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This thesis investigates phase-change-material-based passive thermal management for
lithium-ion battery modules in non-road mobile machines. Two 2S2P modules of 14 Ah
prismatic cells were assembled: a reference module without PCM and an otherwise identical
module with a paraffin-based PCM layer between the cells. After initial capacity, OCV and
impedance characterisation, both modules were cycled at 1C and 1.5C using a
constant-current / constant-voltage protocol, and the PCM module was additionally tested
under a non-road transient cycle (NRTC) combining 2C discharge with 1.5C recharge.

At 1C, the modules showed similar thermal behaviour, with peak temperatures around 33-
34 °C and small temperature gradients, indicating limited benefit from PCM at moderate
C-rates. At 1.5C, the non-PCM module reached about 37 °C with sensor-to-sensor
differences near 5 °C, while the PCM module stayed below roughly 35 °C with gradients of
about 3 °C. During 20 NRTC cycles, the PCM module maintained peak temperatures below
approximately 34 °C and middle-edge differences of 3-4 °C without temperature
accumulation.

Overall, the results show that PCM-based passive thermal management effectively
suppresses hot spots and reduces temperature non-uniformity under high-rate and transient
operation, while offering little advantage at lower C-rates. Future work should extend NRTC
cycling to both PCM and non-PCM modules over longer periods to link the observed thermal
improvements to degradation behaviour and lifetime.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A

AH

48

area
proportionality factor
specific heat capacity
battery capacity
specific energy
energy density
flat-to-flat length
current

mass of the battery
number of batteries
number of electrons
power

heat
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temperature

voltage

speed
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latent heat of fusion

change in entropy
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J.mol K



X
Constants
F

T
Subscripts
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efficiency
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liquid density kgm

torque Nm
ratio of average to maximum power
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faraday constant
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battery
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internal
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Abbreviations

ACIR
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AGV

BTMS

CC

Ccv

DCIR

DOD

GEIS

GHG

HFR

HP

HVAC

10T

ITMS

LFP

LGV

LHD

LIB

LTO

NMC

NRMM

NRTC

Alternating Current Internal Resistance
Alternate Fuels Infrastructure Regulation
Automated Guided Vehicles

Battery Thermal Management Systems
Constant-Current

Constant-Voltage

Direct Current Internal Resistance

Depth of Discharge

Galvanostatic Electrochemical Impedance Spectroscopy
Greenhouse Gas
High-frequency Resistance

Heat Pipe

Heating, Ventilation and Air Conditioning
Internet of Things
Integrated Thermal Management Systems
Lithium Iron Phosphate

Laser Guided Vehicles

Load Haul Dumps

Lithium-ion Battery

Lithium-Titanate Oxide

Nickel Manganese Cobalt

Non-Road Mobile Machines

Non-Road Transient Cycle



ocv

PCM

RTG

SEI

SOC

Open Circuit Voltage
Phase Change Materials
Rubber Tired Gantry
Solid Electrolyte Interphase
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1 Introduction

The Electrification of Non-Road mobile machines (NRMMs), such as excavators and
loaders, is required to reduce emissions and increase energy efficiency, and comply in
developing environmental regulations. However, operating under high cyclic loads and
extreme environmental conditions brings new challenges related to battery safety, reliability,
and cycle life. In this respect, effective thermal management plays an important role to
operate the cells within their optimal temperature range. Yet, traditional active cooling
technologies will require additional energy by means of either fans, pumps, or compressors
and may introduce complexity in system integration. For heavy-duty equipment that is used
periodically, passive thermal management solutions become more advantageous since they
can provide effective temperature control without any additional power consumption or
complicated system integrations. Therefore, this thesis drives focused exploration of passive
technologies as one pathway towards safe, high-performance, and long-lifetime battery

systems 1n electrified NRMM applications.

The focus of the thesis is on using Phase change materials (PCM) for passive thermal
management of Li-ion prismatic cell modules in non-road mobile machines. The problem
addressed is that during dynamic load cycles, such as the ones simulated by the Non-Road
Transient Cycle (NRTC) test, battery temperatures need to remain within safe operating
limits without active cooling. Two identical modules, one equipped with PCM and the other
without, are experimentally compared for their thermal performance with the objective of
assessing the effectiveness of the PCM in reducing temperature rise and/or improving
thermal uniformity. This work is limited to laboratory-scale experimental analysis of NRTC
based load conditions. The results are evaluated in terms of how effectively PCM regulates
battery temperature, and its heat dissipation performance during NRTC operation. It further

discusses on the battery degradation over a defined number of NRTC cycles.

The structure of this thesis consists of a review of non-road mobile machines (section 2.1),
the types and thermal behaviour of batteries (section 2.2, 2.3 and 2.4), thermal management
methods (section 2.5) focusing on cooling with PCMs (section 2.5.3 and 2.5.4), experimental
setup (section 3), results (section 4) and discussions (section 5), and conclusions (section 6)

with future recommendations form the structure of this thesis.
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2 Literature review

Literature review discusses non-road mobile machines and their operating conditions,
various battery technologies involved in and their thermal behaviour. It also explains the

cooling strategies used in NRMM batteries along with PCM-based passive cooling methods.

2.1 Non-Road Mobile Machines (NRMMs)

Non-Road mobile machines (NRMM) are machines operating with or without wheels and
might be those installed on the chassis of vehicles but are not designed for the transportation
of passengers or goods along roads [Antila et al., 2025]. They range from small gardening
vehicles to large agricultural tractors, trucks and big heavy-duty mining machinery [Lajunen
et al., 2018]. They consume high amounts of energy because they are designed for intensive
use and mostly operate off the road in harsh environments to execute certain tasks [Antila et
al.,2025; Lajunen et al., 2018]. For this kind of operation, these machines may run for longer
periods, often more than a normal eight-hour work shift [Lajunen et al., 2018]. In this section,
we will discuss various types of NRMMs, their operating characteristics, energy demands,
transient load profiles, which are critical for designing efficient battery thermal management

systems (BTMS).

2.1.1 Types of NRMMs

Non-Road Mobile Machines (NRMMs) include a wide range of machines designed to
perform specific operations in off-road environments [European commission, 2025]. They

are classified as below in Table 1.
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Table 1: Classification of NRMMs

S.No. Type of NRMM Examples

1 Agricultural and Forestry Agricultural tractors, forest machines like harvesters,
machines forwarders etc., manure spreaders, field choppers etc.

2 Construction machines Bulldozers, excavators, land rollers, loaders, dumpers,

mobile cranes, lifters, etc.

3 Gardening machines Lawnmowers, Tillers etc.

4 Municipal machines Street cleaning, snow removal machines etc.

5 Mining machines Underground Load haul dumps (LHD), haul trucks, drilling

rigs etc.
6 Material handling machines Forklifts, mobile cranes, straddle carriers, Automated
Guided Vehicles (AGV), Rubber Tired gantry (RTG) etc.

(©)

(d)

Figure 1: Some types of NRMMs (a) Model X Series Combines: John Deere (b) Model
973 Truck loaders: Caterpillar (¢) GX Crew Electric Utility Vehicle: John Deere (d)
TH550B Battery Electric Mining Truck: Sandvik
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2.1.2 Operating conditions of NRMMs

The operating conditions for non-road mobile machines depends on their demanding and
variable nature of work. They perform intensive tasks in environments ranging from
construction sites to agricultural fields, ports, and mines, they have unique irregular loads,
long duty cycles, and several harsh external factors strongly influencing machine
performance [Antila et al., 2025]. Therefore, it is essential to understand operating
characteristics of NRMMs, which will thus help in designing efficient and reliable
powertrains and thermal managements systems for NRMMs [Lajunen et al., 2018; Antila et

al., 2025].

Load profiles and duty cycles

The load profiles of NRMMs vary widely depending on machine type, operating
environment, and the nature of the task performed [Antila et al., 2025]. NRMMs does not
follow standardized or predictable driving cycles, hence its pattern of operation is dynamic
and task dependent [Lajunen et al., 2018]. Operating cycles with intermittent periods of
loading, include frequent transients in load and speed, which put high mechanical, electrical,
and thermal stress on subsystems. Unlike on-road vehicles, typically driven under rather
steady-state conditions, NRMMs face irregular dynamic load patterns that combine traction
and work-cycle demands. The differences in operating modes reflect the diversity of process-

specific energy requirements, sectoral applications, and seasonal use [Antila et al., 2025].

One of the distinctive features of operation regarding NRMMs is that transient load cycles
are dominant, with both engine torque and speed varying rapidly under changing mechanical
loads [Antila et al., 2025; Lajunen et al., 2018]. These transients have a significant influence
on fuel consumption, energy efficiency, and thermal behaviour. It has been shown in various
studies that during fast transient operations, the measured fuel consumption of diesel-
powered NRMMs can be as high as twice that compared to equivalent steady-state

conditions [Lindgren, 2005].

NRMMs face high and low load phases alternately depending on their function. While
loading and excavation in construction and forestry are examples of rapid torque fluctuations
with highly transient duty cycles, soil tillage in agriculture or road transport normally follows

more steady engine operations [Lindgren, 2005].
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Also, operational characteristics like long operational hours, frequent idling, and repetitive
loading cycles contribute to the overall energy demand of these machines [Antila et al.,
2025]. In more demanding industries like mining and harbour operations, their usage could
extend up to almost continuous operation, reaching up to 24 hours per day, while,
agricultural machinery operates seasonally, and thus annual operating hours are low

[Lajunen et al., 2018, Antila et al., 2025].

Power and energy demands

The installed power of small loaders and utility vehicles normally starts at around 10kW,
with the largest mining dumpers having installed power as high as 3MW [Lajunen et al.,
2018]. The power range of NRMMs such as heavy industrial machines run typically between
50 and 500kW [Antila et al., 2025].

Power and energy needs of NRMMs strongly depend on machine size, application, and
operational intensity. Machines designed for material handling, excavation, or mining need
high peak power output and torque capability to manage heavy loads and sudden transients,
while machines designed for agricultural or forestry applications are more often optimized
for continuous mid-level power operation [Antila et al., 2025]. Energy demand also depends
on auxiliary systems like hydraulic actuators, cooling systems, and on-board electronics, all
of which use certain amount of power during operation [Lajunen et al., 2018]. Because
NRMMs normally operate at very high-energy intensities, fuel or electrical energy

consumption in standard duty cycles is high [Lindgren, 2005].

Environmental and mechanical conditions

Operating environments of NRMMs are usually severe, with continuous exposures to high
mechanical load, dust, vibration, and wide ambient temperature variations. Many machines
operate in confined or rugged terrains, restricting airflow and cooling, therefore creating
thermal management challenges, especially when using electrified systems [Antila et al.,
2025]. Long-term operation under those conditions increases risks of component wear and
thermal stress and thus makes system robustness a crucial requirement during design

[Lajunen et al., 2018].
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Energy supply and infrastructure constraints

Historically, NRMM has primarily depended on ICEs, mainly diesel, which offer high power
density, robustness, and ease of refuelling in a remote environment. Diesel and biodiesel
fuels continue to dominate the energy mix in NRMMs, although this will rapidly change by
the continuous tightening of emission regulations and by decarbonization goals through

alternative energy carriers [Antila et al., 2025].

Recent electrification and hybridization improvements have shown that battery-electric,
fuel-cell, and diesel-electric hybrid powertrains are suitable alternatives for a variety of
NRMM applications. Electric powertrains provide many advantages in improving
efficiency, reducing emissions and noise when compared to diesel driven systems [Antila et
al., 2025]. For example, electric mining truck may contain 600kWh battery pack, which
needs quick charging to increase the uptime, but it needs chargers capable of very high-
power delivery up to 1MW which is one of the major infrastructure challenges for large-
scale applications [NetZero-Events, n.d.]. It also includes lack of charging or refuelling
networks, limited grid capacity, and operational downtime for refuelling especially in remote

or off-grid sites [Antila et al., 2025].

The charging and refuelling needs of NRMMs should be combined with the next revision of
Alternate Fuels Infrastructure Regulation (AFIR), because many worksites are dependent on
mobile power units or hydrogen tank trucks rather than fixed grid connections [Transport &

Environment, 2024].

Hydrogen and other renewable fuels, such as methanol and ammonia, are considered as
efficient alternate energy sources for heavy-duty NRMMs. These fuels can produce
electricity directly in the machine through fuel cells or hybrid energy systems, hence reduces
the need of direct grid charging. But there are challenges related to hydrogen storage,

refuelling infrastructure, and overall cost [Antila et al., 2025].

The choice between diesel, hybrid, and fully electric depends mainly on infrastructure
options, machine size and duty cycle. While smaller and lighter NRMMs are increasingly
moving towards battery-electric configurations, larger and continuously operated machines
often find that their needs are better met by hybrid or fuel-cell-based systems in balancing

range, energy density, and refuelling practically [Antila et al., 2025].
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The changes in these energy systems mark a significant step towards the general
electrification of non-road mobile machines, as industry approaches sustainability and

digitalization, and is described in detail in the next section [Antila et al., 2025].

2.1.3 Electrification of NRMMs

The shift towards electrification is extending far beyond highways and streets, reaching non-
road machines. In recent studies, it is identified that one of ways to attain sustainability and
low emissions in industrial operations is through electrification of NRMMs [Antila et al.,
2025]. These machines consume lots of fuel and produce high emissions and noise pollution
when operated with diesel engines. Electric and hybrid powertrains provide a cleaner,
quieter, and more efficient alternative that supports global decarbonisation and digitization

pathways [Lajunen et al., 2018; Celltech, 2023].

Electrification and digitalization are processes that keep pace with each other, where the
embedding of various digital technologies: the Internet of Things (IOT)-based monitoring
of critical performance parameters and smart energy management, among others, further
enhances operational efficiency, safety, and maintenance planning [Celltech, 2023]. The
power demand is highly transient in NRMMs compared to the steady load profiles of on-
road vehicles, this makes energy storage and powertrain systems more difficult to design

[Lajunen et al., 2018].

The transition is further accelerated by regulatory measures being taken globally. For
example, California requires that all new off-road vehicles be zero-emission by 2035, while
Oslo aims for zero-emission construction sites by 2030 [Celltech, 2023]. Such policies
reflect the growing commitment to reduce greenhouse gas (GHG) emissions. Now, the
NRMM sector accounts for about 2% of the total GHG emissions in Europe [Antila et al.,
2025].

The advantages of electrification include reduced emissions, improved energy efficiency
through regenerative braking and optimised power management, and better performance
with a host of factors like instant torque, precise speed control, and low maintenance
requirements. Alongside this, robust battery systems are to be developed. Batteries should

also be able to withstand harsh operating conditions, vibration, and continuous use without
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compromising on the need for fast charging and reliability. At the same time, new European
(EU) regulations are focusing on lower carbon footprint, and recycled material usage for
batteries, which strengthens the focus on sustainable battery life cycle management
[Celltech, 2023]. Some of the NRMMs that are already fully electrified are small tractors,
forklifts, and loaders which have higher emission rates in warehouses and underground

mines [Antila et al., 2025].

2.2 Batteries and their working principle

A battery is an electrochemical energy storage device that converts chemical energy into
electrical energy through a process called as redox (reduction and oxidation), thereby
providing power to various electrical devices ranging from small- scale smartphones, laptops
to large-scale electric vehicles and grid storage. Group of cells connected either in series or
parallel to achieve desired current voltage and current form a battery module and multiple
battery module form the battery pack which is used to power any electronic drive systems
[Kharabati et al., 2024]. There are many types of batteries i.e., Nickel -Cadmium, Nickel-
Metal Hydride, lead-acid etc., among which lithium-ion batteries (LIBs) are highly
significant because of their high energy and power density, long service life and eco-friendly,
and thus, used in many consumer electronics and high-power applications like electric

vehicles (EVs) and energy storage systems [Chen et al., 2019].

A lithium-ion cell consists of positive electrode (cathode), a negative electrode (anode), an
electrolyte, a separator, current collectors, and an outer shell. The electrolyte is made up of
lithium salts dissolved in organic solvents and other additives [Zhi et al., 2022]. It acts as
channel for the transportation of lithium ions between the electrodes. A porous separator
which allows the movement of lithium ions freely is placed in between the electrodes to
avoid direct contact [Zhi et al., 2022; Boparai & Singh, 2020]. Current collectors are
aluminum foil (cathode) and copper foil (anode) because of their excellent conductivity and

stability [Zhi et al., 2022].

The cathode is any lithium compound usually like LiCoO2, LiMn204, LiFePO4, or multi
element materials like Li [NiMnCo]O., whereas anode is mostly graphite due to its low cost,
abundance and stable electrochemical properties [Zhi et al., 2022; Boparai & Singh, 2020].

Some of the technologies use Lithium-Titanate Oxide (LTO) as anode.
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Figure 2: Schematic of Li ion battery, redrawn from [Boparai & Singh ,2020]

Fig 2 explains the working of LIBs. During charging, voltage is applied externally to the
current collectors, which causes lithium atoms in the metal oxide structure of the cathode to
release electrons and become lithium ions, Li* .These Li+ ions reach the anode by moving
through the electrolyte, where, along with electrons arriving through the external circuit,
they recombine and store in the graphite layers as neutral lithium atoms. The process is
reversed during discharge. Lithium atoms in the anode are oxidized to form Li* ions and
electrons [Kharabati et al., 2024]. The lithium ions move back to the cathode through
electrolyte, whereas the electrons flow through the external circuit. This creates an electrical
current that can be used to run the devices [Zhi et al., 2022; Kharabati et al., 2024]. The
lithium ions combine again with electrons and are re-inserted into the metal oxide structure
at the cathode, which completes electrochemical cycle [Kharabati et al., 2024]. In lithium-
ion batteries, this is the major process for storing and releasing energy when lithium ions
and electrons are transferred reversibly between the electrodes during charge and discharge

cycles [Boparai et al., 2020; Kharabati et al., 2024].
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2.2.1 Classification of batteries based on their geometry

Lithium-ion batteries are classified into three types based on their geometry, Cylindrical,

Prismatic and Pouch cells as shown in Fig 3[Kharabati et al., 2024].

Cylindrical Prismatic Pouch

Figure 3: Classification of batteries based on their geometry, redrawn from [Kharabati et al.,

2024]

Cylindrical cells can be easily produced with good consistency and lower production cost,
but their capacity is limited, whereas prismatic cells provide required capacity, energy and
power when connected in series or parallel with their flexible design and space utilization.
Pouch cell uses aluminium or polymer laminate as its enclosure instead of metal case like in
prismatic cells which reduces cost, weight and thickness but it faces issues like swelling

which impacts its lifetime, safety and capacity [Kharabati et al., 2024].
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Figure 4: Characteristics of Prismatic, Pouch and Cylindrical cells, redrawn from [Kharabati

etal., 2024]

Characteristics of these cells are compared in Fig 4, cylindrical cells provide good cost and
structure flexibility but have lower capacity per unit, whereas prismatic cells provide high

energy density [Kharabati et al., 2024].

2.3 Battery chemistries in NRMM

Most electrified NRMMs currently use lithium-ion batteries, where cathode is either Nickel
Manganese Cobalt (NMC) or Lithium Iron Phosphate (LFP), and anode is graphite or
Lithium Titanate Oxide (LTO) [Batteries Europe, 2022].

NMC and LFP have a good balance between energy, power, cost, safety, and lifetime, hence
they are used in any kind of applications [Batteries Europe, 2022]. NMC Chemistries provide
high energy density and are suitable for applications where space is constrained, while LFP
provides superior safety, thermal stability, and longer life cycles, making it ideal for heavy-

duty or large NRMMs [Flash battery, 2022; Jaswani, 2024].
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Hence, NRMM electrification depends on the choice of battery chemistries that balance
safety, cost, and lifecycle performance over high energy density, as many off-road machines

have the physical capacity to accommodate larger, heavier battery packs [Jaswani, 2024].

2.3.1 Nickel Manganese Cobalt (NMC)

NMC cells are one of the most common lithium-ion chemistries used in both on-road and
non-road vehicle applications. Cathode in NMC is LiNixMnyCoz02, and anode is graphite.
There are various types of NMC chemistries (Flash battery, 2022):

a) NMC 111 - Nickel, Manganese and Cobalt are in equal proportions i.e. 33% each.

b) NMC 622 - Nickel accounts for 60%, whereas Manganese and Cobalt accounts for
20% each

c¢) NMC 811 - Percentage of Nickel is increased to 80%, whereas Manganese and
Cobalt are reduced to 10% each)

[
Ni
33.3%

Mn
33.33%

Mn 20%
Co

Mn 10%

33.33% o
Sz Co 10%

NMC 111  NMC 622 NMC 811

Figure 5: Types of NMC chemistries, redrawn from [Flash battery, 2022]

The three numbers followed by NMC indicates the percentage of materials used for the
cathode [Flash battery, 2022]. NMC 811 is the latest technology with increase in Nickel
content and lower traces of Manganese and Cobalt resulting in higher energy density at lower
cost [Flash battery, 2022]. Typical characteristics of a NMC cell are shown in Table 2 and
Fig 6.
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NMC batteries can make smaller battery packs with their high energy densities and are
suitable for compact machines like 2-tonne excavators [Jaswani, 2024]. However, NMC
batteries are more expensive and have higher risk of thermal runaway compared to LFP,

hence it is limited only to smaller NRMMs [Batteries Europe, 2022, Jaswani, 2024].

2.3.2 Lithium Iron Phosphate (LFP)

LFP batteries are one of the best suitable batteries for industrial sector, where high safety
and long cycle life are important than high specific energy. Major applications of these
batteries are NRMM’s i.e. in automation, logistics, construction, agriculture etc [Flash
battery, 2022]. LFP does not contain cobalt, which makes it safer option as cobalt is toxic to
the environment [Batteries Europe, 2022]. Typical characteristics of a LFP cell are shown in

Table 2 and Fig 6.

Even though LFP batteries are less dense and heavier in size, their long life, low price,
performance maintenance at higher temperatures and greater resistance to thermal runaway

makes them best suited to NRMMs [Donaldson, 2024; Jaswani, 2024].

2.3.3 Lithium Titanate Oxide (LTO)

The other cell chemistry commonly used in NRMMs is LTO, which is an alternative anode
technology, replacing graphite but keeping either an NMC or LFP cathode [Jaswani, 2024].
LTO does not have high energy density unlike cells with graphite anode, but it is a very
stable and robust chemistry [Jaswani, 2024]. It can provide very high cycle life and supports
very quick charging as little as three minutes typically with C rates of 10 or higher
[Donaldson, 2024; Jaswani, 2024]. Typical characteristics of a LTO cell are shown in Table
2 and Fig 6.

The specific energy of LTO cells is very low but their longevity is very high, lasting more
than 20 years in some cases [Donaldson, 2025]. The lower levels of energy density, specific
energy (Wh/kg) and voltage rating means that more cells are required in series to obtain the
preferred battery voltage [Flash battery, 2022]. LTO technology is ideally used in heavy-

duty applications such as AGVs due to their excellent long service life, wide temperature
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range [typically -30 to +60 C] and high-power charging but are more expensive [Flash
battery, 2022; Donaldson, 2024].

Table 2: Typical characteristics of NMC, LFP and LTO batteries [Flash battery, 2022]

S. No. Characteristics NMC LFP LTO
1 Voltage Rating, U (V) 3.6 3.2 2.4
2 Specific Energy, e (Wh/kg) 220 177 70
3 Energy Density (Wh/l) 500 384 177
4 Complete life cycles 2000 >4000 15000-20000
5 Discharge rate 2C/3C 1C/3C 4C/8C
Specific Energy

Cost Specific Power

Lifespan Safety
1
Performance
e N[ — ] FP mm == LTO

Figure 6: Characteristics of NMC, LFP & LTO batteries, redrawn from [BCG Research,
n.d.]
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2.3.4 Suitability for non-road machinery

In conclusion, in higher cyclic applications such as NRMMs that puts stress on the batteries,
where space is less constraint and it is not mandatory to have high energy density, it is good
to use battery types such as LFP and LTO, in which most important requirements are service
life, reliability and safety[Flash battery, 2022], while, NMCs are suitable for smaller and
compact machines such as excavators where higher energy density is required [Jaswani,
2024]. It is good to have a battery that is a bit larger in size but provides good safety and a
significant longer service life. Batteries in vehicles such as Laser Guided Vehicles (LGV)
and Automated Guided Vehicles (AGV) which are intensively used and are made to work

continuously will have charging cycles for 3 - 4 times in a single day [Flash battery, 2022].

2.4 Battery thermal characteristics

In this section, we will discuss various effects of temperature on batteries, heat generation

mechanisms and factors influencing heat in batteries.

2.4.1 Effects of temperature on batteries

Effects of temperature on batteries can be discussed in terms of high temperature, low

temperature and the temperature differences as shown in Fig 7.
a) High temperature effects

The performance, safety, and life span of Li-ion batteries are mainly affected by high
temperatures. When the battery is operated, internal heat is generated due to its
electrochemical reactions, charge transfer, and ohmic losses leading to rise in temperature,
and it is important to know about heat generation to minimize high-temperature effects [Ma

et al., 2018]. Various heat generation mechanisms are discussed in section 2.4.2.

High temperatures accelerate the ageing of LIBs, reduces capacity and battery life [Ma et
al., 2018, Cai et al., 2023]. Cycle aging and calendar aging of LIBs occur together, which
affects cathodes, and electrolytes, and the entire battery [Ma et al., 2018, Cai et al., 2023].
LiCoO; and LiMn204 cathodes went through thermal aging at high temperature such as 75°C
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that resulted in lithium intercalation into the cathode which was irreversible and caused
severe capacity loss [Ma et al., 2018]. System-level studies also show that LIBs cycled at
high temperatures, such as 85°C and 120 °C, suffer extremely high-capacity losses of 7.5%
and 22%, respectively, demonstrating the strong dependence of battery performance on

operating temperature [Cai et al., 2023].

High Temperatures

e Battery ageing
e Thermal runaway
e Fire and explosion

Low Temperatures

e Increased Internal
Temperature effects on LIBs * resistance
e Battery capacity

decay
e Lithium plating

Temperature Differences

e Uneven current
distribution
e Battery capacity

decay
e Thermal runaway

Figure 7: Effects of temperature on LIBs, redrawn from [Cai et al., 2023]

Degradation in Li-ion cells is rooted in the many physical and chemical mechanisms that
take hold of the electrodes, electrolyte, separator, and current collectors. Such mechanisms
are naturally strongly interacting and acting over a variety of different scales, so that
comprehensive modelling is very difficult. Although most models concentrate on dominant
processes such as Solid Electrolyte Interphase (SEI) growth or particle cracking, evidence
shows that meso and macro-scale structural inhomogeneities in electrodes may generate non-

uniform current distribution and lithiation, hence localized ageing that might not be directly
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noticeable yet drives overall cell performance. These structural inhomogeneities become
much more important under high-temperature conditions, with thermal stress accelerating

ageing and enhancing these non-uniform effects [Birkl et al., 2017].

In addition to rapid aging, high temperatures increase the probability of thermal runaway,
which is one of the most dangerous modes of failure of Li-ion batteries. Fig 8 explains
various causes of thermal runaway. It occurs when the heat generated by a single failed cell
is spread to nearest neighbouring cells leading to possible explosion because of the fire’s
chain-reaction. For example, internal short circuit in Li-ion 18650 cell slowly heat up its
internal structure to ~130°C and melts the separator causing sudden energy release. This will
rupture the cell, causing flaring and combustion, with temperatures higher than 500°C.
Adjacent cells can also be heated up above critical temperatures, leading to further short
circuit and transferring the failure. Hence, thermal runaway is noted as extremely high-
temperature scenario which points out the importance of measuring and controlling battery

temperature for safety reasons [Davis, 2018].

Causing or energizing internal events or
exothermic reactions

External Abuse conditions

External heating Electrode

electrolyte reactions

Over charging

if heating rate
Over discharging exceeds

_ dissmation
rate
Decompositions

Crush

High current charging

Electrochemical
reaction

External short

Figure 8: Causes of thermal runaway, redrawn from [Davis, 2018]

When internal temperatures exceed safe threshold limits, exothermic reactions occur in
uncontrolled manner by generating gas, increasing internal pressure, and even leading to fire

or explosion [Ma et al., 2018, Cai et al., 2023; Mesha 2025]. SEI layer decomposition,
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separator melting, and electrode material breakdown all occur serially with rising

temperatures and can reach over 1000°C in extreme cases.

b) Low temperature effects

As temperatures below 0°C, LIBs degrade and have various effects [Ma et al., 2018]:

)

ii)

iii)

It is estimated that capacity of the LIBs decreases by 23% when its operating
temperature reduces from 25°C to -15°C [Ma et al., 2018].

Viscosity of the electrolyte will increase at low temperatures, thereby decreasing
the ion conductivity and resulting in high internal resistance of the battery [Ma

etal., 2018].

At low temperatures, electrochemical reactions controlling charging and
discharging run slowly, thereby increasing the charge transfer resistance of the
battery [Mesha 2025]. The charge-transfer resistance of LIBs at low temperatures
is triple than that in room temperature. It is normally higher in discharged battery
than in charged battery. Hence, at low temperatures, it is difficult to charge a

battery than discharging it [Ma et al., 2018].

In cold conditions, especially during charging, movement of li-ions slow down
and get accumulated on the surface of electrodes forming lithium plating, which
is permanent and leads to decrease in capacity and life of the battery, as it disturbs
the electrochemical structure of the cell [Ma et al., 2018, Mesha 2025]. These
plating further forms dendrite which can penetrate separators and lead to internal

short circuit [Ma et al., 2018].

¢) Temperature differences

Due to cell manufacturing differences, variations in internal resistance of the battery create

different charge states, thereby leading to temperature differences between the individual

battery cells and results in thermal instability or thermal runaway [Cai et al., 2023]. Due to

the heat generation and low thermal conductivity of Li-ions during higher-rate operation,

temperature distribution is non-uniform across the cell thickness. These temperature

differences lead to irregular current and resistance distribution, which will speed up the

degradation of the battery [Iriyama et al., 2024]. It is essential to maintain uniform

temperature throughout the cell and in between the cells inside the battery pack to avoid
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localized heating or cold spots [Bao et al., 2025]. Temperature and SOC imbalances between
cells can be compensated by charge balancing between the cells, whereas thermal balances

are addressed by Battery thermal management systems (BTMS).
2.4.2 Heat generation mechanisms in batteries

Heat in Li-ion batteries are mainly due to of three types of heat: the irreversible heat
produced due to internal resistance, the reversible heat produced due to reversible chemical
reactions and the side reaction heat. It is given by the Eq. (1) [Guo et al., 2023; Shen et al.,
2022; Mabher et al., 2024].

Qe = Qi+ Qr + Qs (1)
Where, Q is the total amount of heat produced
Qi is the amount of irreversible heat produced
Q: is the amount of reversible heat produced
Qs is the amount of side reaction heat produced

a) Side reaction heat Qs: In practice, this heat is produced by some auxiliary reactions
that occurs inside the battery and is ignored due to the absence of effects of phase-

change [Guo et al., 2023; Maher et al., 2024].

b) Reversible heat Q;: It is the heat produced during reversible placing and removal of
Li" ions between the cathode and anode [Guo et al., 2023]. Reversible heat occurs
during regular charging and discharging processes and reflects the entropic changes

during the electrochemical reactions [Guo et al., 2023; Maher et al., 2024].

AS

Q =1IT | @)
Where, I represent current during charging or discharging in A
T is the operating temperature of the battery in K

AS is entropy change

N is the number of electrons interchanged in the chemical reaction in mol



34

F is the Faraday constant and is equal to 96,484.5 C/mol

c) Irreversible heat Q;: Different types of irreversible heat generations in batteries are:

)

iii)

Ohmic heat Qj: This heat is generated due to the internal resistance of the
battery i.e. mainly in both electrode and electrolyte which prevents

transportation of charges [Ma et al., 2018].
Q; = I’R; 3)
Where, R; is ohmic internal resistance of the battery

Polarization heat Qp: Polarization occurs at the surface of the electrode during
charging and discharging of a battery, leads to a deviation between operating
voltage and open circuit voltage of the battery [Guo et al., 2023]. This voltage
drop increases charge transfer resistance at the electrode-electrolyte interface.
When li—ions try to overcome this resistance, the heat is produced which is

called as polarization heat [Ma et al., 2018].
Qp =1I’Ry 4
Where, R, 1s ohmic internal resistance of the battery

Heating due to mixing: During charging and discharging when Li—ions are in
operation; the distribution of ions becomes uneven leading to mixing of ions
and generates heat [Ma et al., 2018]. This heat can be neglected at high and
low current rates with small particle sizes, which is the feature of commercial

battery designs [Thomas et al.].

Enthalpy change: This heat is generated due to change in phase of cathodes,

primarily due to diffusion of Li—ions.
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Figure 9: Heat generation process in batteries, redrawn from [Esmaeili & Janne Sari, 2017]

2.4.3 Factors influencing heat generation in batteries

The thermal performance of batteries plays key role in non-road mobile machines, affecting
their functionality, safety, efficiency and longevity. Heat production in electrified off-road
batteries is influenced by various intrinsic and extrinsic factors which are discussed in this

section [Madani et al., 2024].

Intrinsic factors

Internal resistances like ohmic resistances generate joule heat in the form of I’R losses as
discussed in previous section. State of charge (SOC) describes how full the battery is,
whereas Depth of discharge (DOD) describes how much capacity has been used, both effects
Li-ion concentration gradient, thereby changing internal resistance and leads to heat
generation [Madani et al., 2024]. Ageing refers to the overall battery degradation over time,
whereas degradation mechanisms are the results effects of ageing, both are intensive in
NRMMs due to their complex operating conditions and engine vibrations, which also leads

to increase in internal resistance over time and generates joule heat [Madani et al., 2024;
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Mocera et al., 2020]. There are two main types of ageing in Li-ion batteries: one is
electrochemical damage, in which temperature and electrical load affect the growth of SEI
layer and lithium-ion plating, the other is related to vibrations and thermo-mechanical
deformation which leads to mechanical damage and material degradation [Madani et al.,

2024; Mocera et al., 2020].

Non-road mobile machines undergoing intensive fast charging and discharge cycles at higher
C-rates (rate of charge or discharge) or high-power applications produce excess heat
[Madani et al., 2024; Lumikko, 2025]. Electrochemical reactions control charging and
discharging, hence composition of the materials and design of the electrode may

significantly affect heat generation [Madani et al., 2024].

Extrinsic factors

Heavy duty off-road applications involve heavy energy requirements from hydraulic lifting,
drilling and material handling that impose heavy instantaneous loads and develop rapid heat
build-up; mobile machines operate with unpredictable terrain, variable load and different
duty cycles, and in dusty, freezing or humid environments that all challenge thermal
management components to bear vibration, mechanical shock and chemical exposure for
long service intervals [MEM Magazine, 2025]. Heavy-duty trucks and engineering vehicles
with large load capacities place very large demands on their batteries, which are prone to
overheating during long-term use, similarly, light trucks, agricultural vehicles, and transport
vehicles characterized by frequent use and long working hours are prone to battery
overheating and safety issues during continuous operation [Guchen, n.d]. In view of this,
advanced thermal management should be designed into the non-road electrification systems
early in the design phase to achieve effective, lightweight, compact, and rugged cooling
solutions [MEM Magazine, 2025; Lumikko, 2025]. Optimization of cell architecture,
module and pack designs and integration of an effective BTMS algorithm is crucial to

control operational parameters and avoid excess heat generation rates [Madani et al., 2024].

2.5 Thermal management in NRMM batteries

Efficient Battery Thermal Management System (BTMS) is necessary for electric NRMMs

due to its complex operating conditions and harsh environmental conditions such as
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exposure to extreme temperatures, dust, vibration, and limited ventilation which increases
the risk of overheating. Hence, it is important to control the temperature effectively and
maintain optimum functionality of batteries and its surrounding power electronic
components [Lumikko, n.d.; Sundar et al., 2023]. The BTMS faces major challenges in
NRMMs due to space constraints, that the earlier machines for diesel engines can hardly
accommodate additional cooling components, such as heat exchangers, hoses, and pumps
[MEM Magazine, 2025]. Integrated thermal management systems (ITMS) consolidate
cooling, heating, and degassing into modular units that reduce hoses and actuators by 30%,
save weight, ease fitting, and minimize potential failure points [Patil et al., 2023; Zhu et al.,
2025]. These should be lightweight, compact, and rugged solutions developed for specific
power, size, duty cycles, and harsh environmental conditions of the NRMMs using air,
liquid, or phase change materials. The current trends are to use multi-functional hybrid
systems in the search for better efficiency and prolonged battery life [Li et al., 2023;
Lagerstedt et al., 2025; YANMAR Technical Review, 2023; Guchen, n.d.; Lumikko, 2025].
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— Hybrid Cooling

PCM Heat Pipes (Complementary
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store heat) transfer efficiency)
- Liquid cooling +
PCM
BTMS |— - Air cooling + PCM

Active — Extra Energy Consumption
- Heat pipe + PCM

Air Cooling Liquid Cooling - Thermo electric
(Air convection heat (Liquid convection cooling + PCM
exchange) heat exchange)
Includes: Forced Incllfdes: Various other
- Convection Immersion, cold configurations

plate etc.,

Figure 10: Classification of Battery Thermal Management (BTMS), redrawn from [Bao et
al. 2025]
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In general, battery cooling strategies are broadly classified into active, passive and hybrid

cooling methods as shown in Fig 10 which are discussed in detail in the next sections.

2.5.1 Active cooling

Active cooling is one of the most common cooling methods which is widely used in BTMS
of LIBs. It uses fans, pumps, or compressors for cooling, which needs external energy to
operate and thereby enhances heat transfer to maintain safety battery temperature. Active
cooling is implemented based on ambient conditions i.e., when the ambient temperature is
within the normal range (0 to 35 °C), simple ambient air cooling is sufficient. However, at
extreme temperatures (below 0 °C or above 35 °C), complex active systems- such as air
conditioning-based refrigerant loops or hybrid phase change systems are required to
maintain battery thermal performance [Zhang et al., 2024]. Further, active cooling may be
divided into categories such as air cooling, liquid cooling and refrigerant cooling, among
these, liquid and air cooling find a wide application because of their technological advance

and efficiency.

For low-to-moderate thermal loads, air cooling is one of the oldest and widely used active
cooling strategies. It works on the principle of convective heat transfer, in which heat
generated in the battery modules is taken away by passing the air over the cell surfaces. The
effective cooling performance depends on temperature difference between the battery and
its surrounding ambient temperature, and the coefficient of convective heat transfer which
is a function of airflow velocity, direction and turbulence [Bao et al., 2025]. Active air

cooling includes forced convection.

Forced convection uses fans or blowers to force air over the surface of the battery as shown
in Fig 11. This supports operation of high thermal loads by increasing the convective heat
transfer coefficient and improve temperature distribution. In these systems, the strategic
placement of fans and pathways for airflow can give advantages in temperature management

and flexibility towards wide operating ranges of electric vehicles [Bao et al., 2025].
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Figure 11: Diagrammatic illustration of active air cooling, redrawn from [Kharabati et al.,
2024]

Direct cabin air systems can also be used, in which conditioned cabin air (hot/cool) flows
through the battery pack to regulate its temperature, showing an integrated link between
vehicle Heating, Ventilation and Air conditioning system (HVAC) and battery cooling
system [Zhang et al., 2024]. Air cooling faces few challenges due to its low thermal
conductivity and capacity, even though it is simple [Bao et al., 2025]. Solutions to these
issues include structure improvements that reduce temperature differences [Zhang et al.,

2024].

Liquid cooling has more heat removal capacity than air cooling and is mostly used in modern
high-power-density battery systems. Based on contact between the coolant and the cells,
liquid cooling falls into two categories: direct (immersion) and indirect (cold plate) systems

[Bao et al., 2025].

In direct cooling or immersion cooling, the battery cells are immersed partially or completely
into a dielectric liquid. Immersion provides low thermal resistance and hence it has effective
uniform heat dissipation. Typically used immersion fluids are mineral oil, synthetic
dielectric liquids, and fluorinated coolants. These systems provide excellent thermal

regulation, preheating and even suppression of thermal runaway. However, some of the
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challenges such as coolant compatibility, sealing reliability, complexity, and maintenance

cost limit their use in broader applications [Bao et al., 2025].

Indirect liquid cooling uses cold plates or serpentine channels in which fluids flow without
contacting the cells directly. The heat is conducted across solid interfaces, cell-plate-fluid,
and extracted by forced convection in the channel. This cooling allows modular design and
maintenance, hence it is widely suitable for both electric vehicles and storage systems. Heat
transfer is slowed down in this cooling because of presence of multiple thermal resistance

layers, hence careful design is required to reduce temperature differences [Bao et al., 2025].

Recent advancements in liquid cooling focus on the optimization of channel and cold plate

designs to attain uniformity in cooling and reduce pumping power [Bao et al., 2025].

Liquid cooling needs more energy and complex components making it less suitable than
simple, low maintenance passive methods for many space-constrained non-road mobile
machines. But advanced integrated cooling represents the state-of-the-art for high power

NRMM, providing better heat dissipation under heavy loads even with these drawbacks.

2.5.2 Passive cooling

Passive cooling in BTMS uses environmental conditions, material properties, and geometric
changes for heat dissipation without using any external power input. They are more preferred
because of their simple and compact design, which makes them cost-effective and long-term
reliable. Common methods of passive cooling are natural air convection, incorporating phase
change materials and heat pipes that efficiently regulate battery temperature at moderate
thermal loads. Recent studies also focused on optimizing battery configurations, such as
cylindrical cell arrangement and embedding fins or heat sinks and improve overall heat

dissipation performance [Kharabati et al., 2024].

Natural convection works based on a buoyancy effect, hot air comes above the battery
surface and is replaced by cooler air. Consequently, it lacks mechanical parts altogether and
is thus very energy-efficient and mechanically simple. However, its low airflow and low
heat transfer rates make natural convection to work only with low-power systems or those

with sufficient natural ventilation [Bao et al., 2025].
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The heat pipe (HP) is a vacuum-sealed, enclosed thermodynamic device that uses the phase
change of the working fluid between its liquid and vapor states to efficiently transfer heat
[Kharabati et al., 2024; Bao et al., 2025]. It is a passive and dual-phase heat transfer
mechanism that can transmit massive amounts of heat with minimum temperature variation.
A typical HP consists of a condenser, an adiabatic section and an evaporator, which
contained in a metallic container that encloses the working fluid and wick structure, which
together provide capillary-driven circulation of the liquid between the evaporator and
condenser regions [Kharabati et al., 2024]. The properties of the working fluid are directly
related to its thermophysical characteristics, which affect its heat transport capacity

[Kharabati et al., 2024; Bao et al., 2025].
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Figure 12: Schematic of heat pipe operation, redrawn from [Kharabati et al., 2024]

As shown in Fig 12, during its operation, the heat input at the evaporator vaporizes the
working fluid of the device, increases the local vapor pressure, and drives the vapor toward
the condenser [Bao et al., 2025]. As the vapor reaches the condenser, it condenses back into
liquid form, by releasing its latent heat and capillary action through the wick, returning to
the evaporator [Kharabati et al., 2024; Bao et al., 2025]. This continuous process of
evaporation and condensation allows efficient unidirectional heat transfer with no external

power input or moving parts and gains high thermal conductivity, commonly several
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thousand W/m-K [Bao et al., 2025]. Because of the compact structure, passive operation,
and excellent reliability, HPs find widespread applications in electronics cooling, power
electronics, automotive systems, aerospace, and, increasingly, in battery thermal
management systems, where they effectively remove heat and maintain cell temperature
uniformity [Kharabati et al., 2024; Bao et al., 2025]. These advantages also include
lightweight design, long service life, resistance to vibration, and low maintenance [Kharabati
et al., 2024]. Conventional heat pipes, loop heat pipes, capillary pumped loops, pulsating
heat pipes, and vapor chambers are the different configurations of HPs proposed so far for

various thermal management applications [Bao et al., 2025].

2.5.3 PCM-based passive cooling

PCM-based passive cooling systems leverage unique thermal properties of PCMs to keep
the temperature of a battery within an optimal operating range by storing and releasing latent
heat during phase change, normally melting and solidification [Zhi et al., 2022; Kharabati et
al., 2024]. In such a system, batteries are usually embedded in a simple-operating, compact,
and cost-effective module that offers much better temperature uniformity and reduction of
maintenance requirements compared to conventional cooling methods [Zhi et al., 2022].
During melting, PCMs can absorb a large amount of latent heat at almost constant
temperature, allowing for effective temperature control during transient/high-rate discharge
[Lietal., 2023; Chen et al., 2019]. Material selection with melting points between 20—40 °C
can be selected to cover the optimal operational range of lithium-ion batteries [Li et al.,
2023]. Passive mode operation does not require any external energy consumption to maintain

performance stability and safety during high-power operations [Pilali et al., 2025].
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Figure 13: Prismatic battery module with PCM, redrawn from [Rasool et al., 2024]

PCM-based BTMS aligns well with sustainability goals due its low energy consumption and
extends battery life by avoiding thermal degradation [Pilali et al., 2025].

Working principle of PCM

As shown in Fig 14, when the battery temperature rises during charging or discharging, the
Phase change materials [PCM] absorb this heat and stores as sensible heat [Podara et al.,
2021]. Sensible heat is the heat that a material absorbs or releases after and before the phase
transition [Kharabati et al., 2024]. At the phase change temperature (melting point of PCM),
PCM stores extra heat in the form of latent heat instead of rising its temperature [Podara et

al., 2021].

During phase change, the heat absorbed or released is called as latent heat [Kharabati et al.,
2024]. The temperature of the PCM remains constant during this phase change even though
it absorbs heat. This latent heat storage and the dissipation of heat through natural convection
when the PCM has melted, cools the battery efficiently, thereby providing efficient heat
control ability and constant ambient temperature to the battery [Zhi et al., 2022; Chen et al.,
2019].
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Figure 14: Working principle of PCM, redrawn from [Podara et al., 2021; Kharabati et al.,
2024]

Selection criteria for PCM

Identifying and selecting suitable PCM materials for BTMS is essential to maintain efficient
heat regulation, safety and durability of batteries. Suitable PCMs should have a high latent
heat of phase change and specific heat capacity, which makes them to absorb large amounts
of heat and give it out, while having high thermal conductivity and low density [Zhi et al.,
2022; Chen et al., 2019; Pilali et al., 2025]. Their melting point or phase change temperature
should be within the operating temperature range of lithium-ion batteries for effective heat
absorption and release during charge—discharge cycles [Zhi et al., 2022; Pilali et al., 2025].
PCMs should have very low volume change and subcooling, and there should be no phase
separation during transitions, thereby maintaining shape stability and chemical reliability.
Apart from this, PCMs must be non-toxic, corrosion-resistant and non-flammable, to ensure

better safety of the whole battery system. There are some other important practical factors
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like low cost, ease of availability, good durability, and ease of packaging that are essential

in selection of PCMs [Zhi et al., 2022; Chen et al., 2019].

The thermal conductance of PCMs has a strong impact on the ability of PCMs to transfer
heat through them effectively, it is important to improve their conductivity and thereby
reduce temperature gradients and allow uniform heat dissipation [Pilali et al., 2025]. The
best-suitable PCM for BTMS in lithium-ion batteries combines an appropriate melting point,
high latent heat, stable chemical and physical properties, good thermal conductivity, and

safety with cost-effectiveness [Zhi et al., 2022; Chen et al., 2019; Pilali et al., 2025].

2.5.4 Classification of PCM

As shown in Fig 15, the classification of PCM is based on three types i.e., temperature, phase
change, and material which are further divided into many types as discussed in next sections.
The selection of the type of PCM should fulfil the thermal criteria and should be application
specific to prevent thermal runway of the batteries [Kharabati et al., 2024].

Phase-transition type PCMs

Based on the phase-transition they undergo, PCMs are of 4 types: solid-solid, solid-liquid,
solid-gas, and liquid-gas. In solid-solid transitions, heat is released or absorbed as there are
changes in crystal structure of the material. During transition, these materials does not
change much in terms of volume, which is an advantage, but the main disadvantage is that
it has very low latent heat [Mika et al., 2025]. In practical, it is not favourable to utilize solid-
gas and liquid-gas transitions because the produced gas occupies a large volume, and the
substantial volume changes of such PCMs require a special design of systems and structures
[Zhi et al., 2022; Mika et al., 2025]. In fact, solid-solid and solid-liquid PCMs play a
dominant role in many cold and heat storage applications, including BTMS and solar energy

utilization [Zhi et al., 2022].

Solid-liquid PCMs are favoured as they store or release relatively high amounts of latent
heat, operate effectively across a wide temperature spectrum, typically from 0 to ~150 °C
and involve relatively low volume change and lower vapor pressure than liquid-to-gas or
solid-to-gas transitions. The production process is relatively simple and inexpensive

[Kharabati et al., 2024].
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Figure 15: Classification of PCM, redrawn from [Zhi et al., 2022]

Beyond these advantages, solid-liquid PCMs are commercially available, non-hazardous,
and do not have any toxic environmental effects. They also have a good chemical

compatibility with conventional construction materials [Kharabati et al., 2024].

Among BTMS, solid-liquid PCMs have wider applications because of their controllable
volume change and appropriate phase-change properties. Materials like paraffin, a typical
solid-liquid phase-change material, are often adopted. In this aspect, the high latent heat,
appropriate melting point are the crucial parameters: a high latent heat will contribute much
to lower the temperature and temperature difference inside the battery pack [Chen et al.,
2019]. Solid-liquid PCM is further classified based on material composition i.e. organic,

inorganic and eutectic mixtures which are discussed in the below sections.
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Temperature based PCMs

PCMs are classified into high-temperature, medium-temperature and low-temperature based
on their phase change temperature. According to Alehosseini et al., 2020 & Zhi et al., 2022
phase change temperatures for these are greater than 420 °C for high-temperature, 220-420
°C for medium-temperature and less than 220 °C for low-temperature. On the other hand,
Cai et al., 2023 classifies these PCMs based on their melting points i.e. low temperature
PCMs with less than 100 °C, middle temperature PCMs between 100-300 °C, and high
temperature PCMs greater than 300 °C. There are many other studies showing different
temperature ranges for these PCM classification. But overall, PCMs used in BTMS have
melting points between 20-60 °C i.e. low-temperature PCMs which align well with the
battery operating temperature 15 °C to 40 °C [Zhi et al., 2022; Li et al., 2023;
Guan et al., 2024]. Melting temperatures of few PCMs in the range from 0 °C to 100 °C are
shown in Fig 15. It is studied that melting point of Paraffin is 40-50 °C which is well suitable
for BTMS and is our main interest in this thesis [Cai et al., 2023].

Ba (OH)2sH20 — 78

Paraffin C21-C50 — 66
Paraffin C22-C45 — 58

Paraffin C20-C33—] 48

Paraffin C18 —] 28

Capric-lauric
acid

21

MgCl.6H.0  — 17

Propyl palmitate —

LiClIOssH.O0 —

H.O — 0

0 10 20 30 40 50 60 70 80

Temperature in °C

Figure 16: PCMs in the range of 0 °C to 100 °C melting temperatures, redrawn from
[Huber et al., 2017]
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Material composition based

PCMs are classified into three categories based on the material composition i.e. Organic

PCMs, Inorganic PCMs and Eutectic PCMs

Organic PCMs

Organic PCMs are hydrocarbon-based materials and are divided into two types, Paraffin
PCMs and non-paraffin PCMs. Paraffin contains straight chain n-alkaline with the chemical
formula CyH.n,, [Kharabati et al., 2024; Guan et al., 2024]. Melting temperature lies in
between 20-70 °C and increases with the chain length. They usually contain hydrocarbon
chains with whereas pure paraffins have single chain molecules with about 14-40 carbon

atoms [Podara et al., 2021].

Non-Paraffin PCMs include fatty acids, esters, alcohols, glycols and other derivatives
[Kharabati et al., 2024; Guan et al., 2024; Pilali et al., 2025]. They have wider melting
temperature range between 0-200°C depending on their molecular structure. Fatty acids are
effective due to their high heat of fusion and suitable phase change temperature [Pilali et al.,
2025]. Non-paraffin PCMs are sustainable and biodegradable materials as they can be
obtained from bio sources. These PCM are non-toxic and less flammable but are more

corrosive and expensive when compared to paraffin based PCMs [Podara et al., 2021].

Paraffin-based PCMs show high latent heat, low subcooling, and minimal volume change
with good thermal stability [Podara et al., 2021; Pilali et al., 2025]. These materials are
chemically inert, noncorrosive, and compatible with most construction materials, and hence
are suitable for applications with repeated phase transitions like energy storage and thermal
regulation in batteries [Podara et al., 2021; Pilali et al., 2025]. Paraffin-based PCMs can
practically withstand over 1000 melting/freezing cycles without degradation. In addition,
several paraffin PCMs melt within the favorable temperature range of 45-60 °C [Pilali et al.,
2025]. Paraffins are employed with various carbon-based materials and metal materials
forming composite paraffin PCMs to enhance their thermal conductivity and avoid leakage

in the process of solid-liquid transition [Zhi et al., 2022].

Despite such advantageous properties, organic PCMs also exhibit various drawbacks:
relatively low thermal conductivity, low density, and high flammability may restrict their

direct use in some high-heat applications [Podara et al., 2021; Guan et al., 2024]. In contrast,
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organic acid PCMs have high latent heat, although lower thermal conductivity can reduce

performance [Guan et al., 2024].

Overall, organic PCMs-both from the paraffinic and non-paraffinic family-present very
versatile melting point ranges with usually good thermal stability, recyclable states of
aggregation, and compatibility for a wide application field in heat storage and temperature

control. [Kharabati et al., 2024; Podara et al., 2021; Pilali et al., 2025; Guan et al., 2024].

Table 3: Material modified PCMs and their thermal storage characteristics, adapted from

[Zhi et al., 2022]
Type of PCM | Material Melting Latent Thermal
Temperature | heat (J/g) | conductivity
(°0) (W/m. K)
Carbon Paraffin/EG/Activated 49.79 155.2 5.591
materials carbon
modified RT44HC/Fumed = Silica | 41.5 133.4 0.18
Paraffin based | (composite 60%/40%)
PCMs RT35HC/Graphene oxide | 36.80 240.83 -
Metal Paraffin/Aluminum 53.07 118.2 -
modified (composite 80%/20%)
Paraffin based
PCMs

Inorganic PCMs

Inorganic PCMs primarily include salt hydrates and metallic PCMs, both of which have been
widely studied for thermal energy storage applications [Kharabati et al., 2024; Podara et al.,
2021; Guan et al., 2024]. Salt hydrates are ionic compounds with the general chemical
formula is AB-nH:0 in which the phase change takes place by means of the dehydration or
hydration reaction of the salt [Podara et al., 2021; Guan et al., 2024]. They contain high
mixture of inorganic salts and water, and thus they have a high energy storage density and
thermal conductivity, which makes them a good option for large-scale energy storage with
low cost [Guan et al., 2024]. Overall, inorganic PCMs exhibit high enthalpy, low volumetric
change, and non-flammability, but most of their supercooling, corrosivity, and phase

segregation problems remain as considerable drawbacks that need more material
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optimization and encapsulation methods [Podara et al., 2021; Pilali et al., 2025; Guan et al.,

2024].

Most inorganic salt hydrates have a phase transition temperature below 120 °C and high
latent heat of fusion, hence they are used in low-temperature applications, such as the solar
energy and BTMS [Pilali et al., 2025; Guan et al., 2024]. From the point of view of practical
applications, the advantageous features of salt hydrates include high thermal conductivity,
non-flammability, and low toxicity, ensuring safety and operational stability in energy
systems [Pilali et al., 2025]. However, their practical application is clearly limited by factors
such as incongruent melting, which can result in the segregation of phases and deterioration
of energy storage performance during multiple charge-discharge cycles [Podara et al., 2021].
Poor nucleation properties, leading to supercooling of the liquid phase, along with corrosion,
toxicity, and limited compatibility with some construction materials, are other drawbacks of

salt hydrates [Podara et al., 2021; Pilali et al., 2025].

Metallic PCMs such as Cu, Al, and Ga show phase change temperatures that are higher than
500 °C, thus ideal for high-temperature applications like production of solar power and waste

heat recovery in industries [Guan et al., 2024].

Eutectic PCMs

Eutectic PCMs are materials made up of mixtures containing at least two components,
designed such that their melting temperature is lower than any constituent's [Kharabati et al.,
2024]. They can be organic, inorganic, or a combination of both types of PCMs which make
way for wide range of eutectic mixtures with desired thermal characteristics [Podara et al.,
2021; Guan et al., 2024]. The eutectic composition provides the opportunity to tune the key
thermal properties, like latent heat and phase change temperature, allowing tailoring for

specific applications [Podara et al., 2021].

Eutectic PCMs can be binary or multicomponent systems and can be viewed as combinations
such as organic-organic, inorganic-inorganic, or organic-inorganic blends. This will prevent
or minimize the disadvantages of individual PCMs and improve their applicability in real
energy storage and temperature control applications [Guan et al., 2024]. Of these, organic
eutectic mixtures exhibit several specific advantages with respect to inorganic or hybrid

eutectic systems, such as long-term stability, high phase change enthalpy, ease of



51

impregnation into porous material matrixes due to better chemical compatibility and surface

tension properties [Podara et al., 2021].

The main disadvantages of eutectic PCMs, especially in organic-based, are the high cost that
prevents their use in practical applications [Podara et al., 2021]. However, their easily
tunable melting temperatures, effective energy storage capabilities, and compositional
flexibility make eutectic PCMs a more popular class of materials for specific thermal

management applications [Kharabati et al., 2024; Podara et al., 2021; Guan et al., 2024].

Table 4: Examples of few PCMs and their thermal storage characteristics

Type of Material Melting Latent Thermal Author
PCM Temperature heat conductivity
0 J/g) (W/m. K)

Organic Paraffin/EG ~ (Composite- | 42.03-43.05 166.2— 2.77-19.26 [Zhi et

(Paraffin (80%-30%)/ (20-70%) 47.76 al., 2022]

based)

Organic Stearic acid/Silicon carbides | 53.40 12.87 0.719 [Zhi et

(non- powder (7.18%/92.82% al., 2022]

paraffin composite)

based)

Inorganic MgS04+7H20/Urea resin 48.36 25.46 0.3315 [Zhi et
al., 2022]

Eutectic Capric Acid-Palmitic Acid | 26.2 177 - [Podara

mixture et al.,
2021]

2.5.5 Hybrid cooling

Hybrid BTMS combines passive techniques like PCMs or heat pipes with active methods
such as forced air or liquid circulation. Hybrid systems take advantage of the strengths while
minimizing drawbacks [Zhi et al., 2022; Bao et al., 2025; Chen et al., 2019]. These systems
address thermal challenges in high energy density LIBs through passive components serving
as thermal buffers during peak loads, fast charging, or transient conditions by absorbing
latent heat to handle spikes in temperature, while active elements provide a rapid response

and prevent saturation of the PCM by removing the accumulated heat [Bao et al., 2025; Chen
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et al., 2019]. Hybrid configurations include different approaches such as using PCM with
air/liquid cooling or heat pipes for enhanced conductivity and provide outstanding safety, a
long lifetime of batteries, energy efficiency, reduced duty cycles of the active components,
and fail-safe operation; these hybrids become an ideal solution for electric vehicles under

dynamic applications [Bao et al., 2025; Kharabati et al., 2024].



53

3 Methodology

In this section, we will discuss methodologies adopted for this experimental research. It gives

an overview about the battery specification and their configuration, instruments used, types
of tests conducted and their test plans, and the experimental setup.

3.1 Battery specification and configuration

3.1.1 Battery specification

In this experimental research, Prismatic Li-ion cells from the manufacturer Phylion are used

as shown in Fig 17. The specifications of the battery are as given in below Table 5.
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Figure 17: Phylion 14 Ah Prismatic Li-ion cell



Table 5: Specifications of the battery cell used in the experiment

54

Parameters Values
Manufacturer name Phylion
Manufacturer part number ISP18/66/133(14) HA
Model Prismatic
Rated capacity 14 Ah (1C/+25°C)
Rated voltage 3.65V
Chemical Composition Li-ion
Housing Aluminum
Energy 51.8 Wh
Operating voltage range 2775V ~42V
Maximum charging voltage 420V
Standard charging current 14A/1C
Maximum continuous discharge current 42 A/3C
Maximum discharge current 70 A/ 5C (30 seconds)
Self-discharge rate < 3% / month
Internal resistance <3 mQ
Number of cycles 1000
Operating temperature (charging) 0°C~45°C
Operating temperature (discharging) -30 °C ~ 50 °C
Storage temperature -20°C~45°C
Dimensions 66 x 133 x 18 mm
Weight 0.32 kg

By specification, the Phylion ISP18/66/133(14) HA is a high-performance prismatic Li-ion
cell that can support high discharge currents, up to 3C continuous and 5C for short periods,
at low internal resistance and housed in robust aluminium case. It is therefore suitable for
dynamic cycling experiments. Compared to other formats, the prismatic design allows better

heat spreading and better structural stability for operation at high power.
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3.1.2 Battery configuration

In this experiment, we use two types of battery configurations:
1) Individual prismatic cells for the preliminary tests
11) A 2S2P (two-series, two-parallel) configuration for the NRTC experiment

This dual-level approach enables detailed baseline measurements on single cells, whereas
the pack configuration better represents a realistic application under transient load
conditions. For the transient load cycles, two of these individual cells are connected in series,
and this series-pair is then paralleled with another identical series-pair, which forms a 2S2P
configuration as shown in Fig 18. This doubles both the pack voltage relative to a single cell
and the pack capacity, and this helps in more realistic simulation of an application-level
battery pack in non-road machinery while staying within the safe operating limits of the test

setup.

S+

Figure 18: Schematic representation of 2S2P configuration
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We choose 2S2P configuration for our experiment due to following advantages:

a) Voltage scaling: By connecting cells in series, the nominal pack voltage becomes
~7.4V (2 x 3.7 V). Even though NRMM operate at higher voltages (ex: 48VDC or
400VDC), this low voltage is set due to the limitations of available number of cells

and battery cycler used in this experiment.

b) Capacity and current capability: 2S2P configuration doubles the usable capacity and
spreads the load between cells, reducing stress per cell under high-current discharge.
Each cell allows continuous discharge of up to 3C, or 42 A, so the 2S2P pack
configuration should safely deliver up to 84 A continuous, which also corresponds
to 3C at the pack level. Therefore, running the pack at 2C is well within the rated
limits and will ensure reliable behaviour over dynamic NRTC load cycles while still

giving a good margin for safety.

¢) Thermal balance: The 2S2P configuration helps to study PCM-mediated heat

spreading between cells and temperature uniformity in small battery module.

3.2 Instrumentation

3.2.1 Biologic BCS-915 and BT-Test software

The Biologic BCS 915 (Figure 19) is a high power, modular battery cycler providing 8
independent channels, each capable of +15 A, with the option to parallel channels (e.g.,
channels 1-2, 3-4 etc or 1-4 or 5-8) to reach much higher currents, i.e., up to £120 A. It
supports five current ranges, delivers very high precision (18-bit resolution for current and
voltage), fast data sampling, and has a built-in native Electrochemical Impedance
Spectroscopy (EIS) capability from 10 MHz to 10 kHz. Its specifications are as given in
Table 6.
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Table 6: Biologic BCS-915 specifications

Parameters

Values

Number of channels

8

Cell Connection

4 terminal leads

Power

1700W (VA), 100-240VAC, 50-60Hz

Max current per channel

+15 A continuous

Max power per channel

105 W

Voltage measurement range

0-9V

Current measurement range

+10 A, +1 A, £100 mA, £10 mA, £1 mA

Input impedance

100 mQ, 6pF typical

Input Bias current

<1nA

Bandwidth (-3 dB)

4 kHz

Auxiliary inputs / Outputs

1 analog input, 2 digital inputs, 1 digital
output, 1 analog output, 8 thermocouple

inputs.

BioLogic

Figure 19: Side and front view of BCS-915 cycler
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The BT Test module, part of Biologic’s BT Lab® Suite, is used to design, run, and monitor
complex test plans. It supports up to 128 steps per test, and you can use control modes
including constant-current (CC), constant-voltage (CV), power control, Direct Current
Internal Resistance (DCIR), Galvano Alternating Current Internal resistance (ACIR),
Galvanostatic Electrochemical Impedance Spectroscopy (GEIS), loops, and rest periods.
Tests can be monitored in real-time, parameters can be adjusted “on-the-fly,” and safety

limits can be configured individually for each channel to ensure protection

The BT Test software allows us to program and run test plans easily: including CC CV,
GEIS, Open circuit voltage (OCV), and NRTC, for both modules, with real time data

monitoring and per channel safety control.

3.2.2 Hioki LR8450-01 Memory HI Logger

The Hioki LR8450-01 Memory HI Logger (Fig 20) which is a variant of standard model
Hioki LR8450 is a high-speed, multi-channel data logger capable of precise measurement of
physical signals such as temperature, voltage, and resistance. It supports both plug-in and
wireless measurement modules, allowing a high channel count and flexible configuration.
The instrument features 8 configurable alarm outputs on the external control terminals,
which can be triggered based on user-set conditions (e.g., a temperature threshold). Detailed

specifications are in included in Table 7.

Figure 20: Hioki LR8450-01 Memory HI Logger
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Table 7: Specifications of Hioki Temperature LR8450-01 Memory Hi logger

Parameters Values
Max. sampling interval Ims
Maximum connectable units 4 plug-in + 7 wireless
Max. measurement channels Up to 330 channels (with plug-in +
wireless)
Pulse / Logic input 8 channels, common GND, non-isolated;

formats: contact, open collector, voltage

Recording intervals 1 ms, 2 ms, 5 ms (when using

1 ms/S-modules), 10 ms — 1 hour (22

selectable)
Storage media SD card (SD / SDHC), USB drive
Display 7" TFT colour LCD (800 x 480)
Alarm output 100 mQ, 6pF typical
Power supply AC (Z1014, 100-240 V), 2% battery pack

(Z1007), 10-30 V DC externa

This temperature monitoring using k type thermocouple is indispensable to our passive
thermal management study: recording the thermal behaviour of both modules and the
ambient allows us to see how the PCM acts on heat redistribution, detect possible hotspots,
and ensure safe operations. LR8450-01 is being able to drive an alarm output directly to the
cycler and can guarantee that critical thermal events will be responded to in a very short

time.

3.3 Experimental setup

In our experimental setup, we have two modules — one with PCM (4 cells with PCM spacers
in between) and the other without PCM (4 cells with regular spacers in between). Each
module is placed inside a 3D-printed PET (Polyethylene Terephthalate) battery enclosure
designed to accommodate 4 cells with spacers. For the PCM-based module, honeycomb
spacers are used to place between the cells which are filled with RT35HC phase-change

material from the manufacturer Rubitherm and are then enclosed with baking sheets to
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prevent any potential leakage during thermal cycling as shown in Fig 21. In the case of the
module without PCM, wave-shaped spacers were placed between the cells, with drilled
openings at the bottom to enable natural air convection and heat dissipation as shown in Fig
22. Following the module configurations, the experimental setup description proceeds with

the arrangement for single cell testing and the 2S2P cell configuration.

PCM spacers covered with
baking sheets

PET battery enclosure

Figure 21: Single cell arranged with PCM spacer and PET housing

Spot welded Ni-stripe PET housing with
Wave type spacers current collectors drilled holes

Figure 22: Single cells arranged with wave type spacers and PET housing
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In the single-cell setup, eight individual battery cells are separately connected to the BCS-
915, with one cell per channel without paralleling as shown in Fig 23. This setting enables
each cell to be tested individually for the preliminary tests i.e. capacity, OCV, and GEIS (as
discussed in Section 3.4.3 to 3.4.5) hence allowing the highly precise characterization of
each cell's intrinsic electrochemical behaviour without interference from other cells. The
main aim at this stage is to determine the health of the batteries, since these will be the same
eight cells that later form the 2S2P modules, with 4 cells in the PCM module and 4 cells in
the no-PCM module.

a) Single cells in No PCM module b) Single cells in PCM module

Figure 23: Single cell arranged for preliminary tests

After completing the preliminary analysis of the batteries, the cells are configured into a
2S2P arrangement, forming two modules suitable for the NRTC test (Fig 24). To deliver the
required current need for our 2S2P, we parallel channels 1-4 for the non-PCM module and
channels 5-8 for the PCM module on the BCS-915, allowing us to reach up to 60A with 4
channels and to monitor both modules independently and simultaneously. This configuration
enables us to cycle and monitor each module (PCM vs. non PCM) with high precision and

independence.
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Parallelled 1-4 channels of Thaes Parallelled 5-8

BCS Thatab That1 channels of BCS

Tbatl
Tbatz
Tbat3
Tbat4a
Tbat4
a) 2S2P without PCM b) 2S2P with PCM

Figure 24: Cell arrangement in 2S2P configuration for both modules

In this experimental setup, we use 10 temperature channels on the LR8450-01: channels 1-
5 (Toat1, Toat2, Toat3, Toatda, Toawdb 1.€. 5 temperature sensors for 4 batteries) monitor the module
without PCM, channels 6-8 (Tvat1, Toar2&3, Toas 1.€. 3 temperature sensors for 4 batteries)
monitor the module with PCM as shown in Fig 24, and channels 9-10 (Tamb1 and Tamb2)
measure the ambient temperature as shown in Fig 25. The sensors are measuring the cell
surface temperature in the non-PCM module and the PCM temperature in the PCM module.
The measurements are saved every | second, and we configure an alarm to trigger if any
battery temperature rises above 45 °C. This alarm is wired to the BCS-915’s analog input
via the external control terminal, so that when the threshold is exceeded, the cycler
immediately stops, providing a real-time safety shut-down. Entire experimental setup is as

shown in Figs 25 and 26.



BCS-915 Ambient measurement
CYC|EI" Tambl and Tame

PCM Module
Channels 1-4

Channels 5-8

Hioki
connection to
BCS

Hioki
Temperature
logger

Figure 25: NRTC test experimental setup
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Figure 26: Schematic of the experimental setup
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3.3.1 Thermal sizing of PCM and battery module

In this experiment, we have used 5 honeycomb structured spacers for the PCM module, and

the mass of PCM mpcm used in the module is given by the equation:

Mpey = Ve X ppem (5)
Where, Vis the total volume of the PCM spacers
prem is liquid density of PCM

Assuming if the battery cells and the PCM absorb all the heat generated, with no heat losses
to the ambient during continuous charge (1.5C)-discharge (2C) cycling over a specified
operating period before a rest, and the cell temperature is required to remain below 45 °C
throughout this interval. Under these conditions, the total heat generation in the module is
described by the sum of the irreversible and reversible heat contributions, which are given

by [Murashko et al., 2020]:

P; = nRin,I? (6)
docv
PT = _nITd_T (7)

Where, n is number of batteries used in PCM module
Rint 1s the internal resistance of the battery

I is the applied current

T is the battery temperature

OCV is the open-circuit voltage.

As the determination of % is practically difficult, and [Yuan et al., 2024] show that the

reversible heat is usually small when compared to irreversible heat, hence it is neglected.
As Prev is neglected, only Piiris considered for heat generation, and it is given by the equation:

Qi= P XAt 8)
where, A t is the time interval over which heat is generated.

Heat absorbed by the battery cells Qsens,bat 1S given by the equation:
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Qsens,pqr = MMpatCpatAT )]
where, mpat is mass of the battery
AT is temperature rise of the battery
cpat 1S the specific heat capacity of the battery
Heat absorbed by the PCM Qqot,pcm is given by the equation:

Qtpey = Wsenspem T Quatpen (10)
Where Qsens,pem is sensible heat of PCM, Qgens pepy = MpcmCpemAT (11)

Quatpem is latent heat of PCM, Qat poyy = MpemfinBHpem
Qtpen = Mpcm(CpemAT + frnAHpcn) (12)

Where, cpcm is specific heat capacity of PCM
AHpcwm is latent heat of fusion of PCM

fm 1s the melt fraction of the PCM and is assumed to be fn =1

The input parameters used for these calculations are given in below Table 8:

Table 8: Input parameters for PCM and battery thermal sizing

Parameter Value Source/Note
Total Volume of the PCM Spacer 10.39 mm Appendix 3
Liquid density of PCM, ppcm 0.77 kg/dm? Appendix 2
Number of batteries, n 4 Experimental Setup 3.3
Mass of the battery, mpa 0.32 kg Appendix 1
Specific heat of the battery, cpa 0.83 x 103 Jkg 'K Appendix 1
Internal resistance of the battery, 3 mQ Appendix 1
Rint
Current applied to single cell, I 28 A 2C-rate charging current
Temperature rise of the battery, AT 20K (25-45°C) Assumption
Time taken for CC charging, A t 1618 s Time taken for CC charging
Specific heat capacity of PCM, 2 kJ kg'K! Appendix 2
CpcMm
Latent heat of fusion of PCM, 240 kJ kg! Appendix 2
AHpcm
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Using the above Egs. (5)-(12) and input parameters from Table 8, the calculated values are

shown in Table 9 and detailed calculations can be found in Appendix 3.

Table 9: Calculated thermal sizing of PCM and Battery

Parameter Value
Mass of the PCM, mpcm 0.45 kg
Irreversible heat generation power, P; 9.048 W
Heat absorbed by the battery cells Qsens bat 5.9 Wh
Sensible heat of PCM, Qsens.pcm 5.04 Wh
Latent heat of PCM, Qpatpem 30 Wh
Heat absorbed by PCM, Q¢pcum 35.04 Wh

Table 9 indicates that, if heat losses to the surroundings are neglected, the available PCM
mass is sufficient to limit the cell temperature rise to approximately 20 °C above ambient for
about 4 h 21 minutes under continuous 2 C charge-discharge cycling, corresponding to an
ohmic heat generation power of Piry = 9.048 W and a combined thermal capacity of the

batteries and PCM of Qsens, bat + Qt,pem ~ 41 Wh

3.4 Battery testing methodologies

In this section, we will learn about various battery test methodologies used in this
experiment. Before we start the main experiments, it is essential to conduct certain
preliminary tests on the batteries to determine the battery’s initial health and their
performance. These pre-tests: capacity, OCV and GEIS provide a detailed baseline for the
cell’s initial state and ensures that the subsequent experiments are more reliable and
reproducible. Once these pre-tests are completed, the main NRTC test is conducted which is
the core of this research. Along with these, it is also essential to learn about the basic

charging / discharge protocols like CC-CV charge and CC charge/discharge.

3.4.1 CC-CV (Constant current - Constant voltage) charge

The CC-CV charging protocol is an industrially accepted procedure for lithium-ion batteries.

The battery voltage rises linearly until it hits a cut-off value-for example 4.2 V per cell.
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When that voltage is achieved, the charger changes to the CV mode. In that mode, the voltage
i1s maintained constant, while the current decreases slowly because the battery approaches
full charge. The completion of charge normally occurs when the current drops below some
small cutoff, such as C/10. This two-step approach provides a reasonable compromise: the
CC segment allows for the rapid bulk charging of the cells, while the CV segment permits
safe topping without overvoltage and thus allows full capacity to be reached and maximizes

life.

3.4.2 CC (Constant Current) charge and discharge

In CC mode, the current is kept constant during either charging or discharging, irrespective
of the batteries' voltage. In charging applications, CC provides the ability for quick charge
input up to a specified voltage cutoff. Testing usually utilizes CC discharge to determine a
battery's capacity: discharging at a constant current to a specified lower voltage limit
accurately measures how much charge the battery holds. Although operation in CC mode is
simple and effective, relying on CC charging alone, without a subsequent CV phase, risks
overcharging, while CC discharge to voltages that are too low can result in irreversible

degradation if not properly controlled.

3.4.3 Capacity test

The capacity test measures the charge-storing capability of the battery under controlled
conditions. By CC charging and discharging the cell with known currents, we measure the
total amount of charge in ampere-hours or watt-hours that the cell can provide. This
measured capacity serves for the calibration of the experimental protocol (for instance,
defining the proper depth of discharge for successive cycles). Further, it also helps in

diagnosing possible degradation from expected performance over the course of the tests.

3.4.4 Open-Circuit Voltage (OCV) test

The OCYV test records the cell voltage by applying a small current after having a certain rest

period. This test helps to map SoC versus voltage relationship which is important for good
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battery modelling and monitoring. Furthermore, the OCV-SOC characteristic is abnormal in
cases of self-discharge or leakage, for example, which provides insight into cell health before

further testing.

While true open-circuit voltage (OCV) is measured with no external current, in practice we
apply a very low current (300 mA) to approximate the OCV value. This “pseudo-OCV”
method minimizes polarization effects and allows the voltage to closely reflect the

equilibrium potential, while keeping the measurement time reasonable.

Initially Capacity and OCV tests are conducted as a single experiment for all the eight cells
individually with the test plan as shown in Table 10. Safety limits for these tests are set as:

Umin <2.8V, Umax >4.3Vand 1> 15 A.

Table 10: Test plan for Capacity and OCV test

Test Step Task Duration/Limit Purpose
1 CC-CV charge CC with 7 A until Measure full charge
4.2V, then CV until capacity
current falls to 500
mA
2 Rest 15 min Allow cell to stabilize
Capacity Test thermally /
electrochemically
3 CC discharge 7 Auntil3.0 V Measure usable
capacity on discharge
4 Rest Recovery before next
cycle
1 CC discharge 300 mA until 3.0 V Low-current steps to
approximate open-
circuit voltage
2 Rest 1 min Letting the voltage to
settle slightly
3 CC charge 300 mA until 4.2 V Bring to full charge
OCYV Test slowly
4 Rest 30 min Allow equilibrium to
approach true OCV
5 CC discharge 300 mA until 3.0 V Step discharge to see
OCYV behaviour
6 Rest 30 min Let cell re-equilibrate
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3.4.5 Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) test

Galvanostatic electrochemical impedance spectroscopy applies a small alternating current

across a range of frequencies and measures the voltage response. This test investigates

internal electrochemical processes such as charge-transfer resistance, diffusion processes,

and double-layer capacitance, where the high-frequency resistance (HFR) is defined as the

real impedance at the point of zero imaginary impedance (high-frequency intercept on the

Nyquist plot's real axis). The obtained impedance spectrum provides the basis necessary for

equivalent circuit modelling and for the evaluation of internal cell states. The feasibility of

detecting increased internal resistances or other anomalies beforehand, which may affect

long-term performance or safety, is enabled by performing GEIS before experiments.

Capacity and OCV tests are followed by GEIS test as per the test plan in Table 11, with the

safety limits set as: Umin < 2.8V, Umax >4.3Vand [ > 15 A.

Table 11: Test plan for GEIS test

Test Step Task Duration/Limit Purpose
1 CC-CV charge CC with 7 A until Prepare 100% SoC
4.2 V, then CV until
current falls to 500
mA
2 Rest 15 min Let the cell equilibrate
at 100% SoC
3 Galvanostatic 10 mHz — 10 kHz Record impedance
frequency sweep + (log scale), spectrum at 100% SoC
EIS Amplitude =1 A, Nd
Impedance =10,Na=1,pw=
spectroscopy 0.1, drift correction
(GEIS) off
4 CC discharge 7 A until ~50% SoC Move to mid SoC for
(t=1h) second EIS
measurement
5 Rest 30 min Stabilize at 50% SoC
6 Galvanostatic Same as step 3 Record impedance
frequency sweep + spectrum at 50% SoC
EIS (repeat)
7 Rest 30 min Final stabilization after

EIS
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3.4.6 Non-Road Transient Cycle (NRTC) test

The experimental work focuses on the NRTC test. Non-Road Transient Cycle is a standard
transient test cycle originally developed for nonroad machines as shown in Fig 28, defined
by ISO 8178-4 and used in global regulatory frameworks. This cycle lasts for about 1,238
seconds with currents that vary with respect to each time interval [Diesel Net, n.d.; Transport
Policy, n.d.; UNECE, 2011]. In an engine test cell, normalized speed and torque profiles are
"denormalized" to match the characteristics of the engine under test, and the test is executed

[UNECE, 2011].
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Figure 27: Normalized speed and torque over NRTC cycle, adapted from [DieselNet, n.d.]

In the framework of this thesis, NRTC simulates realistic transient load conditions analogous
to non-road machinery by converting the standardized normalized engine speed (Vnorm(t)) and
torque profile (Tnorm) (as shown in Fig 27) through denormalization using the specific
engine's maximum torque curve (Tmax(vy) and rated speed (Viaed) into equivalent battery
current (Ivayr)) demands that reflect the power requirements of electrified NRMM operation
by using below Egs. (13)-(16) [40 C.F.R. Part 1065, 2005; Di Luca et al., 2020]. This
approach enables investigation of battery performance, temperature behaviour, degradation,
and possibly emissions-relevant behaviours under those cycles. For one NRTC discharge,

the resulting average power Paye is given by:
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Pavg = x%Prax (13)
Where, Pmax 1s maximum Power reached during the NRTC discharge
x% 1is the ratio of average to maximum power and x% ~ 29%

Now, Power and Battery current conversion:

_2mxv(t)xz(t)

Engine Power demand, Ppg(r) = ~ox1000 (14)
Battery Power, Ppqr(r) = @ (15)
Battery Current, lpq¢(t) = Ppat(t)/Upar(t) (16)

As variable current discharge was used for the battery cycler, the voltage effect was

neglected and Ibat was directly correlated to the engine power and therefore is given by:
Ipar(t) = aPpqar(t)

Where, 1 is powertrain efficiency

Upat s Battery voltage

t 1s the time

a is proportionality factor and is selected such that the Pmax corresponds to 2C discharge.

For the NRTC experiments, the cells are configured in a 2S2P arrangement. Before starting
the full NRTC, we perform preliminary charge-discharge cycles at 1C and 1.5C to condition
the modules and then proceed to the NRTC test using our designed protocol as per the test
plan in Table 12 and Table 13 respectively. Safety limits for these tests are set as: Umin <

5.6V, Umax > 8.6V and 1 > 60A.



Table 12: Charging and discharging protocol at 1C and 1.5C for 2S2P configuration

Test Step Task Duration/Limit
1 Rest 2 min
2 CC-CV charge CC with 1C (28 A)
until 8.4 V, then
CV until current
fallsto 1 A
3 Rest 15 min
3 Cycles @ 1C 4 CC discharge 1C (28 A) until 6.0
v
5 Rest 15 min
1 Rest 2 min
2 CC-CV charge CC with 1.5C (42
A)until 8.4V,
then CV until
current falls to 1 A
3 Rest 15 min
2 Cycles @ 1.5C 4 CC discharge 1.5C (42 A) until
6.0V
5 Rest 15 min
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For the NRTC cycle, we upload a csv file which contains the time profile until 1,238 seconds
with currents that vary with respect to each time interval. Current values are specified at an
interval of 0.5s (i.e., the 0.5s and 1s values are identical). The maximum current value
chosen was -56 A (2C discharge) with an average current of -15.86A (0.58C-rate). Five
loops were grouped within one NRTC discharge i.e. in “AUP” (Table 13) to make sure
complete depletion of the battery.

Pre-tests provide initial characterization of capacity, voltage-SoC curves, and internal
impedance, while NRTC cycling stresses the battery under realistic transient non-road duty
conditions. Combining these establishes a solid baseline for interpreting NRTC-induced

effects on degradation, thermal behaviour, efficiency, and other performance metrics.



Table 13: NRTC test plan for 2S2P configuration
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Test Step Task Duration/Limit Purpose
1 CC-CV charge CC with 1.5C (42 Ensuring battery is
A)until 8.4V, fully charged before
then CV until it starts discharging
current fallsto 1 A | with NRTC profile
2 Rest 15 min Stabilizing the
module
3 LOOP 50 Cycles of Steps To study the
4-7 transient load
conditions, 50 cycles
NRTC Test are required
4 AUP (Apply CSV I Range 40 A, Apply scaled NRTC
profile) Time format = current profile from
TIME, CSV (original 30 A
Scale = 1.8667, max scaled to 56 A),
Loop =5 Cycles 5 loops for full
discharge
5 Rest 15 min Stabilizing the
module
6 CC-CV charge CC with 1.5C (42 | charging the battery
A)until 8.4V, again before it starts
then CV until discharging with
current falls to 1 A NRTC profile
7 Rest 15 min Stabilizing the

module
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This section discusses the key results obtained from the battery testing like initial

characterisation, their thermal response to different cycling conditions (with and without

PCM) and NRTC duty cycle on PCM module and the metrics of the batteries post-NRTC.

4.1 Initial characterization test results: capacity, OCV and GEIS

4.1.1 Initial capacity test results

Fig 28 shows the initial constant-current discharge capacity (Q) for each of the eight cells at

1/2 C-rate i.e. 7A. The discharge capacities after NRTC are spread between 14.56 Ah and

15.13 Ah, with an average of around 14.92 Ah and a standard deviation of about 0.18 Ah,

indicating small variation and good consistency among the cells. While the nominal cell

capacity is 14 Ah, the measured capacity of some cells slightly exceeds the nominal capacity,

this is typical for manufacturer tolerances and indicates the cells were tested in a fresh state.

This small variation in capacity indicates all eight cells will have similar performance under

identical cycling conditions and thus all are suitable for assembly into the 2S2P modules

used in the passive thermal management experiments.
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Figure 28: Initial discharge capacities of experimental batteries before NRTC
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4.1.2 Initial OCV test results

Fig 29 presents the open-circuit voltage behaviour for the eight battery cells derived from
the low-current step OCV test. In this test, each cell was first discharged at a constant current
of 300mA to 3.0V, followed by short rest periods and subsequent low-current charging and
discharging steps with intermediate rests to let the terminal voltage relax towards
open-circuit conditions. However, there is an error in the implemented OCV test protocol:
the test was stopped after 48 h, and during the final constant-current charging step at 0.3 A
the maximum cell voltage reached only about 4.11 V, meaning that the cells were not fully
charged and the OCV curves are therefore incomplete. This limitation is also visible in Fig.
29, where the voltage-SOC curved do not extend up to the nominal upper-cutoff voltage of
4.2 V. Because of this protocol error and the resulting incomplete OCV profiles, the

discharge capacities originally extracted from the OCV test are not reported.
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Figure 29: Charge and Discharge Curves - Voltage vs SOC

4.1.3 Initial GEIS test results

Fig 30 presents the results for the GEIS test performed on the eight cells measured at 100%
SOC. The Nyquist plots’ high-frequency resistance (HFR) is in the range between 12.6 to

15.3 mQ for all channels, with an overall mean of approximately 14.0 mQ and a standard
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deviation of about 0.9 mQ, indicating moderate channel-to-channel variation. The diameter
of the main semicircle reflects the combined charge-transfer and interfacial resistances and
ranges between approximately 2-4 mQ between the cells. No additional semicircles,
secondary arcs, or long diffusion tails are observed, meaning that the charge transfer
properties are uniform and there is minimal variance in the double-layer or mass-transport

phenomena at full charge.
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Figure 30: Nyquist plot of EIS at 100% SOC

In Fig 31, after the cells have been discharged to about fifty percent state of charge, the HFR
range from 12.6 Q to 15.0 mQ, with a mean of about 13.8 mQ and a standard deviation of
roughly 0.9 mQ, again indicating moderate channel-to-channel variation. There is also a
slight reduction in the semicircle diameter due to small decrease of charge-transfer resistance
typical for lithium-ion cells at mid-state of charge. In both measurement states, all eight cells
show closely clustered impedance spectra with minor deviations, thus confirming consistent
internal resistance characteristics. This resemblance also confirms that the batch is qualified
to make balanced two-series-two-parallel modules and ensures that subsequent module-level

tests reflect real experimental variables rather than outlier electrochemical behaviour.
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Figure 31: Nyquist plot of EIS at 50% SOC

4.2 Temperature response of 2S2P modules under 1C and 1.5C cycling with and
without PCM

The thermal response of the PCM and non PCM 2S2P modules was evaluated using three
consecutive 1C cycles and two 1.5C cycles as shown in Table 12. The third 1C cycle and
the second 1.5C cycle were selected as representative, since the temperature profiles had
stabilized by these cycles and the electrical behaviour was highly repeatable. For both
PCM and non-PCM modules, the measured discharge capacities at 1C and 1.5C were
almost identical between the two modules and close to the nominal value defined by the
cycling protocol. The discharge cut-off voltage of 6.00 V was reached within about 10
mV (5.99-6.00 V) and the charge cut-off voltage of 8.40 V within about 1 mV (8.39-
8.40 V) in all tests, indicating that both modules were cycled under comparable electrical
conditions. These consistent electrical conditions ensure that any differences in
temperature behaviour can be attributed to the presence or absence of PCM rather than
to differences in loading. The temperature analysis focuses on the CC-CV charging steps
of the representative cycles, because the highest cell temperatures in both modules
occurred at the end of the CC-CV charge, whereas the previous constant current
discharge phases produced lower peak temperatures and do not define the worst-case

thermal conditions.
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Figure 32: Current and Voltage Profiles of 2S2P modules at 3 cycles of 1C rate and 2
cycles of 1.5C rate
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Figure 34: Current and Temperature Profiles of PCM module at 3 cycles of 1C rate and
2 cycles of 1.5C rate

At 1C, both modules operated in a similar temperature range and showed relatively small
gradients. As shown in Fig 34, the maximum temperatures recorded during the CC-CV
charge of cycle 3 in the PCM module were 30.28 °C, 33.49 °C and 29.94 °C at Tpat1, middle
sensor Trang3, and Traw respectively. In this cycle, the average ambient temperature observed
was 23.74 °C and the relative temperature rises above ambient were therefore 6.54 °C, 9.75
°C and 6.20 °C for Tbat1, Trar&s and Tvau, respectively (Fig 35). In the non PCM module (Fig
33), the maximum temperatures of the five sensors were 32.35 °C (Tbat1), 32.64 °C (Tra2),
30.14 °C (Tvaz), 30.35 °C (Tvawa) and 32.42 °C (Trawp), with an average ambient temperature
0f 23.44 °C, and the corresponding temperature rises above ambient were 8.91 °C, 9.20 °C,
6.70 °C, 6.91 °C and 8.98 °C as shown in Fig 35. At this C rate, the overall sensor to sensor
gradient was modest for both designs as shown in Table 14: in the PCM module the
difference between the hottest and coolest sensor was 3.55 °C, while in the non PCM module

it was 2.50 °C.
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charging at 1C (cycle 3) for PCM and non-PCM modules

Table 14: Sensor-to-sensor temperature gradients during CC-CV charging at 1C (cycle 3)
for PCM and non-PCM modules

Module Parameter Value (°C)
PCM Tmax, hot — Tmax, cool 3.55
PCM Toat2&3, max — Thatl, max (middle - edge) 3.21
PCM That2&3, max — Thatd, max (middle — edge) 3.55

No-PCM Trmax, hot — Tmax, cool 2.5
No-PCM That1, max — That3, max 2.21
No-PCM Toat2, max — That3, max 2.5
No-PCM Toarto. max — Toatta, max 2.07

The differences between the PCM and non-PCM modules became more noticeable at the
higher 1.5C rate. In the PCM module (Figs 34 and 36), the maximum temperatures during
the CC-CV charge of cycle 2 were 32.04 °C at Toat1, 34.71 °C at Toags and 31.46 °C at Toaw,
with a mean ambient temperature of 23.53 °C. The corresponding temperature rises above
ambient were 8.51 °C, 11.18 °C and 7.93 °C. In contrast, the non-PCM module (Fig 33),
reached significantly higher temperatures under the same electrical conditions: Toac1, Toar2,
Thas, Traa and Trausp peaked at 35.19 °C, 37.31 °C, 32.33 °C, 33.01 °C and 36.17 °C,

respectively, with a mean ambient of 23.52 °C. The resulting temperature rises above
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ambient were 11.67 °C at Toat1, 13.79 °C at Toaw2, 8.81 °C at Tras, 9.49 °C at Traua and 12.65
°C at Toawub (Fig 36), showing that the non-PCM module operated several degrees hotter than
the PCM module at this higher C-rate. The temperature differences were also larger in the
non-PCM case as shown in Table 15: for the PCM module, the difference between the hottest
and coolest sensor during CC-CV charging in cycle 2 was 3.25 °C, whereas in the non-PCM

module the corresponding overall gradient reached 4.98 °C.
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Figure 36: Maximum cell temperatures and temperatures rise above ambient during CC-CV
charging at 1.5C (cycle 2) for PCM and non-PCM modules

Table 15: Sensor-to-sensor temperature gradients during CC-CV charging at 1.5C (cycle 2)
for PCM and non-PCM modules

Module Parameter Value (°C)
PCM Tmax, hot = Tmax, cool 3.25
PCM Toat2&3, max — Thatl, max (middle — edge) 2.67
PCM Toa2&3, max — Thatd, max (middle — edge) 3.25

No-PCM Tmax, hot = Trmax, cool 4.98
No-PCM That1, max — That3, max 2.86
No-PCM That2, max — That3, max 4.98
No-PCM Toatab, max — Thata, max 3.16
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The temperature differences between sensors can be explained by the physical layout of the
two modules. In the PCM module, the middle sensor Thar&3 is located between the two inner
prismatic cells, so heat generated in both cells accumulates in this region before being
redistributed through the PCM layer. As a result, Trag3 remains about 3-3.5 °C warmer than
the edge sensors at both 1C and 1.5C, while the overall sensor-to-sensor temperature
differences are limited to roughly 3-3.5 °C. In the non-PCM module, by contrast, the higher
temperatures at Toat1, Toaz and Teaup compared to Tva and Toawua (Tvart and Tray Were 2.86
°C and 4.98 °C warmer than Tpas, respectively, while Tpaub was 3.16 °C warmer than Toaua
) are not related to a middle-edge effect, but to their proximity to busbars and screw
connections and to more shielded surfaces, where local ohmic/contact heating and reduced
natural convection caused few degrees increase in surface temperature. These
position-dependent effects become more pronounced at 1.5C, particularly in the non-PCM
module, where the absence of PCM allows such local hot spots to develop more strongly,
whereas in the PCM module the phase change material spreads heat more uniformly and

reduces the sensitivity of surface temperature to exact sensor location.

Overall, CC-CV charging and CC discharging tests explain that at 1C both modules operate
with similar peak temperatures and have small gradients, but at 1.5C the non PCM module
shows high temperature rises above ambient and larger cell to cell differences than the PCM
module. At 1C, the highest temperature observed in the PCM module was 33.49 °C
compared with 32.64 °C in the non PCM module, showing that the effect of PCM on higher
temperature is low at this C rate. At 1.5C, the PCM module reached a maximum temperature
of 34.71 °C, while the non PCM module reached 37.31 °C. The maximum temperature of
the PCM module therefore remained just below the PCM (RT35HC) melting point of
approximately 35 °C, so only limited latent-heat buffering was activated at this C-rate.
Hence, PCM reduces the maximum cell temperature by approximately 2.60 °C at higher C-
rates. Compared to ambient, the hottest PCM sensor rose about 11.20 °C above ambient,
whereas the hottest non PCM sensor rose about 13.80 °C, so the PCM layer reduced the
maximum temperature rise by roughly 2.50-3.00 °C while also limiting the temperature
gradients among the batteries to around 3 °C instead of nearly 5 °C. These observations
confirm that the PCM layer moderates hot spot formation and reduces temperature non
uniformity within the module under higher cycling rate, providing a clear advantage for

passive thermal management.
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4.3 Temperature response of 2S2P modules under NRTC duty cycle with PCM
Module

The thermal behavior of the PCM-equipped 2S2P module was further investigated under a
non-road transient cycle (NRTC) representative of realistic mobile machine operation. In
this test, the module was subjected to 20 consecutive NRTC discharge (2C, 56A)-CC-CV
charge (1.5C, 42A) cycles over a total duration of approximately 70 h, while current ,voltage,
three cell temperatures and two ambient temperatures were recorded continuously. One
stabilized cycle (cycle 3) is first analyzed in detail to characterize the electro-thermal
response within a single NRTC event, after which the evolution of peak temperatures and
temperature gradients over all 20 cycles is examined to assess the long-term performance of
the passive PCM-based thermal management. Due to BCS-915 cycler’s instrument errors
and the practical limitation on charging at no more than 1.5C especially for more demanding
current operation, even for single-module tests, NRTC cycling was carried out only on the
PCM module. This allowed us not to repeat these tests on the non-PCM module and limited
the possibility to compare the thermal and degradation performance under equal stress
conditions of both modules. The NRTC cycles were thus restricted to 20 and the

charging/discharging protocols were restricted to 1.5C and 2C respectively.

In the third experimental cycle, the 2S2P PCM module was subjected to one complete NRTC
discharge followed immediately by a CC-CV recharge and a short rest, giving a total third
cycle duration from 3 h 26 min. As shown in Fig 37, during the NRTC phase, the current
followed a highly transient profile between approximately 0 A and a peak of —54.88 A,
corresponding to a 2C discharge, while the module voltage decreased towards a minimum

of 6.54 V.
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Figure 37: Current and Voltage Profiles of PCM module at 2C NRTC discharge and 1.5C
CC-CV charge for 3" cycle
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Figure 38: Current and Temperature Profiles of PCM module at 2C NRTC discharge and
1.5C CC-CV charge for 3" cycle

The temperature response closely followed these electrical loads. As shown in Fig 38, at the
start of the NRTC discharge, the cell temperatures were already above ambient because of
prior cycling, with Toat1, Toa&3s and Tea measuring 28.60 °C, 32.38 °C and 28.16 °C,
respectively, compared with 23.42 °C and 22.64 °C at the two ambient sensors. During the
NRTC discharge, the temperature decreased because the average NRTC power (0.58C) was
less than the charging power (1.5C), and the highest temperatures of the cycle occurred
during the CV charging period, when continuous 1.5C charging produced sustained internal

heat generation. At this stage, the middle thermocouple Tras3, between the inner cells
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reached a maximum temperature of 33.53 °C, whereas the edge sensors Toha1 and Toau
reached 30.15 °C and 29.51 °C. The relative ambient temperature was 23.92 °C and
therefore, the maximum temperature rise above ambient in this cycle was 9.61 °C at the

middle and 6.23 °C and 5.59 °C at the two edges.

The temperature differences at the peak stages were small i.e., the middle sensor was only
3.38 °C hotter than Trat1 and 4.02 °C hotter than Trau, even though it was located between
the two inner cells where heat accumulation is expected. Ambient temperatures were

constant, with an average of 23.82 °C and varied roughly 1 °C over the cycle.

4.3.1 NRTC cycling (20 cycles) of PCM module

Over the full sequence of 20 NRTC cycles, the PCM module exhibited stable electro thermal
behavior, with no significant drift in peak temperature, temperature gradients or electrical
performance. The five representative cycles 1, 5, 10, 15 and 20 summarize this behavior
well. In these cycles, the NRTC discharge capacity remained essentially constant at about
27.27-27.28 Ah, while the subsequent CC-CV charge returned approximately 45.15-45.86
Ah. The minimum voltage during NRTC stayed in the narrow range 6.53-6.55 V and the
maximum voltage during CC-CV was 8.40 V as shown in Fig 39, indicating highly

repeatable electrical loading and recharging conditions across the test.
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Figure 39: Current and Voltage Profiles of PCM module at 2C NRTC discharge and 1.5C
CC-CV charge for 20 cycles
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Figure 40: Current and Temperature Profiles of PCM module at 2C NRTC discharge and
1.5C CC-CV charge for 20 cycles

The corresponding thermal data shows that the module temperatures stayed within a tight
band over all examined cycles. As shown in Figs 40 and 41, the maximum temperatures
recorded by the three cell thermocouples were 29.50-30.70 °C at Toat1, 32.60-33.80 °C at
Thargs and 28.80-29.90 °C at Trau, while the mean ambient temperature per cycle remained
near 23.20-24.10 °C. This peak temperature rises above ambient of approximately 6.20-7.00
°C at Toat1, 9.30-10.40 °C at Tpangs and 5.50-6.30 °C at Trau, with no systematic increase
from cycle 1 to cycle 20. The temperature gradients between the middle and edge sensors
were consistently small: Trangs was only about 3.10-3.30 °C hotter than Tpat1 in the early
and late cycles and at most 4 °C hotter than Tvawu, again without any upward trend over
cycling. Average temperatures over each cycle show stable passive thermal control. The
cycle average values for That1, Thar2&3 and Tova4 stayed close to 26.80-28.90 °C, 28.00-32.90
°C and 26.40-28.90 °C, respectively, while the ambient averages from the two sensors

remained around 23-24 °C throughout.
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Figure 41: Peak cell temperatures, temperature rise above ambient and in-plane gradients for
the selected NRTC cycles of the PCM module during CC-CV charging (cycles 1, 5, 10, 15
and 20)

Across all these cycles the middle thermocouple remains a few degrees warmer than the
edge sensors because it is located between the two inner prismatic cells, where heat
generated in adjacent cells accumulates before being conducted through the PCM layer and
outer surfaces, whereas the edge sensors are attached to cells with one side more directly

exposed to the environment.

Taken together, these results show that the PCM-equipped module limits the peak cell
temperature to below roughly 34 °C and maintains middle-edge differences of only about 3-
4 °C, even under repeated 2C NRTC discharge followed by 1.5C fast charging. The absence
of temperature accumulation or increasing gradients across 20 consecutive cycles indicates
that the PCM layer provides durable heat spreading and buffering capacity, enabling purely
passive thermal management to keep the module within a narrow and repeatable temperature
envelope over the full test. For context, the 1.5C constant-current / constant-voltage cycling
tests performed on the non-PCM module (Section 4.2) showed maximum cell temperatures
of about 37.30 °C and peak temperature rises of approximately 13.80 °C above ambient
under comparable C-rates, whereas in the NRTC test with PCM the hottest cell remained
below about 34 °C with a maximum rise of roughly 10.40 °C above ambient, despite the

additional transient 2C discharge loading. This indirect comparison indicates that the PCM
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layer not only limits temperature gradients within the module but also suppresses peak

temperatures by roughly 3 °C relative to a similar module without PCM when operated at

similar or less demanding C-rates.

4.4 Capacity and EIS metrics for the PCM module post-NRTC

4.4.1 Capacity test results post-NRTC

After completing 20 NRTC cycles, the discharge capacities of the four cells in the PCM
module are shown in Fig 42. Compared with their initial capacities reported in Fig 28 (14.85
Ah, 14.76 Ah, 15.00 Ah and 14.96 Ah, respectively), capacity losses are 0.9% to 2.5% per
cell, i.e. less than 3% over the 20 NRTC cycles. This minor capacity degradation in the PCM
module might be due to the cycler errors, but the cycling should be continued for several

hundreds of cycles to assess degradation more precisely.

1e 1485 1448 14,76 14,62 1> 14,71 1496 147
14
12
:%, 10
(@) 8
Z 6
®
o 4
S
o 2
5 0
‘é Channel 5 - Battery A Channel 6 - Battery B Channel 7 - Battery C Channel 8 - Battery D
2

Channel and Battery number

M Discharge Capacity before NRTC (Ah) M Discharge Capacity after NRTC (Ah)

Figure 42: Discharge capacities of experimental batteries after NRTC

4.4.2 GEIS test results post-NRTC

The GEIS measurements performed after the NRTC cycling do not show a consistent,
systematic shift of the Nyquist curves of the PCM module toward lower real impedance
compared with the initial measurements in Figs 30 and 31. At both 100% and 50% SOC in
Fig. 43 and Fig. 44, the HFR of individual cells changes only by a few milliohms, with cells
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A and C exhibiting slightly higher values after NRTC, while cells B and D show slightly
lower values. These small, non-uniform variations in both the high-frequency intercept and
the semicircle height are within the expected experimental scatter for impedance
measurements and therefore cannot be reliably interpreted as a change in ohmic or
charge-transfer resistance, consequently, no clear conclusion regarding activation or

degradation of the batteries can be drawn from these GEIS results alone.
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Figure 43: Nyquist plot of EIS before and after NRTC at 100% SOC (a) Channel 5 -
battery A (b) Channel 6 - battery B (c) Channel 7- battery C (d) Channel 8 - battery D
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The bar charts in Fig. 45 summarize the HFR values obtained for all four cells at 100% and
50% SOC. For batteries A and C, the interpolated HFR increases slightly after NRTC,
whereas for batteries B and D it decreases by a similarly small amount, so that all changes
remain within a few percent of the initial values. This bidirectional variation, together with
the nearly unchanged Nyquist shapes (no extra semicircles or extended low-frequency tails)
and the preserved capacity reported in the previous subsections, suggests that the observed
differences reflect normal measurement scatter rather than systematic activation or
degradation of the PCM-equipped module’s internal impedance under the applied NRTC
profile.
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5 Discussion

The results show that the benefit of PCM-based passive thermal management depends
strongly on the imposed C-rate and duty cycle. Under 1C CC-CV cycling, both PCM and
non-PCM 2S2P modules operated in a similar temperature range, with peak cell
temperatures around 33-34 °C and sensor-to-sensor gradients roughly below 3.5 °C. In this
C-rate, heat generation is modest and conventional conduction through cell casings and
busbars, together with natural convection to the surroundings, is sufficient to keep
temperatures and gradients within acceptable limits. Consequently, the PCM layer does not
significantly lower the absolute peak temperature at 1C, although it already contributes to

keeping gradients small.

At 1.5C CC-CV charging, the situation changes: the non-PCM module reaches peak
temperatures of about 37 °C with intra-module differences close to 5 °C, while the PCM
module remains below 35 °C with gradients around 3 °C. This indicates that, once heat
generation is high enough, the PCM’s latent heat and enhanced lateral conduction become
important in suppressing local hot spots. The NRTC tests reinforce this conclusion under a
more realistic non-road duty cycle. Despite the combination of 2C discharge and 1.5C
charge, the PCM module maintains peak temperatures below roughly 34 °C and stable
middle—edge differences of only 3-4 °C across 20 consecutive NRTC cycles, with no trend
of temperature accumulation or increasing gradients. The peak temperatures were recorded
during1,5C charging and the module was cooling during the 2C NRTC discharge with an
average discharge rate of 27.27 Ah which is below 1.5C.

As the battery temperature remain below the PCM melting point, it still contributes through
its sensible heat capacity. From Table 9, 0.45 kg of PCM adds about 5.04 Wh of sensible
thermal storage for a 20 K temperature rise, which increases the module’s total sensible
capacity by roughly 85 % compared with the cells alone and helps to damp short-term
temperature oscillations. There is need for more aggressive NRTC cycling to demonstrate

the effect of PCM more clearly.

The spatial distribution of temperatures can be understood from the module geometry. In the
PCM module, the middle thermocouple is placed between two inner prismatic cells, so it

naturally records the highest values as heat from adjacent cells accumulates before being
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redistributed through the PCM and outer surfaces. In the non-PCM module, higher
temperatures at sensors close to busbars and screw connections, and on more shielded faces,
reflect local ohmic/contact heating and weaker convection. PCM reduces the sensitivity of
cell temperatures to these local boundary conditions, which is particularly valuable in
practical pack designs where perfectly symmetric cooling is rarely achievable. The
comparison between the NRTC test with PCM and the 1.5C CC-CV test without PCM
suggests that PCM lowers peak temperatures by roughly 3 °C and reduces the maximum rise
above ambient by about 2.50-3.00 °C under comparable or more demanding C-rates, even
though a fully symmetric NRTC test for the non-PCM module could not be carried out due

to cycler limitations.
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6 Conclusion

This work has explained that the PCM battery module can provide effective passive thermal
management for non-road mobile machine applications. At moderate 1C cycling, the PCM
and non-PCM modules show similar peak temperatures and small temperature gradients,
indicating that PCM offers limited added value when heat generation is low and conventional
heat rejection paths are sufficient. However, at higher 1.5C charging and under a transient
NRTC duty cycle, the PCM module clearly limits hot-spot formation and reduces
temperature non-uniformity compared with the non-PCM reference, while keeping absolute
cell temperatures within a narrow and stable range. Further testing at higher C-rates would
be needed to evaluate the PCM’s performance under stressful operating conditions of

NRMMs.

The NRTC experiments, although performed only on the PCM module, show that peak cell
temperatures remain below 34 °C and the middle-edge differences are consistently limited
to 3-4 °C over 20 consecutive cycles. There is no proof of thermal accumulation or growth
of gradients is observed, suggesting that the PCM layer provides durable heat-spreading and
buffering capacity during repeated high-rate operation. These observations support the
suitability of PCM-based passive thermal management as a low-complexity solution for
non-road battery systems that frequently experience short, high-power events followed by

recharge periods.

A key limitation of the study is the incomplete symmetry of the PCM and non-PCM test
matrix. Hardware constraints in the cycler prevented NRTC testing of the non-PCM module
and restricted the number of NRTC loops, so the comparison between PCM-assisted NRTC
operation and non-PCM CC-CV operation is indirect. In addition, only one PCM
formulation, geometry and ambient condition were investigated, and the experiments

focused on short-term thermal behaviour rather than long-term ageing.

Future work should extend the NRTC investigations to longer time scales and both module
types. Performing NRTC cycling over 30 days or more for both PCM and non-PCM modules
would allow the joint study of degradation patterns and thermal behaviour under identical
transient loading. Such initiative could measure how the observed reduction in peak

temperature and temperature gradients translates into slower capacity fade and impedance
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growth. Further studies could also explore alternative PCM materials and configurations,
hybrid passive-active cooling concepts, and high-fidelity electro-thermal modelling to

support the design of full-scale battery packs for non-road mobile machines.
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Appendix 1. Datasheet of the LIB from Phylion

Bi19/25, 3:35 PM Lithiurm cell Li-lon 14Ah 366V PHYLION - mivwyENERGY.c2
DESCRIPTION ATTACHMENTS

Lithium cells for long-lasting performance

Powerful lithium cells thart deliver longasting performance for your projects. These lightweight and compact batteries offer excellant energy density and fass charging
with long life, With cur lithiurm cells, you'll be able to power your equipment with ease, and with confidence in their long-term reliability, Take on projects with the
confidence that power will always b2 on hand!

Technical specifications:
+ Rated caparity: 14 &h (1C/ +25°C)

Fated voltage: 3.65Y

Energy: 51 Wh

* Cperating voltage range: 275V - 4.2V

* Maximum charging voltage: 4.20V

Standard charging current: 144710

Marimum continuous discharge current: 42 A/ 30
Maximum discharge current: 70 A ¢ 5C (5 seconds)
self-discharge rate: < 3% / month

Internal resistance; < 3 mi}

Mumber of cycles / lifetime; = 1000

* Operating termperatwre § charging: 0°C - 45 °C

¢ Dperating temperature f discharging: -20 °C - 50 °C
+ Storage temperature:-30 °C - 45 °C

& PHYLION

Brand PHYLICH

Features
Chemical compositon LHon
Rated capacity (&h) 14
Energy (KWh) 51 Wh
fated woltage [v) 365
Clamp and tightening torgue N buolts
Dimensions {W = H= D) 66 % 133« 18 mm
Case made of Aluminium
Mozl Prizmatic

Package weight 032 kg



Appendix 2. Datasheet of Rubitherm RT35HC

Data sheet

RUBITHERM® RT is a pure PCM, this heat storage material utilising the processes
of phase change between solid and liquid (mefting and congealing) to store and
release large quantities of thermal energy at nearly constant temperature.

The RUBITHERM® phase change materials (PCM's) provide a very effective means
for storing heat and cold, even when limited velumes and low differences in
operating temperature are applicable.

.4 Properties for RT-line:

- high thermal energy storage capacity

- heat storage and release take place at relatively constant temperatures

8 - no supercooling effect, chemically inert

- long life product, with stable performance through the phase change cycles
- melting temperature range between -8 *C and 100 *C available

Buispiel / example: AT35HC Tellenthalple { Partial eathalpy distributin

Nubstharen Techeeingio Geb

= Imbcifumg B

D-13307 Baslis

. phea: s40 {204 7I0G632.0

E-Mafl: infod@rubitherm.com
Weh: www.rubither mcom

Thee product nfoemation given is 3 non-
bieding planning aid, selject to techncal
changes without notice.

Werninee [E022022

Teibertbal pie | Fatial e bl pey (k]
B

M o it 3 kayer-cokrh




Appendix 3. Calculations of thermal sizing

From the below diagram of the honeycomb spacer, the dimensions of the spacer are given

as133mm x 66mm x 20mm.




As the PCM is filled inside these hexagonal shapes and we have used five such spacers. To
determine the mass of the PCM, the total volume of the all the spacer cavities is calculated
first. From the diagram, we have Flat-to-flat length of hexagon as, £ =10.39mm which is

given by the equation: f = 2s
where, s is side length and is derived from the above equation as, s = f/2
s =10.39/2

s =5.195 mm

Area of one hexagon is given by Ay, = @ s?

Apex = 372 (5.195)2

Anex = 70.2 mm?
From above diagram, depth of each cell, d =20 mm
Therefore, Volume per hexagon cell, Veelinex) is given by: Veepynex) = Anex X d
=70.2 X 20
Veelihex) = 1404 mm?
Number of hexagon structures per each spacer is approximately 84, therefore:
Vipacer = 84 X 1404 = 1.18 X 10° mm?
We have used 5 spacers in the PCM module, Vi= Vgpacer X 5
=5x%1.18 X 10° mm’
Vi=5.9 X 10> mm?
Converting it into litres, we have 1 mm?= 10" L, therefore, Vi=0.59 L
From Eq. (5) mpcy = Vi X ppem
prem = 0.77 kg/L (Appendix 2) and Vi= 5.9 X 10° mm’
Therefore, mpcm = 0.59 X 0.77

mpcm = 0.45 kg i.e., PCM module was filled with 0.45 kg of PCM.



From Eq. (6), we have P; = nR;,,;I?
Substituting n =4, Rinn=3m Q=3 X 10> Q (Appendix 1) and I =28 A
we have: Pi=4 X 3 X 10> Q X (28)?
Pi=9.408 W
From Eq. (8), we have Q; = P; X At
Substituting Pi=9.408 Wand At ~ 1618 s:
Qi=9.408 x 1618
Qi =15222.1447J
Qi =4.22 Wh (since, IWh = 3600 J)
From Eq. (9), we have Qgens, ., = MMpatChatAT

Substituting mpat = 320 g = 0.32 kg (Appendix 1), AT = 20K (Assumption), cpac= 0.83 X
10° Jkg'K™! [Murashko et al., 2020], we have:

Q senspat=4 % 0.32x 0.83 X 10° X 20
Q sensbar=2.12 X 10*J
Q sens, bat = 5.9 Wh (since 1Wh = 3600 J)
From Eq. (11) and (12), we have Q;,.,, = Mpcm(cpemAT + finAHpcym)
Substituting cpem = 2 kJ kg 'K™'= 2000 J kg'K™! (Appendix 2)
AHpem = 240 kJ kg' = 240 x 10°J kg™ (Appendix 2)
fm = 1 (fully melted PCM)
Qcpem = 0.45 ((2000 X 20) + 1 (240 x 10%))
Q:rem= (18172 1) + (108 x 103 ])
Qsens,pem = 18172 J = 5.04 Wh
Qratpem = 108 X 10°J =30 Wh

Qtpcm = 35.04 Wh (1Wh =3600J)
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