling flow test result

In battery-cooling flow simulation, battery pump speed is also varied. The 64 cases
are same as cabin-cooling case setup, and this analysis is done by varying the battery
pump speed. So total cases for this analysis is 256.

Table A.2: Battery pump speed grouping for the 256 battery cooling flow survey

cases

Case Range | Battery Pump Speed (%)
1-64 25
65-128 50
129-192 75
193-256 100
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Coolant Flow Test (Case 1- 64)
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Figure A.2: Flow analysis of coolant in battery cooling mode for cases (1-64)

Coolant Flow Test (Case 65- 128)
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Figure A.3: Flow analysis of coolant in battery cooling mode for cases (65-128)
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Coolant Flow Test (Case 129- 192)
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Figure A.4: Flow analysis of coolant in battery cooling mode for cases (129-192)

Coolant Flow Test (Case 193-256)
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Figure A.5: Flow analysis of coolant in battery cooling mode for cases (193-256)

A.3 Combined cooling flow test result

For combined cooling the cases are same as battery cooling, but we will be analysing
the flow in cabin cooler instead of flow in chiller in this mode.
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Coolant Flow Test (Case 1- 64)
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Figure A.6: Flow analysis of coolant in combined cooling mode for cases (1-64)

Coolant Flow Test (Case 65- 128)
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Figure A.7: Flow analysis of coolant in combined cooling mode for cases (65-128)
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Coolant Flow Test (Case 129- 192)
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Figure A.8: Flow analysis of coolant in combined cooling mode for cases (129-192)

Coolant Flow Test (Case 193-256)
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Figure A.9: Flow analysis of coolant in combined cooling mode for cases (193-256)
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