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Study for development of a modular battery pack for use in off-highway vehicles at
sub zero temperature
Johan Gustafsson
Department of electrical engineering
Chalmers University of Technology

Abstract
In this paper, a study regarding the possibility of using modular battery pack in
OHVs at sub zero temperatures have been conducted. The paper looked into four
different cathode chemistries, NMC, NCA, LFP, and PBa, as well as three different
anode chemistries, graphite, TiO, and HC, and compared their traits once imple-
mented in a full electrochemical cell. The report have also looked into three different
cell form factor, cylindrical, prismatic, and pouch cells, and compared their cooling
possibility and packaging constrains.
In order to get a accurate representation of the requirements for the battery pack,
the paper looked into the specification of several electric and non-electric OHVs.
From the specification it was concluded that the battery pack needed to have a
147.6 to 295.1 Wh/L energy density, a cycle life of 812.5 to 2500 cycles, a continu-
ous and peak discharge rate of 0.4E to 1.3E and 0.6E to 1.67E respectively, as well
as a charge rate of 0.125E.
By assuming a 60% package efficiency for cylindrical cells, as well as a 65% package
efficiency for prismatic and pouch cells, thirteen out of twenty cells included in the
paper met the requirements for them to be used in OHVs at sub zero temperature.
Out of these thirteen cells, CATLs and Altris/Northvolts SIB cell using a PW cath-
ode and a HC anode were the most promising cells to use due to their predicated
lower cost of production per kWh compared to other cells.

Keywords: Study, Battery pack, Off-highway vehicle, Temperature, Lithium-ion,
Sodium-ion, Form factor, Energy density, Cycle life, .
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1
Introduction

With the dangers of climate change, CO2 emissions and the rise of EVs on the
global market [2], more and more research and development is being carried out on
renewable energy sources [3], batteries [4], and the chemical structure that makes
up the battery. One crucial area that gets quite a lot of attention is the automotive
sector where a significant portion of the global CO2 emission [5, 6, 7, 8, 9] comes
from. A small sub-sector of the automotive sector that needs to be paid attention
to is OHVs. These vehicles might not make up a large part of the vehicle market as
HVs, but are still an important part of the economy in many countries.
As these vehicles perform a more utilitarian role as compared to HV, purchase price
[10], operating cost, and efficiency becomes important factor when businesses and
individuals are looking to add to, or replace part of their already existing OHV fleet
in order to maximize profit. Therefore, for electrification to makes sense in this
sub-sector of vehicles, the price, and the overall cost to operate these vehicles is an
important factor to take into consideration.
With some of these models only selling in the hundreds, or thousands of units, a
tailor-made battery pack for each individual model could become cost inhibited [11]
as the cost to develop such a solution would not be recuperated during sales. A
economically and commercially viable option when designing OHV for low produc-
tion runs is to purchase an already finished battery system and design the vehicle
around it.

1.1 Background
Battery systems comes in many different configuration, with different energy capac-
ities, voltage levels, BMS, and cell chemistries to name a few, and with the broad
definition of OHV, a single rigid solution for all possible OHV would not work. As
such, a possible solution is a modular battery system where severally battery packs
that can be assembled together either in series and/or parallel to achieve the desir-
able energy capacity for the vehicle, as well as the desired voltage level for the drive
train.
With different cells containing different chemicals and material, they also come with
different unique features and limitations that can make them more or less desirable
to use in different vehicles and scenarios. Some of these features and limitations
are operating temperature, energy density, specific energy and capacity degradation
during use and storage to name a few. So choosing the correct cell chemistry is an
important factor when designing a OHV.
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1. Introduction

1.2 Purpose
Hence, this degree project will be a study looking into modular battery pack for
OHV for use in sub zero temperatures. The degree project will look in to the
advantages and disadvantages of using different cell chemistries in colder climates.
The advantages and disadvantages of using different cell form factors, and how they
in turn effect the energy density and specific energy of the cell, the capacity retention
and longevity of the cell, as well as the charge and discharge capability of the battery
pack.

1.3 Limitation
Due to time restrain for the degree project, some limitations will occur.

• The degree project will only study modular battery pack for the heavy ma-
chinery sub-sector of OHVs.

• The degree project will not go over the physical layout of the internals in the
battery pack nor will it go over the design of the physical battery pack.

• The degree project will not go over full cost calculations for the battery pack
and will there for use already similar existing products [88, 133] to decide how
large one battery pack should be in term of capacity.

• The degree project will only be conducted theoretically and is based on existing
literature and research. As such a battery pack will not the built and tested.

2



2
Theory

2.1 OHV
OHV is a category of vehicles that includes a diverse number of vehicle types [12, 13,
14] that are design to a complete a variant of tasks. This means that they require
different demands from their design and the components that make them up, and
as such, can therefore be split further into two subcategories, recreational off-road
vehicles and heavy machinery.

2.1.1 Recreational off-road vehicles
Recreational off-road vehicles is a subset of OHV that includes but are not limited
to, sand and dune buggies [14, 15], quad bikes or all terrain vehicle (ATV) [13],
dirt bikes, utility task vehicles (UTV), as well as homologated race vehicles. These
vehicles are for the most part smaller, light-weight, competition vehicles, and as such
put more emphasis on the weight and size of the drive train and energy storage, as
compared to the longevity of the components.

2.1.2 Heavy machinery
Heavy machinery is the other subset of OHV and includes agricultural, construction,
and forestry vehicles [12, 13]. This includes but are not limited to excavators [10, 14],
wheel loaders, dump trucks, asphalt pavers, bulldozers, compactors, cranes, forklifts,
snowcats, tractors, combine harvester, as well as drilling rigs. These vehicles are
usually slower, heavier, and larger than that of recreational off-road vehicles and
put more emphasis on the longevity, total energy, and reliability of their drive train
and energy storage, and less emphasis on weight and size due.

2.2 Batteries
Batteries is a form of electrochemical cell [16] that stores their energy in the form
of chemicals bonds and structures [17, 18]. In order to release this energy and
generate current the internal chemicals of the cells needs to under go an chemical
reaction. This chemical reaction can be achieved using different chemical structures
and compositions and will in turn give the cell certain properties compared to other
cell chemistries.

3



2. Theory

Figure 2.1: A general structure of a LIB and SIB cell

One of the most commonly used rechargeable batteries is ion batteries. Ion cells in
general consists of three main parts [17, 18]. These have an anode (negative elec-
trode) that stores electron and positive ions in its chemical structure when charged.
A cathode (positive electrode) that have a higher electrochemical potential towards
the electrons than that of the anode, and consequently provides the potential dif-
ference that allow the ions to flow from the anode to the cathode. The third part
is a electrolyte solution or material that provides a barrier to prevent electron from
traveling to, and from the anode and the cathode while still enabling the positive
ions to pass through. A fourth part included in the cell but does not contribute to
the reaction is a semi-permeable separator [19]. The separator provides a physical
barrier between the anode and the cathode and prevents them from touching, and
is there to ensure that the electrolyte barrier always exists between the anode and
the cathode.
In order for the chemical reaction in the cell to take place, a external circuit con-
sisting of conductive material will need to bridge the gap between the anode and
the cathode. When the cell is discharging the anode will release electrons (e-) and
positive ions (in the case for LIBs and SIBs these positive ions will be lithium-ions
(Li+) and sodium-ions (Na+) respectively). The free electrons will then be able to
traverse the conductive material over to the cathode due to the difference in elec-
trochemical potential each chemistry have with electron [17]. While the positive
ions will traverse the electrolyte and the separator from the anode to the cathode
in order to balance out the electrons that have traversed.
Due to the electrochemical potential being the factor for which cell discharge. By
providing a potential difference between the anode and the cathode in the correct
polarity, some cell chemistries allows for the reaction to take place in reverse and
thus enabling the battery to be recharged. This is provided that the anode, cath-
ode, or electrolyte did not become saturated or damaged during the discharge [17].
If the battery in question can not be recharged, the common name given to them
is primary battery [20], while rechargeable batteries are also known as secondary
batteries.
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2. Theory

2.2.1 Lithium-ion cathodes
The most commonly used cell for high capacity energy storage is lithium-ion cells,
with them accounting for more than 95% [21] of the global electrical vehicle market
by 2019, as well as more than 90% [22] of the United States of Americas grid energy
storage by 2021. This dominance can be attributed to their specific energy and
energy density compared to other cells [20, 23], as energy density and specific energy
is one of the largest weaknesses of cells for use in vehicle energy storage. This can
be see when comparing cells to traditional fossil fuels, with gasoline having a energy
density of 32 MJ/L [24] and specific energy of 43,5 MJ/kg, while diesel having a
energy density of 36,4 MJ/L and specific energy of 42,8 MJ/kg. This gives the
gasoline and diesel a ten time higher energy density, and a 40 time higher specific
energy than that of any cell chemistry currently available.

2.2.1.1 NMC

One of the most commonly used cell cathode in EVs is NMC (also know as NCM)
with a market share of 53% [21] as of 2019. The NMC cathode uses a lithium
nickel manganese cobalt oxide [25, 26] (LimNixMnyCozO2) material as a cathode
that enables the cell to store energy. A feature of the NMC cathode is by changing
the ratios [26, 27] of nickel (Nix), manganese (Mny), and cobalt (Coz) according
to 2.1, the cell can be further adapted for different use cases, as different ratios
enhances specific features of the cell.
The wide spread adoption of the NMC cell can be attributed to its high specific
capacity ranging from 160 mAh/g to 260 mAh/g [27, 28]depending on what ratios
of nickel, manganese and cobalt is being used as well as the potential of the battery,
but also due to its half-cell potential of 3.8 V vs. Li/Li+ [28], thermal stability
of 210°C [25, 29, 30] before thermal runaway occurs, and high cycle life [26] which
enable it to reliably perform its task if manage correctly [31].

x + y + z = 1[26] (2.1)

2.2.1.2 NCA

Another commonly used cell chemistry in EVs is that of NCA with it holding a
market share of roughly 43% [21] as of 2019 with Tesla Inc. being the largest user
of these cells in the EVs market. As for the chemical composition of the cathode, it
consist of a lithium nickel cobalt aluminum oxide [25, 26] (LimNixCoyAlzO2) material
as a cathode that enable the cell to store energy. A similar feature of NCA to that of
NMC is the potential to use different ratios [16], in this case of nickel (Nix), cobalt
(Coy), and aluminum (ALz) according to 2.1 to enhance different features of the cell
with Ni0.8Co0.15Al0.05 being the most common ratios in EVs.
With an similar specific capacity and half-cell potential to some NMC ratios of 180
mAh/g to 200 mAh/g [16, 26, 28] and 3.8 V vs. Li/Li+ [28] respectively, NCA
provides a good proposition for similar usage as that of NMC. A effect of replacing
manganese with aluminum is that of increase the lifespan of the battery [26, 32, 33],
but with a lower thermal runaway temperature of 150°C [25, 30, 34], the NCA

5



2. Theory

chemistry is less thermally stable and will achieve a higher peak temperature to
that of NMC if not properly managed.

2.2.1.3 LFP

A third lithium based cell chemistry that have promising properties for use in vehicle
energy storage is LFP. The cehmical composition of LFP consits of a lithium iron
phosphate oxide [25, 26] (LiFePO4) material for its cathode to enable the cell to
store energy.
LFP does not have the same wide spread adoption for use in EVs [21] currently as
NMC and NCA, this is due to its lower specific capacity ranging from 165 to 183
mAh/g [26, 28, 35], as well as lower half-cell potential of 3.45 V vs. Li/Li+ [28]
and as such can not reach the same level of energy density and specific energy once
implemented in a full cell as NMC and NCA [21, 23, 25]. The key property that
makes LFP appealing is its long cycle life [25], and high thermal stability [29, 30, 34]
compared to NMC and NCA, with a thermal runaway temperature being as high as
250°C [25]. This makes LFP a more appealing option to use as grid energy storage
and in none performance based applications [36, 37] where the lifespan of the battery
is a more important criteria than size and weight.

2.2.2 Sodium-ion cathodes
Due to the high prices[38], geopolitical tension [38], and low abundance of lithium
compared to sodium [38, 39], more research have been directed towards sodium-
ion cells as an alternative solution to energy storage. With sodium atoms having
a larger size and higher mass than that of lithium, sodium cells inherently comes
with a lower energy density and specific energy [23] that can be a problem for high
performance applications. But with a more abundant material as charge carrier, it
could come with a lower price tag compared to that of lithium-ion cells, and can
therefore be more suitable in grid storage [38], and low performance applications
where space and weight are not limitations.

2.2.2.1 PBa

The most promising sodium-ion cell cathode is that of PBa, with the introduction of
CATL [40] SIB in June of 2021, and Altris [41] and Northvolts [42] SIB in november
of 2023, that promised a similar specific energy to that of LFP at 160 Wh/kg
[23, 43, 44]. As for the chemical composition of PBa cathodes, it can vary due to
the fact that PBa does not referee to one single chemical structure, but a variety
of different chemical structures. PBas all centered around the chemical structure
A1Mn(M*m(CN)6) [45], where A represent a alkali metal and M and M* represent
a transition metal. In the case for CATL, Altris and Northvolt, a variation called
PW is being used and have a the chemical structure Na2Fe[Fe(CN)6] [44].
With a theoretical specific capacity of 169 to 171 mAh/g [44, 46, 47], and a half-cell
potential of ∼3.15 V vs. Na/Na+ [48, 49] for PW, as well as PBa providing a good
cycle life and with a similar energy release during thermal runaway to that of NMC
[50], the PBa cathode makes a case for it self as a replacement for LFP. However, as
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2. Theory

PBas contains cyanide (CN), the potential of thermal runaway comes with inherent
risk of releasing CN [51, 52] in to its surrounding if the form of hydrogen cyanide
(HCN) and cyanogen ((CN)2) if not sufficient safety precautions is taken.

2.2.3 Anodes
The choice of anode in a cell is just as an important choice, as that of cathode as it is
the ability of the anode to bind and store positive ions and electrons in its structure
that allows the cell to store energy. This topic have however not gotten the same
attention as the development of cathodes due to the dominance of graphite anodes
in LIBs.

2.2.3.1 Graphite

As previously stated, the most common anode being used in LIB is that of graphite,
with it holding a 98% market share in LIB as of 2020 [28, 53], and started with the
introduction of the first commercial LIB by Sony in 1991 [54]. This is down to the
high specific capacity of ∼370 mAh/g and low potential of 0.15 V vs. Li/Li+ [28].
Thus when combined with either a NMC, NCA, or LPF cathode, the full cell can
achieve a high potential, as well as high energy density and specific energy.
As ion batteries work by intercalation, the positive ion gets stored in between the
graphite layers. This unfortunately causes the graphite to expand and contract
with charging and discharging [53], and causes the graphite to develop cracks which
degrades the battery over time.

2.2.3.2 Hard carbon

Due to problem with intercalating sodium-ion into graphite anodes [39, 53], other
material had to be used as anodes to make SIBs a viable battery type. It were not
until year 2000 when Stevens and Dahn [55] successfully developed a SIB using a
HC (or charcoal) anode with a high capacity close to that of graphite that enabled
SIBs to be further develop [39] to compete with LIBs. With HC also being made
of carbon, it also exhibits some of the same trait that graphite have, such as high
specific capacity of 350 mAh/g, and a similar low potential vs. Na/Na+ [55, 56].
With HC being a term used to describe the internal structure and the behavior of the
material, it is not one single material, but a a range of various carbon based material
that have undergone carbonization with the help of pyrolysis at ∼1000°C [57]. HC
is also a more porous [39] material than that of graphite, and as such volumetric
changes does not appear to be a problem, even with the larger sodium-ions that can
degrade the battery, only starting to appear with even larger potassium-ions [56].

2.2.3.3 TiO2

Another anode material that is used in LIBs and have the potential to be used
in SIBs is that of TiO2 [53, 58, 59]. Though not being as conductive and energy
dense as that of graphite and HC with a capacity of ∼175 mAh/g, and a high
potential of 1.5 V vs. Li/Li+ [28] limits the energy density of a full cell using a
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2. Theory

TiO2 anode. The reason TiO2 have gain attention is due to its higher cycle life
than that of cells that uses an graphite anode [58], with Takami [60] showing the
possibility to achieve 10000 full cycles before reaching 80% of the original capacity.
A contributing factor to this is the almost none existing volumetric changes during
charged or discharged cycles that graphite experience [53], the lack of lithium plating
on during high current charging, as well as the high thermal stability.

2.3 Cell form factor
Cells comes in three different form factor, these are the cylindrical cell, the pris-
matic cell and the pouch cell. With each form factor providing different packed
requirements, cooling possibilities, price points and sizes.

2.3.1 Cylindrical cells
The first form factor is the cylindrical cell being first used for LIBs by Sony in 1992
[61, 62]. The cylindrical cell uses a ridged outer casing in the shape of a cylinder,
with the anode and cathode being wound around a central core [63]. With a simple
and standardized shape for manufacturing [62, 64], the most commonly used being
either 18 mm and 65 mm (18650) in diameter and length respectively or 21 mm
and 70 mm (21700) in diameter and length respectively. The cylindrical cells is the
cheapest way of making cells with a high energy density and high specific energy
due to "...the high volume nature of the manufacturing process" [64]. But due to
their small physical size, in order to achieve larger capacities using cylindrical cells,
the BMS needs to monitor a larger amount of cells [61] and consequently requiring
more computational power.

Figure 2.2: Polymer Lithium Ion Battery - 18650 Cell (2600mAh). [65], CC BY
2.0

With the symmetrical design of a cylinder in a radial direction, the cylindrical cell
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2. Theory

provides good mechanical strength from internal pressures, [62, 66] from both gas
build up [67], and volumetric changes in the anode as mentioned in chapter 2.2.3.3.
By the inherent shape of being a cylinder comes packaging constraint [62, 64], as
only ∼90,69% of the area is covered when placed in a hexagonal pattern (not taking
in to account the edges of the rows). These voids in between the cells could be both
an advantage [62, 66] and a disadvantage [64], depending on what type of cooling
system is being used to cool the battery pack.

2.3.2 Prismatic cells
The second form factor is the prismatic cell, and were introduced in the early 1990
[66]. The prismatic cell consists of a ridged outer casing [61, 68] in the shape of
a rectangular prism, with the anode and cathode wounded around a central core
[61, 62, 63, 68], same as with the cylindrical cell, that is then flattened and placed in
side the hard casing. This form a production causes the anode and cathode mate-
rial to be under large mechanical stress in the bends and causes "...problem for the
electrode coating or electrolyte distribution" [62], as well as increasing the internal
pressure that the outer casing needs to support. An alternative way to produce a
prismatic cell is to stack the anode and cathode material in an alternating pattern
before being placed inside the case [61, 68]. With prismatic cell reaching larger sizes
[69] as to that of cylindrical cells, and being thicker, the thermal management dif-
ficulty increases [62] as the temperature different between the core and the surface
of the prismatic cell is larger, consequently the BMS need to be more complex in
order to monitor the cells temperature.

Figure 2.3: Lithium Energy Japan LEV50 Rechargeable Li-ion cell in Tokyo Motor
Show 2011. [70], CC BY-SA 3.0

Due to the inherent shape of a rectangular prism, prismatic cells have large flat
sides, this allows the prismatic cells to be efficiently stacked and placed inside a
battery pack. With straight lines and large flat areas exposed in between the cells,
the cooling possibility of prismatic cells are great and allows for better cooling
solutions on the surface of the cell [61] to that of cylindrical cells. But as compared
to cylindrical cell, prismatic cells with its large, flat, unsupported area on its outer
casing does not have the inherent mechanical strength to withstand the internal
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pressure, and are as such susceptible to swelling and buckling [66] from gas build
up [67], and volumetric changes in the anode during charge and discharge. Another
consideration of prismatic cells is that unlike the cylindrical cell with standard sizes
[64, 66, 71], there exist no standardised dimension for a prismatic cell. So each
manufacture of prismatic cells have their own dimensions for their cells, and potential
changes in supplier would come with the risk of needing to redesign parts of the
battery pack.

2.3.3 Pouch cells
The third cell form factor being used is the pouch cell with it being introduced in
1995 [66]. The pouch cell, unlike the cylindrical cell and the prismatic cell, does not
use a ridged outer casing [62, 68], instead opting for a flexible outer film [61, 66].
This enable the the pouch cell to reach higher energy density and specific capacity
than that of cylindrical and prismatic cells [64], but does instead require more ex-
ternal support [61, 66] from the battery pack and negates some of the benefit of the
higher energy density and specific capacity.

Figure 2.4: Lithium Ion Battery - 2Ah. [72], CC BY 2.0

The production method use for pouch cells is by stacking anode and cathode ma-
terial in an alternating pattern [28, 64], the same as mentioned in the production
of prismatic cells. Another similarity between prismatic cell and pouch cells is the
lack of standard sizes and as with the prismatic cell [64, 66], with each manufacture
have their own dimensions for their cells, and as such comes with the same risk of
needing to redesign parts of the battery pack in the case of changing supplier.
Without a outer casing surrounding the cell, pouch cells can be placed closer to one
and other, this enables efficient stacking [66] inside a battery pack and enables it
to reach higher energy density and specific capacities [64]. As well as with a large
flat area enables for good thermal regulation and management [64]. As with the
prismatic cell, pouch cell have flat unsupported area and with no ridged outer cas-
ing, the pouch cell will experience significant swelling and deflation [64, 66], due to
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gas build up [67] and anode expansion and contraction during charge and discharge
cycles as mention in chapter 2.2.3.3.
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3
Battery pack demands

The battery pack for heavy machinery have some specific requirements that need to
be meet. This is to ensure that battery pack will be able to withstand the forces and
size constrains of the vehicle. Theses include the energy density and specific energy
of the battery pack in order to fit in the vehicle. The longevity of the battery pack,
and its ability to withstand stresses and last the life of the vehicle. The safety of
operating the vehicle, The power the battery pack needs to provide the vehicle in
order for it to complete its task. The temperature the vehicle will operate in. The
downtime the vehicle have in between tasks to be able to the charged. And lastly,
the voltage the drive train and other components will operate at.

3.1 Energy density & specific energy
The energy density needed for the battery pack can be determined by use cases
where diesel motors and fuel tank can be replaced by electric drive trains and battery
packs, one such scenarios is in forklifts. The chosen forklift to calculate the energy
density needed in the battery pack is the Linde H45D [73, 74] due to information
access. The Linde H45D uses a 55 kW diesel motor and have a 50 L fuel tank.
This correspond to a volume of 343,2 L [75] for the engine, excluding the gearbox,
and 50 L for the fuel tank. A similarly powerful electric motor, including inverter,
excluding the gearbox [76, 77, 78] have a volume of 34 L. This gives the forklift a
remaining volume of ∼359,2 L (3.1) that can be used for the battery pack.

343, 2L + 50L − 34L = 359, 2L (3.1)

When in use, the Linde H45D roughly uses 50-100 L of diesel per week [74] which
corresponds to 10-20 L of diesel per day. As mentioned in chapter 2.2.1, diesel fuel
have a energy density of 36,4 MJ/L [24], and with on-road heavy duty diesel engine
achieving a brake thermal efficiency between 42% [79] to 46% [80], while the best
diesel engines achieves 53.09% [81] as of April 2024. Assuming in this case a brake
thermal efficiency of 46%, this equates to 46,5 kWh to 93 kWh (3.2) of energy being
used to perform useful work.

10 ↔ 20L ∗ 36.4MJ/L ∗ 0.46 = 167.4 ↔ 334.9MJ = 46.5 ↔ 93kWh (3.2)

As there also exist thermal efficiency factors for both the battery pack during charge
and discharge, as well as for the electric motor, the energy figure needed in the vehicle
will be higher. For the electric motor the thermal efficiency is ≥90% [82, 83, 84],
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while for the cell, the discharge thermal efficiency is 97,5% for for LFP/C cell when
discharge at a C-rate of 1C [85, 86, 87].

46.5 ↔ 93kWh

0.9 ∗ 0.975 = 53 ↔ 106kWh (3.3)

53 ↔ 106kWh

359.2L
= 147.6 ↔ 295.1Wh/L (3.4)

This equates to a required battery pack size of between 53 kWh and 106 kWh (3.3)
in order for the forklift to be able to operate for one day without needing to charge,
and is in line what Kalmar [88] uses for their forklift when equiped with a lead-
acid battery required to operate for eight hours. When divided with the remaining
volume of 359.2 L in the forklift, a energy density of 147.6 Wh/L to 295.1 Wh/L
(3.4) is than the required of the battery pack.
As for the specific energy of the battery pack. A limit will not be set as most OHVs
are heavy to ensure that the center of gravity does not shifting significantly as load
is add or removed. As such the difference in specific energy between the cells would
in this case have minimal to no effect on the overall weight of the vehicle.

3.2 Longevity
As for how long the vehicle should last and consequently how long the battery pack
should last is a delicate subject. But as every heavy machinery is used, wear and
tear will be an inevitability that can not be avoided. As such, a realistic target need
to be meet.
According to dealers and service provider [89, 90, 91], heavy machinery will last
about 6500 to 20000 hours depending on the vehicle in question. If assuming that
the battery pack is adequate for one days of work, or 8 hours of use if in use
continuously. The battery pack will need to support 812,5 to 2500 (3.5) EFCs in
order for the battery pack to last the lifetime of the vehicle.

6500 ↔ 20000h

8h
= 812, 5 ↔ 2500 (3.5)

3.3 Safety
With the use of battery pack as energy storage, their exist a few hazards that need
to be addressed [92, 93, 94]. This includes, vibrational and external damage to the
battery pack, short circuit between the anode and the cathode, toxic and flammable
gases and liquids being released from the cells, and in worst case scenario thermal
runaway and fire. The most prevalent of these categories is vibrational and external
damage due to the environment these vehicles operate in, as well as the possibility
for this kind of damage to lead to other forms of damage if something is shaken loose
or penetrates the battery pack. This can in turn lead to short circuit, electrolyte
leakage, fire, explosions and thermal runaway if not addressed in the design stage
of the battery pack.
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Another major hazard which is crucial that it is taken care of during design stage
is adequate cooling of the battery pack, as it is possible for cells to enter thermal
runaway [29, 34, 30, 94] by just heat alone due to the small inefficiencies during
charging and discharging mention in chapter 3.1.

3.4 Power demand
The power demand for a heavy machinery can vary significantly depending on what
task the vehicles is subject to complete. As such a single battery module can not
provide ample power for each and all vehicles to complete its work, and power de-
mand will therefore be subject the number of battery modules each vehicle uses.
The power demand each battery pack needs to withstand can therefore be described
using E-rate [87] (Power draw/Rated energy capacity), which is subject to the num-
ber of battery modules in each vehicle. By looking at the example given in chapter
3.1, as well as existing electric heavy machinery, the E-rating spans a range between
0.4E to 1.3E for continuous use [95, 96, 97, 98, 99, 100], and 0.6E to 1.67E for peak
power usage [95, 98, 99]. As such the battery pack should be able to handle at least
a E-rating of 1.67E without compromising the longevity and safety of the battery
pack.

3.5 Temperature
As mentioned in the chapter 1.2. The vehicle in question should be able to operate
at sub zero temperature without any disturbance to the task at hand, this of course
also extends to the temperature of the battery pack modules, and the cells. The
low temperature of the cells introduces a problem to the operation of the battery
pack as a whole, as operating the cells at a suboptimal temperature accelerates the
degradation [31, 101] of the cells. In order to protect the cells from operating at
suboptimal temperature and damaging the cells, the cells would either need to be
heated before any current can flow to or from them, or to be kept at an increased
temperature for the life of the vehicle. Another option is to choose cells chemistries
that have a decreased accelerated degradation due to operating at a suboptimal
temperature.
Another issue with operating cells at a low temperature is decreased capacity [102]
for some types of cells chemistries, consequently a variation in capacity will in turn
change the C-rate of the battery and the associated degradation of the battery
due to the increased C-rate, this will therefore need to be taken into consideration
regarding the choice of cell chemistry.

3.6 Charging
Another aspect of operating a electric OHV that a business is dependent on to
function is the downtime due to charging. As such, a certain amount of time each
day need to be allocated towards this task. This time is not only dependent on the
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amount of work a particular vehicle performs during operation, but also the level of
current the battery can receive without damaging the cells.
As for the case in Sweden, the usual amount of time a person will work for, and be
able to operate a vehicle is eight hours per day, this is also confirmed by M.Åkesson
[103] to be the usual amount of time his excavator operates during peak season. This
is of course not always the case as businesses and corporations can employ shifts
and therefore increase the time the vehicle is in operation, as well as decreasing
the amount of time can be allocated to charging. This scenario though be fixed by
designing the battery pack in the vehicle to be able to be swapped out for another
battery pack that is ready to be used. Due to the inconvenience of having multiple
battery packs charging and taking up space. If possible to avoid, the charging
time should therefore be capped to a level that is equal or lower to the maximum
operating time for the battery pack. This is to ensure that with a two battery pack
setup, the limiting factor in operation is not the charge time of energy in battery
pack.
As determined in previously in chapter 3.1, a smaller forklift will consume 53 kWh
to 106 kWh during 8 hours of operation. By the same equations used in chapter 3.1,
a Liebherr 914 compact, with a 250 liter tank [104], consuming seven liter of diesel
fuel per hour [103] during operation will consume 296.8 kWh in the same amount of
time. But with a 5 times larger fuel tank, the Liebherr is probably expected to have
5 times as many battery pack modules, and therefore bring down the equivalent
energy consumption per number of battery pack modules to 59.4 kWh, which is on
par with previously calculated values.
Therefore, by assuming the maximum charge time to be eight hours, and energy
consumption of 106 kWh. The charging power for the amount of battery modules
in a small forklift should therefore be 13.3 kW or 0.125E (3.6).

106kWh

8h
= 13.3kW (3.6)

1 Battery pack

8h
= 0.125E (3.7)

3.7 Voltage
A fundamental part of the battery pack and the vehicle as a whole is the voltage
level the vehicle and battery pack will operate at. As the current is the main
contributing factor to losses in a electrical system, increasing the voltage of battery
pack would therefore decrease the losses in the system, and make the system as a
whole more efficient and cheaper to operate. Another positive effect from increasing
the voltage is the possibility to charge and discharge at higher power, and in turn
reduces charging time and increase the longevity of the battery pack.
Though with a higher voltage level comes two concerns that needs to be addressed.
The first is that of isolation [105], as with a higher voltage comes a increased risk of
arcing occurring as a result of improper isolation. This would therefore increase the
cost of components [105] and the overall cost of construction the vehicle. Some of
this cost would though be recuperated as a lower current will also allow for the use
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of thinner wires. This however is a path of diminishing return as the limiting factor
for how thin a wire can be shifts from the current going through it, to the external
stresses on the connections and wire itself it needs to endure.
A second concern is that of voltage drop in the battery pack due to increased internal
resistance. With higher voltage being achieved by connecting several cells in series,
the internal resistance of the battery pack would therefore increase at the same rate
as the voltage. This would lead to a larger voltage drop between the open circuit
voltage and the load voltage, and as a result the components would furthermore
need to have a larger operating window.
These concern are fortunately minuscule in comparison to the upside of using a
higher voltage, as such a battery pack with a nominal voltage of at least 800V
would therefore be a suitable solution in this situation.
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Comparison

As laid out previously in chapter 3, the cell chosen for the battery pack will need to
adhere to a couple of demands. As such, twenty cells (table 4.1) have been chosen
to represent a variety of configuration of cathodes, anodes, and form factors to be
compared, and to get a overview over the potential configurations that could work
for a battery pack to be used in a OHV at sub zero temperatures.

Table 4.1: Cell models and their configuration being compared

Manufacturer Model Cathode Anode Form factor
LG INR18650HG2 [106] NMC Graphite Cylindrical

Samsung INR18650-30Q [107] NMC Graphite Cylindrical
Samsung INR21700-53G [108] NMC Graphite Cylindrical
Samsung SDI 94Ah [109, 110] NMC Graphite Prismatic

LG LGX E78 [111] NMC Graphite Pouch
Leclanche GL60 [112] NMC Graphite Pouch
Panasonic NCR18650GA [113, 114] NCA Graphite Cylindrical
Panasonic NCA103450 [115] NCA Graphite Prismatic
Panasonic UPF359191Z [116] NCA Graphite Pouch
Samsung IFR18650-11Q [117, 118] LFP Graphite Cylindrical

BYD FC4680P [119] LFP Graphite Cylindrical
CATL CB260 [120, 121] LFP Graphite Prismatic
BYD Blade [122] LFP Graphite Prismatic

EEMB LP7568130F [123] LFP Graphite Pouch
CTS CTS-S86117169 [124] LFP Graphite Pouch

YinLong YLE-LTO-66160 [125] - TiO2 Cylindrical
Toshiba 20Ah SCiB [126, 127] - TiO2 Prismatic

Leclanche LT34 [128] - TiO2 Pouch
CATL - [40] PBa HC -

Altris Energy optimized sodium-ion
battery cell gen1 [129] PBa HC Pouch

4.1 Energy density & specific energy
The first aspect to look at is the energy density and specific energy of different cells
depending on the choice of cathode, anode and form factor. The most energy dense
cell is that of NMC cathode with a graphite anode in a cylindrical form factor with
a energy density of 766 Wh/L (appendix A.2). This is followed by NCA/graphite in
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a cylindrical form factor with a energy density of 676 Wh/L, while the least energy
dense cell is the lithium TiO2 cells as to be expected with a energy density ranging
from 116 Wh/L to 187 Wh/L.
But a more important factor to consider is the energy density of the battery pack as
a whole instead of the individual cells. A study by Löbberding et al. [130] showed
that the package efficiency for CTM and MTP for cylindrical cells were 36.2% and
83.4% on average respectively. While for prismatic and pouch cells the package
efficiency for CTM and MTP were 73.2% and 47.7% on average respectively. This
gives the cylindrical form factor a combined CTMTP efficiency of 30.2%, while the
prismatic and pouch form factor achieved a combined efficiency of 34.9% on average.
But by ditching the CTMTP design altogether, another study [131] showed that by
adapting a CTMTP design to a CTP design in a Volkswagen ID.3, the package
efficiency could be increased by 25% from 41% to 51.3%. So by adopting a CTP
design from the beginning, BYD [132] claims to achieve a 50% increase in package
efficiency by using their blade cell in a CTP configuration, Torqeedo [133] achieved
a ≥60% package efficiency, and CATL [134] achieved a 72% package efficiency us-
ing their CTP 3.0 Qilin battery design with prismatic cells, which they claim is 9
percentage points higher than using cylindrical cell at 63%.

Figure 4.1: Overview of battery packs indicating two constructions with (a) cylin-
drical and (b) prismatic cells. [135], CC BY-NC-ND 4.0

As such, by assuming a 60% package efficiency for cylindrical cell, and a 65% pack-
age efficiency for prismatic cells as well as pouch cells is achievable, the minimum
required energy density for the cells would therefore be 246 Wh/L and 227.1 Wh/L
respectively by the requirement set out in chapter 3.1. Out of the twenty cells being
compared, sixteen have a high enough energy density. It should be noted that the
energy density values for the cells are assuming that the battery operates at a tem-
perature of 20°C to 25°C, and as such will decrease if the cell temperature deviants
from this temperature. Out of the five cells with insufficient energy density on their
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own, two are LFP/graphite cells, as well as all three of the cells using TiO2 as the
anode.

4.2 C-rate
The second aspect to look at for the cells is the rate the cells can be charged and
discharged at. In chapter 3.4 & 3.6 the minimum charging capability of 0.125E,
and minimum discharging capability of 1.3E for continuous use, and 1.67E for peak
use was determined. Assuming that the motor voltage is the same as battery pack
voltage, 1E in this case describes the same amount of current as 1C does. As such
the minimum charging current, continuous discharging current and peak discharge
current is 0.125C, 1.3C and 1.67C respectively.
For the minimum charging current, all of the twenty cells (appendix A.3) are capable
of receiving substantial higher current, and as such this is not a determining factor
when choosing a cells to use for the battery pack. The same can not be said about
the discharging current as two LFP/graphite cells can not achieve a continuous dis-
charging current higher than 1C without potential damage or rapid aging occurring
to the cell. As for the PBa/HC cells, a conclusive result can not be derived as no
data from the manufactures is able to be found. Although a study [136] done on PBa
with an unknown anode (PBa/-) show that 4C during continuous usage is possible
to achieve with out rapid aging occurring, as well as a peak of 20C for short periods
of time.

4.3 Temperature
A third aspect to look at is the range of temperatures the different cells can operate
at, as well as the capacity retention when the cells are not at a optimal temperature.
The first notable common characteristic between the different cells (appendix A.4)
is that of minimum charging temperature, as all but cells using TiO2 as the anode,
or PBa as the cathode are recommended to not be charged at a temperature lower
than 0°C. This would in turn require the cells to be have a higher temperature than
the ambient temperature before charge can be accepted.
Another common characteristic between the cells is the minimum discharging tem-
perature of -20°C, where in this case the cells using TiO2 as the anode is the only
outlier as it is able to operate at further reduced temperatures. However discharg-
ing at these reduced temperature will incur rapid aging and degradation for NM-
C/graphite [31, 32], NCA/graphite [32] and LFP/graphite [101] cells. As such, in
both the discharging and charging scenario, the cells would need to have a higher
temperature than the surrounding ambient temperature to not damage the cells.
A byproduct of operating the cells at a higher temperature is that of capacity re-
tention, with NMC/graphite [106, 107, 109] cells losing 15% to 40% at -10°C (figure
4.2), NCA/graphite [113, 115] cells losing 12% to 27% at -10°C (figure 4.3), LFP/-
graphite [117, 120, 123] cells losing 25% to 40% at -10°C (figure 4.4), -/TiO2 [125]
cells losing 30% at -20°C (figure 4.5), and PBa/HC [40, 137] cells losing ≤ 10% and
21% at -20°C and -25°C respectively (figure 4.6), which is in line what studies has
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shown [102]. As such, not operating the battery at increased temperatures would
therefore affect both the effective energy density (chapter 4.1) of the battery, as well
as the C-rate (chapter 4.2) of the battery significantly. Thus there is a risk that this
could tip the battery for being sufficient to insufficient for the task at hand to be
performed.
This increased temperature can either be achieved by heating the cells before each
use and letting it cool down in between. This would introduce extra operational
expense for the operator, either by needing to use energy from the grid to heat the
cells, or by using energy from the battery and reducing the both the energy being
able to be used for productive work, as well as the life time of the cells for needing
to operate at reduced temperatures. It would also introduce unwanted delay and
hindrance to the operation of the vehicle as during heating, none or limited amount
of productive work can be done, this drawback can be mitigated substantially if the
vehicle have known operating hours.
The higher temperature can also be achieved by constantly keeping the cells at a
elevated temperature. This would reduce the operating cost of the vehicle, but by
keeping the cells at elevated temperature constantly, research has shown that NMC/-
graphite [33, 138], NCA/graphite [33], LFP/graphite [33, 139] and Na3V2(PO4)2F3/HC
[140] will all experience faster aging and degradation, as such the cells might not be
able last the life time of the vehicle.

Figure 4.2: Claimed discharge capacity by the manufacturer and fitted curve for
NMC/graphite at different temperature.
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Figure 4.3: Claimed discharge capacity by the manufacturer and fitted curve for
NCA/graphite at different temperature.

Figure 4.4: Claimed discharge capacity by the manufacturer and fitted curve for
LFP/graphite at different temperature.
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Figure 4.5: Claimed discharge capacity by the manufacturer and fitted curve for
-/TiO2 at different temperature.

Figure 4.6: Claimed discharge capacity by the manufacturer and fitted curve for
PBa/HC at different temperature.

4.4 Longevity
The fourth aspect to look at when comparing different cells is that of longevity in
term of cycle life and calendar life (storage degradation). Here different cells have
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drastically different expected cycle life (appendix A.5), with NMC/graphite cells
losing up to 40% in its capacity in just 250 cycle when tested by Samsung, while
-/TiO2 can reach 10 000 cycle with less than 20% capacity reduction when tested
by YinLong. It is important to take into consideration the C-rate, DOD, and tem-
perature during which these test were carried out at as different amount of C-rate
[31, 101], DOD [31, 101, 141, 142], and temperature [31, 32, 101, 140, 143] can dras-
tically change the expected cycle life, as well as it might not be representative of
the real world, and what the cells is expected to handle. The effect C-rating has on
the cycle life of the cells can be most clearly seen i table 4.2 when comparing LG
INR18650HG2 cell, Samsung INR18650-30Q cell, and INR21700-53G cell, as well
as comparing Samsung IFR18650-11Q cell, and CATL CB260 cell, as different dis-
charging rate changes the amount of cycle the cell performed as well as the capacity
retention at the end of the cycles.

Table 4.2: Claimed energy density and cycle life of different cells assuming certain
charge, discharge and temperature criteria.

Energy
density

Cycle
life

Charging
current

Discharing
current

Capacity
retention

Test
temperature

LG INR18650HG2
(NMC/graphite, Cylindrical) [106] 616 Wh/L 300 4 A (1.33C) 10 A (3.33C) ≥ 70% -

Samsung INR18650-30Q
(NMC/graphite, Cylindrical) [107] 624 Wh/L 250 1.5 A (0.5C) 15 A (5C) ≥ 60% 25°C

Samsung INR21700-53G
(NMC/graphite, Cylindrical) [108] 766 Wh/L 1000 1.75 A (0.33C) 5.3 A (1C) ≥ 80% -

Samsung SDI 94Ah
(NMC/graphite, Prismatic) [109, 110] 355 Wh/L ≥ 3200 47 A (0.5C) 94 A (1C) 80% 25°C

Panasonic NCR18650GA
(NCA/graphite, Cylindrical) [113, 114] 676 Wh/L 500 1.65 A (0.5C) 6 A (1.8C) 63% 25°C

Panasonic NCA103450
(NCA/graphite, Prismatic) [115] 460 Wh/L 500 1.645 A (0.7C) 6.462 A (2.75C) 83% 25°C

Samsung IFR18650-11Q
(LFP/graphite, Cylindrical) [117, 118] 203 Wh/L 1000 1.5 A (1.3C) 10 A (9.1C) ≥ 75% 25±5°C

CATL CB260 cell
(LFP/graphite, Prismatic) [120, 121] 345 Wh/L ≥ 3500 150 A (1C) 150 A (1C) 80% 25°C

Another notable correlation seen in table 4.2 is that of energy density and cycle life,
with Samsung SDI 94Ah cell able to achieve three times as many cycle compared to
Samsung INR21700-53G cell with similar testing conditions and capacity retention.
As well as Panasonic NCA103450 cell able to endure the same amount of cycles as
Panasonic NCR18650GA cell while using a higher C-rating and retaining a higher
capacity. However, as showing in studies [31, 101, 141, 142], reducing the DOD
could increase the number of cycles the cells can endure. As such, both Samsung
INR21700-53G cell and Panasonic NCR18650GA cell could therefore increase the
number of cycles and capacity retention if DOD is limited, and they are capped to
similar levels of energy density to that of Samsung SDI 94Ah cell and Panasonic
NCA103450 cell.
In the case for calendar life, it will also have a impact on the longevity of the cells,
as heavy machinery, if not used in shifts, will be idle for most of its existence.
As such, calendar aging has to be taken into consideration. In chapter 4.3, the
effect temperature have on calendar aging have been discussed and that higher tem-
perature will increase the rate at which calendar aging occur. The same research
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[33, 138, 139, 140] also shows that SOC also have a impact on the rate at which
cells degrade in storage, with higher SOC degrading faster. NMC/graphite, NCA/-
graphite and LFP/graphite all show similar degradation pattern for SOC when kept
at a constant temperature of +20°C, with the exception of LFP/graphite at 0%
SOC which shows close to zero degradation in storage.
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Result

5.1 Requirements
When comparing between the different cells, three criteria seems to have the largest
impact on the feasibility of using the cells when constructing a battery pack for
heavy machinery. They being, energy density (chapter 4.1), maximum continuous
discharge current (chapter 4.2), and cycle life (chapter 4.4). Out of the twenty cells
(table 4.1) being compared, all of the NMC/graphite cells, NCA/graphite cells and
PBa/HC cells, as well as two of the LFP/graphite cells have enough energy density,
and maximum continuous discharge current to satisfy the requirements in chapter
4.1 & 4.2. As for the longevity of the cells, both LFP/graphite (table 4.2), and
PBa/HC [136] can effortless clear the upper limit of 2500 EFC set out in chapter
3.2. As for NMC/graphite and NCA/graphite, by limiting the DOD [141, 142] just
enough in order to satisfy the energy density, these cells could in theory accomplish
the upper limit of 2500 EFC. As such, the cells that meet all the requirements and
are able to be used in the battery pack is.

• LG INR18650HG2 (NMC/graphite, Cylindrical) [106]
• Samsung INR18650-30Q (NMC/graphite, Cylindrical) [107]
• Samsung INR21700-53G (NMC/graphite, Cylindrical) [108]
• Samsung SDI 94Ah (NMC/graphite, Prismatic) [109, 110]
• LG Chem LGX E78 (NMC/graphite, Pouch) [111]
• Leclanche GL60 (NMC/graphite, Pouch) [112]
• Panasonic NCR18650GA (NCA/graphite, Cylindrical) [113, 114]
• Panasonic NCA103450 (NCA/graphite, Prismatic) [115]
• Panasonic UPF359191Z (NCA/graphite, Pouch) [116]
• BYD FC4680P (LFP/graphite, Cylindrical) [119]
• EEMB LP7568130F (LFP/graphite, Pouch) [123]
• CATL SIB (PBa/HC, -) [40]
• Altris gen1 SIB (PBa/HC, Pouch) [129]

5.2 Price & Availability
With the battery pack being a product meant for the open market, reducing the
price of constructing and material cost is a key aspect. As such, with thirteen cells
meeting the requirements of the battery pack, choosing the cheapest is the obvious
choice. Out of the four cathode and anode paring that meet the requirements,
PBa/HC is expected to be the cheapest [2, 144, 145] with it expecting to cost 20%
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5. Result

[146] to 30% [2] less than LFP/graphite cells as of 2025, with NMC/graphite being
an additional 32% [144] more expensive than LFP/graphite, and NCA/graphite
being marginally cheaper [147] than NMC/graphite.
Therefore the choice of cell to use in the battery pack is either CATLs SIB cell [40],
or Altris gen1 SIB cell [129], but due to the lack of data on the form factor and
specification for the Catl SIB, this degree project will as such assume that the cell of
choice is the Altris gen1 SIB. However, it should be noted that as of late 2023, the
average price for a battery pack in China is 11% lower than that of in Europe [144].
In turn the CATL SIB cell would therefore in theory be the cheaper option when
constructing a battery pack. It should also be noted that at the time of writing this
degree project, neither CATL or Altris have yet to released their PBa/HC cells on
the open market, with Altris set to release their cell in the fourth quarter of 2024
[129]. As such, pricing is unknown and may change in relation to LFP/graphite
cells, as well as each other cells.

5.3 Layout
With a nominal voltage of 3.0 V, that is in accordance with chapter 2.2.2.1 and
2.2.3.2. As well as a total energy of 353 Wh [129], the Altris gen1 SIB cell have a
standard discharge capacity of 117.6 Ah.
With these two parameters set, a ∼80 kWh battery pack as set out in chapter 1.3 can
be conceived. As such, by placing 250 cells in series and one in parallel (250s-1p), a
87.7 kWh, 750 V, and 117 Ah battery pack can be designed.

5.4 Temperature
Deciding on what temperature to keep the cells and pack at is a crucial decision as
that will affect the cycle life, the C-rate and energy density. With a C-rate of 4C
for continuous usage, and 20C for peak usage achieved in [136] being significantly
higher than the 1.3C and 1.67C set out in chapter 3.4, this is not a limiting factor
for the determination of operating temperature. As for the energy density of the
battery pack, allowing for a lower temperature of -20°C will be an issue in the long
run as the battery pack starts to degrade. With a lower limit for the energy density
of 227.1 Wh/L set out in chapter 4.1 for pouch cells, which is 78.3% of the battery
packs BOL capacity, operating at -20°C will not work, as a degradation of only 2.2%
to the capacity will as such bring the capacity below the lower limit. As such the
main factor to the determine the operational temperature of the cells and battery
pack is cycle life and degradation. As shown in [136] and [137], with a discharge
rate of 4C, a capacity retention of 85.7% and 79.3% can be achieved respectively
from 1500 EFC and 3000 EFC, as well as 86% capacity retention from 1000 EFC at
-25°C. With this level of degradation, it is clear that in order for the battery pack
to remain above the lower limit for energy densityset out in 3.2, the battery pack
must operate at its optimal temperature, in this case, 15°C to 40°C [129].
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6
Conclusion & discussion

This report have looked into the possibility of using battery packs to power OHVs
in sub zero temperatures. It is shown that NMC/graphite, NCA/graphite, LFP/-
graphite, and PBa/HC all have enough energy density, longevity, and C-rate to be
used in a battery pack for OHV in sub zero temperature, as such, the main factor
determining the best cell to use in the battery pack is price. Out of the four different
cathode and anode combination, PBa/HC is shown to be the cheapest, as such is
the cell of choice. With this, a 87.7 kW, 750 V, and 117Ah battery pack could be
designed using a 250s-1p CTP layout.
In the choice of only including only four cathodes and three anodes in this degree
project, some potential alternative might have been over looked. In the case of left
out cathode, layered oxide [148], polyanionic, and organic cathodes for SIB might
have promising traits that could make them functional, but where left out due to
lower theoretical specific capacity or worse capacity retention during cycles then that
of PBa. Further more, LMO and LCO cathodes for LIB were not taken into consid-
eration due to lack of representation in current EVs. As for in the case of anodes,
lithium metal anode were left out due to lack of commercialisation. As such, further
study could look into the feasibility of using these chemistries for OHVs operating
at sub zero temperatures.
One area not covered at all in this degree project is the electrolyte and the impact
it has on the cells attributes. As such, this is an area of further studies.

27



Bibliography

[1] Volvo CE, "Volvo CE lanserar EC230 Electric i Europa", Jun. 1, 2023, [Pho-
tograph]. Available: https://www.volvoce.com/sverige/sv-se/about-us/
news/2023/volvo-ce-launches-mid-size-ec230-electric-in-europe/
(accessed on: 2024-05-14)

[2] "Global EV Outlook 2023: Catching up with climate ambitions", International
Energy Agency, Paris, France, 2023, [Online]. Available: https://iea.blob.
core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/
GEVO2023.pdf (accessed on: 2024-02-16).

[3] J. Jurasz, F.A. Canales, A. Kies, M. Guezgouz, & A. Beluco. "A review on the
complementarity of renewable energy sources: Concept, metrics, application
and future research directions", Solar energy, vol. 195, pp. 703-724, Jan. 2020,
doi: 10.1016/j.solener.2019.11.087

[4] O. Sapunkov, V. Pande, A. Khetan, C. Choomwattana, & V. Viswanathan,
"Quantifying the promise of ‘beyond’ Li–ion batteries", Translational Materials
Research, vol. 2, iss. 4, Nov. 2015, doi: 10.1088/2053-1613/2/4/045002

[5] United States Environmental Protection Agency, "Global Greenhouse Gas
Emnoions Data", Feb. 7, 2024, [Online]. Available: https://www.epa.gov/
ghgemissions/global-greenhouse-gas-overview (accessed on: 2024-02-16)

[6] H. Ritchie, P. Rosado, & M. Roser, "Breakdown of carbon dioxide, methane
and nitrous oxide emissions by sector", Our World in Data, Jan. 2024, [On-
line]. Available: https://ourworldindata.org/ghg-emissions-by-sector
(accessed on: 2024-02-16)

[7] H. Ritchie, "Cars, planes, trains: where do CO2 emissions from transport
come from?", Our World in Data, Oct. 6, 2020, [Online]. Available: https://
ourworldindata.org/co2-emissions-from-transport (accessed on: 2024-
02-16).

[8] I. Tiseo, "Breakdown of CO2 emnoions in the transportation sec-
tor worldwide 2022, by sub sector", Statista, Jul. 11, 2023, [On-
line]. Available: https://www.statista.com/statistics/1185535/
transport-carbon-dioxide-emnoions-breakdown/ (accessed on: 2024-
02-16).

[9] M. Thornton, M. Ratcliff, & K. Kelly, "Off-Road Vehicle Decarbonization
and Energy Systems Integration: R&D Gaps and Opportunities", National
Renewable Energy Laboratory, Denver, Colorado, United States of America,
NREL/MP-5400-83525, [Online]. Available: https://www.nrel.gov/docs/
fy22osti/83525.pdf (accessed on:2024-05-29).

28

https://www.volvoce.com/sverige/sv-se/about-us/news/2023/volvo-ce-launches-mid-size-ec230-electric-in-europe/
https://www.volvoce.com/sverige/sv-se/about-us/news/2023/volvo-ce-launches-mid-size-ec230-electric-in-europe/
https://iea.blob.core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf
https://iea.blob.core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf
https://iea.blob.core.windows.net/assets/dacf14d2-eabc-498a-8263-9f97fd5dc327/GEVO2023.pdf
https://www.epa.gov/ghgemissions/global-greenhouse-gas-overview
https://www.epa.gov/ghgemissions/global-greenhouse-gas-overview
https://ourworldindata.org/ghg-emissions-by-sector
https://ourworldindata.org/co2-emissions-from-transport
https://ourworldindata.org/co2-emissions-from-transport
https://www.statista.com/statistics/1185535/transport-carbon-dioxide-emnoions-breakdown/
https://www.statista.com/statistics/1185535/transport-carbon-dioxide-emnoions-breakdown/
https://www.nrel.gov/docs/fy22osti/83525.pdf
https://www.nrel.gov/docs/fy22osti/83525.pdf


Bibliography

[10] N. Kaitwade, "Off-highway Electric Vehicle Market", Future Market Insights,
Mar. 2023, [Online]. Available: https://www.futuremarketinsights.com/
reports/off-highway-electric-vehicle-market (accessed on:2024-02-16).

[11] A. Beck, "WHY ARE LITHIUM BATTERIES SO EXPEN-
SIVE TO MANUFACTURE?", Epec Engineered Technologies LLC.,
Aug. 2023, [Online]. Available: https://blog.epectec.com/
why-are-lithium-batteries-so-expensive-to-manufacture (accessed
on: 2024-02-16).

[12] F. Nishanth, G. Bohach, M.M. Nahin, J. Van de Ven, & E.L. Severson. "De-
velopment of an Integrated Electro-Hydraulic Machine to Electrify Off-highway
Vehicles", IEEE Transactions on Industry Applications, vol. 58, iss. 5, pp. 6163-
6174, Jan. 2022, doi: 10.1109/TIA.2022.3189609

[13] Collins. "Definition of ’off-highway vehicle’", [Online]. Available: https://www.
collinsdictionary.com/dictionary/english/off-highway-vehicle (ac-
cessed on: 2024-02-21).

[14] TWI Ltd., "What is an Off Highway Vehicle?", [Online]. Avail-
able: https://www.twi-global.com/technical-knowledge/faqs/
what-is-an-off-highway-vehicle (accessed on: 2024-02-21).

[15] Consumer Federation of America, "Types of Off-Highway Vehicles", [On-
line]. Available: https://consumerfed.org/off-highway-vehicle-safety/
types-of-off-highway-vehicles/ (accessed on: 2024-02-21).

[16] P. Singh, V. Dudeja, & A.K. Panwar, "Electrochemical performance of NCA
based cathodes for variable thickness of electrode through modelling and sim-
ulation", Materials Today: Proceedings. vol. 62, part. 6, pp. 3742-3748, 2022,
doi: 10.1016/j.matpr.2022.04.446

[17] Australian Academy of Science "How a battery works", [Online]. Available:
https://www.science.org.au/curious/technology-future/batteries
(accessed on: 2024-02-21).

[18] M. Bates. "How does a battery work?", MIT School of Engineering, [On-
line]. Available: https://engineering.mit.edu/engage/ask-an-engineer/
how-does-a-battery-work/ (accessed on: 2024-02-21).

[19] P. Arora, & Z. Zhang. "Battery Separators", Chemical Reviews, vol 104, iss. 10,
pp. 4419–4462, Oct. 2004, doi: 10.1021/cr020738u

[20] M. Morris and S. Tosunoglu, "COMPARISON OF RECHARGEABLE
BATTERY TECHNOLOGIES", in 2012 ASME Early Career Techni-
cal Conference, Atlanta, Georgia, United States of America, 2012, pp.
148-155, Nov. 2012. [Online]. Available: https://www.researchgate.
net/profile/Melissa-Morris/publication/281931837_COMPARISON_OF_
RECHARGEABLE_BATTERY_TECHNOLOGIES/links/58b8eadaaca27261e51ce75c/
COMPARISON-OF-RECHARGEABLE-BATTERY-TECHNOLOGIES.pdf (accessed on:
2024-01-29).

[21] J. Jürgens, "THIS IS WHY NCM IS THE PREFERABLE CATH-
ODE MATERIAL FOR LI-ION BATTERIES", LG Energy So-
lutions, [Online]. Available: https://lghomebatteryblog.eu/en/
this-is-why-ncm-is-the-preferable-cathode-material-for-li-ion-batteries/
(accessed on: 2024-01-30).

29

https://www.futuremarketinsights.com/reports/off-highway-electric-vehicle-market
https://www.futuremarketinsights.com/reports/off-highway-electric-vehicle-market
https://blog.epectec.com/why-are-lithium-batteries-so-expensive-to-manufacture
https://blog.epectec.com/why-are-lithium-batteries-so-expensive-to-manufacture
https://www.collinsdictionary.com/dictionary/english/off-highway-vehicle
https://www.collinsdictionary.com/dictionary/english/off-highway-vehicle
https://www.twi-global.com/technical-knowledge/faqs/what-is-an-off-highway-vehicle
https://www.twi-global.com/technical-knowledge/faqs/what-is-an-off-highway-vehicle
https://consumerfed.org/off-highway-vehicle-safety/types-of-off-highway-vehicles/
https://consumerfed.org/off-highway-vehicle-safety/types-of-off-highway-vehicles/
https://www.science.org.au/curious/technology-future/batteries
https://engineering.mit.edu/engage/ask-an-engineer/how-does-a-battery-work/
https://engineering.mit.edu/engage/ask-an-engineer/how-does-a-battery-work/
https://www.researchgate.net/profile/Melissa-Morris/publication/281931837_COMPARISON_OF_RECHARGEABLE_BATTERY_TECHNOLOGIES/links/58b8eadaaca27261e51ce75c/COMPARISON-OF-RECHARGEABLE-BATTERY-TECHNOLOGIES.pdf
https://www.researchgate.net/profile/Melissa-Morris/publication/281931837_COMPARISON_OF_RECHARGEABLE_BATTERY_TECHNOLOGIES/links/58b8eadaaca27261e51ce75c/COMPARISON-OF-RECHARGEABLE-BATTERY-TECHNOLOGIES.pdf
https://www.researchgate.net/profile/Melissa-Morris/publication/281931837_COMPARISON_OF_RECHARGEABLE_BATTERY_TECHNOLOGIES/links/58b8eadaaca27261e51ce75c/COMPARISON-OF-RECHARGEABLE-BATTERY-TECHNOLOGIES.pdf
https://www.researchgate.net/profile/Melissa-Morris/publication/281931837_COMPARISON_OF_RECHARGEABLE_BATTERY_TECHNOLOGIES/links/58b8eadaaca27261e51ce75c/COMPARISON-OF-RECHARGEABLE-BATTERY-TECHNOLOGIES.pdf
https://lghomebatteryblog.eu/en/this-is-why-ncm-is-the-preferable-cathode-material-for-li-ion-batteries/
https://lghomebatteryblog.eu/en/this-is-why-ncm-is-the-preferable-cathode-material-for-li-ion-batteries/


Bibliography

[22] "Battery Storage in the United States: An Update on Market Trends",
U.S. Energy Information Administration, Washington, D.C., United States
of America, 2021, [Online]. Available: https://www.eia.gov/analysis/
studies/electricity/batterystorage/pdf/battery_storage_2021.pdf
(accessed on: 2024-02-29).

[23] K. M. Abraham, "How Comparable Are Sodium-Ion Batteries to Lithium-Ion
Counterparts?", ACS Energy Letters, vol. 5, iss. 11, pp. 3544–3547, Oct. 2020,
doi: 10.1021/acsenergylett.0c02181

[24] "Energy in natural processes and human consumption - some numbers",
2005. [Online]. Available: http://www.ocean.washington.edu/courses/
envir215/energynumbers.pdf (accessed on: 2024-02-27).

[25] Battery University, "BU-205: Types of Lithium-ion", [On-
line]. Available: https://batteryuniversity.com/article/
bu-205-types-of-lithium-ion (accessed on: 2024-01-30).

[26] M.-K. Tran, A. DaCosta, A. Mevawalla, S. Panchal, & M. Fowler, "Comparative
Study of Equivalent Circuit Models Performance in Four Common Lithium-Ion
Batteries: LFP, NMC, LMO, NCA", Batteries, vol. 7, iss. 3, art. 51, Sep. 2021,
doi: 10.3390/batteries7030051

[27] L. Ma, M. Nie, J. Xia, & J.R. Dahn. "A systematic study on the reactivity
of different grades of charged Li[Nix MnyCoz]O2 with electrolyte at elevated
temperatures using accelerating rate calorimetry", Journal of Power Sources,
vol. 327, pp. 145-150, Sep. 2016, doi: 10.1016/j.jpowsour.2016.07.039

[28] Y. Miao, P. Hynan, A. von Jouanne, & A. Yokochi, "Current Li-Ion Battery
Technologies in Electric Vehicles and Opportunities for Advancements", Ener-
gies, vol. 12, iss. 6, art. 1074, Mar. 2019, doi: 10.3390/en12061074

[29] A. W. Golubkov et al., "Thermal-runaway experiments on consumer Li-ion
batteries with metal-oxide and olivin-type cathodes", RSC Adv., vol. 4, iss. 7,
pp. 3633-3642, Nov. 2014, doi: 10.1039/C3RA45748F

[30] M. Brand el al., "Electrical safety of commercial Li-ion cells based on NMC and
NCA technology compared to LFP technology", World Electric Vehicle Journal,
vol. 6, iss. 3, pp. 572-580, Sep. 2013, doi: 10.3390/wevj6030572

[31] A. Maheshwari, M. Heck, & M. Santarelli, "Cycle aging studies of lithium
nickel manganese cobalt oxide-based batteries using electrochemical impedance
spectroscopy", Electrochimica Acta, vol. 273, pp. 335-348, May. 2018, doi:
10.1016/j.electacta.2018.04.045

[32] R. Wittman et al., "Characterization of Cycle-Aged Commercial NMC and
NCA Lithium-ion Cells: I. Temperature-Dependent Degradation", Journal of
The Electrochemical Society, vol. 170, iss. 12, Dec. 2023, doi: 10.1149/1945-
7111/ad1450

[33] P. Kiel et al., "Calendar Aging of Lithium-Ion Batteries", Journal of The Elec-
trochemical Society, vol. 163, iss. 9, Jul. 2016, doi: 10.1149/2.0411609jes

[34] A. W. Golubkov et al., "Thermal runaway of commercial 18650 Li-ion batteries
with LFP and NCA cathodes – impact of state of charge and overcharge", RSC
Adv., vol. 5, iss. 70, pp. 57171-57186, Jun. 2015, doi: 10.1039/c5ra05897j

[35] L. Qiu et al., "Enhanced electrochemical properties of LiFePO4 (LFP) cathode
using the carboxymethyl cellulose lithium (CMC-Li) as novel binder in lithium-

30

https://www.eia.gov/analysis/studies/electricity/batterystorage/pdf/battery_storage_2021.pdf
https://www.eia.gov/analysis/studies/electricity/batterystorage/pdf/battery_storage_2021.pdf
http://www.ocean.washington.edu/courses/envir215/energynumbers.pdf
http://www.ocean.washington.edu/courses/envir215/energynumbers.pdf
https://batteryuniversity.com/article/bu-205-types-of-lithium-ion
https://batteryuniversity.com/article/bu-205-types-of-lithium-ion


Bibliography

ion battery", Carbohydrate Polymers, vol 111, pp. 588-591, October 2014, doi:
10.1016/j.carbpol.2014.05.027

[36] A. Home, "Column: Tesla’s reluctant commitment to cobalt a warning to
others", Reuters, Jun. 2020, [Online]. Available: https://www.reuters.com/
article/us-tesla-cobalt-ahome-idUSKBN23U20Q/ (accessed on: 2024-04-
18).

[37] R. M. Salgado et al., "The Latest Trends in Electric Vehicles Batteries",
Molecules, vol. 26, iss. 11, art. 3188, May. 2021, doi: 10.3390/molecules26113188

[38] H. S. Hirsh et al, "Sodium-Ion Batteries Paving the Way for Grid Energy Stor-
age", Advanced Energy Materials, vol. 10, iss. 32, art. 2001274, Aug. 2020, doi:
10.1002/aenm.202001274

[39] K. Chayambuka, G. Mulder, D. L. Danilov, & P. H. L. Notten, "Sodium-Ion
Battery Materials and Electrochemical Properties Reviewed", Advanced Energy
Materials, vol. 8, iss. 16, art. 1800079, Jun. 2018, doi: 10.1002/aenm.201800079

[40] CATL, "The First-generation Sodium-ion Battery Launch Event" Jul. 2021,
[Online]. Available: https://www.catl.com/en/news/685.html (accessed on:
2024-04-01).

[41] Altris, "Altris reaches new milestone with 160 Wh/kg battery
cell", Nov. 2023, [Online]. Available: https://www.altris.se/news/
altris-reaches-new-milestone-with-160-wh-kg-battery-cell (accessed
on: 2024-02-06).

[42] Northvolt, "Northvolt develops state-of-the-art sodium-ion battery validated
at 160 Wh/kg", Nov. 2023, [Online]. Available: https://northvolt.com/
articles/northvolt-sodium-ion/ (accessed on: 2024-02-06).

[43] Shenzhen O’CELL Technology Co. Ltd., "18650 1800mAh
Deep Cycle Cylindrical Lifepo4 Lithium Phosphate Cell 18650
1.8Ah 3.2v", [Online]. Available: https://www.ocelltech.com/
sale-34457843-18650-1800mah-deep-cycle-cylindrical-lifepo4-lithium-phosphate-cell-18650-1-8ah-3-2v.
html (accessed on: 2024-02-06).

[44] S. Gourang Patnaik, I. Escher, G. A. Ferrero, & P. Adelhelm, "Electrochem-
ical Study of Prussian White Cathodes with Glymes – Pathway to Graphite-
Based Sodium-Ion Battery Full Cells", Batteries & Supercaps, vol. 5, iss. 7, art.
e202200043, Mar. 2022, doi: 10.1002/batt.202200043

[45] M. B. Zakaria, & T. Chikyow, "Recent advances in Prussian blue and Prussian
blue analogues: synthesis and thermal treatments", Coordination Chemistry
Reviews, vol. 352, pp. 328-345, Dec. 2017, doi: 10.1016/j.ccr.2017.09.014

[46] z. Niu, "Research Progress on Cathode Materials for sodium-ion batteries",
HSET, vol. 83, pp. 293-298, Feb. 2024, doi: 10.54097/9y8kjb55

[47] TECHtricity, "Prussian White for Sodium Ion Batteries: A boost in capacity
similar to LFP.", Sep. 2021, [Online]. Available: https://techtricity.
substack.com/p/prussian-white-for-sodium-ion-batteries (accessed
on: 2024-04-04).

[48] L. Wang et al., "Rhombohedral Prussian White as Cathode for Rechargeable
Sodium-Ion Batteries", Journal of the American Chemical Society, vol. 137, iss.
7, pp. 2548-2554, Jan. 2015, doi: 10.1021/ja510347s

31

https://www.reuters.com/article/us-tesla-cobalt-ahome-idUSKBN23U20Q/
https://www.reuters.com/article/us-tesla-cobalt-ahome-idUSKBN23U20Q/
https://www.catl.com/en/news/685.html
https://www.altris.se/news/altris-reaches-new-milestone-with-160-wh-kg-battery-cell
https://www.altris.se/news/altris-reaches-new-milestone-with-160-wh-kg-battery-cell
https://northvolt.com/articles/northvolt-sodium-ion/
https://northvolt.com/articles/northvolt-sodium-ion/
https://www.ocelltech.com/sale-34457843-18650-1800mah-deep-cycle-cylindrical-lifepo4-lithium-phosphate-cell-18650-1-8ah-3-2v.html
https://www.ocelltech.com/sale-34457843-18650-1800mah-deep-cycle-cylindrical-lifepo4-lithium-phosphate-cell-18650-1-8ah-3-2v.html
https://www.ocelltech.com/sale-34457843-18650-1800mah-deep-cycle-cylindrical-lifepo4-lithium-phosphate-cell-18650-1-8ah-3-2v.html
https://techtricity.substack.com/p/prussian-white-for-sodium-ion-batteries
https://techtricity.substack.com/p/prussian-white-for-sodium-ion-batteries


Bibliography

[49] F. M. Maddar et al., "Understanding dehydration of Prussian white: from
material to aqueous processed composite electrodes for sodium-ion battery ap-
plication", Journal of Materials Chemistry A, vol. 11, iss. , pp. 15778-15791,
Aug. 2023, doi: 10.1039/d3ta02570e

[50] M. J. Lacey, "Are Prussian Blue analogue (PBA)-based Na-ion batter-
ies safe?", Jun. 2022, [Online]. Available: https://lacey.se/2022/06/26/
prussian-blue-analogue-safety (accessed on: 2024-02-06).

[51] D. O. Ojwang, L. Häggström, T. Ericsson, J. Ångström, & W. R. Brant, "Influ-
ence of sodium content on the thermal behavior of low vacancy Prussian white
cathode material", Dalton Trans., vol. 49, iss. 11, pp. 3570-3579, Feb. 2020, doi:
10.1039/d0dt00014k

[52] Z. Li et al., "Revealing the Thermal Safety of Prussian Blue Cathode for
Safer Nonaqueous Batteries", Advanced Energy Materials, vol. 11, iss. 42, art.
2101764, Nov. 2021, doi: 10.1002/aenm.202101764

[53] H. Zhang, Y. Yang, D. Ren, L. Wang and X. He, "Graphite as anode materi-
als: Fundamental mechanism, recent progress and advances", Energy Storage
Materials, vol. 36, pp. 147-170, Apr. 2021, doi: 10.1016/j.ensm.2020.12.027

[54] B. Scrosati, "History of lithium batteries", Journal of Solid State Electrochem-
istry, vol. 15, pp. 1623-1630, May. 2011, doi: 10.1007/s10008-011-1386-8

[55] D. A. Stevens and J. R. Dahn, "High Capacity Anode Materials for Recharge-
able Sodium-Ion Batteries", Journal of The Electrochemical Society, vol. 147,
iss. 4, art. 1271, Apr. 2000, doi: 10.1149/1.1393348

[56] S. K. Saju et al., "Hard carbon anode for lithium-, sodium-, and potassium-ion
batteries: Advancement and future perspective", Cell Reports Physical Science,
vol. 5, iss. 3, art. 101851, Mar. 2024, doi: 10.1016/j.xcrp.2024.101851

[57] Tycorun, "HARD CARBON ANODE - DEFINITION, COMPARATIVE AD-
VANTAGES AND DEVELOPMENT", Feb. 2023, [Online]. Available: https:
//www.tycorun.com/blogs/news/hard-carbon-anode (accessed on: 2024-02-
09).

[58] H. Zhang et al, "Li4Ti5O12 spinel anode: Fundamentals and advances in
rechargeable batteries", InfoMat, vol. 4, iss. 4, art. e12228, Aug. 2021, doi:
10.1002/inf2.12228

[59] D. Wu et al., "NaTiO2: a layered anode material for sodium-ion bat-
teries", Energy Environ. Sci., vol. 8, iss. 1, pp. 195-202, Oct. 2015, doi:
10.1039/C4EE03045A

[60] N. Takami et al, "High-power and long-life lithium-ion batteries using
lithium titanium oxide anode for automotive and stationary power appli-
cations", Journal of Power Sources, vol. 244, pp. 469-475, Dec. 2013, doi:
10.1016/j.jpowsour.2012.11.055

[61] C. Lee, "Comparison Between Three Types of Lithium Ion Bat-
tery Cell - Cylindrical Cell, Prismatic Cell, Pouch Cell", LinkedIn,
Jun. 2023, [Online]. Available: https://www.linkedin.com/pulse/
comparison-between-three-types-lithium-ion-battery-cell-cliff-lee/
(accessed on: 2024-02-15).

[62] E. Maiser, "Battery packaging - Technology review", AIP Conference Proceed-
ings, vol. 1597, iss. 1, pp. 204-218, Jun. 2014, doi: 10.1063/1.4878489

32

https://lacey.se/2022/06/26/prussian-blue-analogue-safety
https://lacey.se/2022/06/26/prussian-blue-analogue-safety
https://www.tycorun.com/blogs/news/hard-carbon-anode
https://www.tycorun.com/blogs/news/hard-carbon-anode
https://www.linkedin.com/pulse/comparison-between-three-types-lithium-ion-battery-cell-cliff-lee/
https://www.linkedin.com/pulse/comparison-between-three-types-lithium-ion-battery-cell-cliff-lee/


Bibliography

[63] J. Choi, & D. Aurbach, "Promise and reality of post-lithium-ion batteries with
high energy densities", Nat Rev Mater, vol. 1, iss. 4, art. 16013, Mar. 2016, doi:
10.1038/natrevmats.2016.13

[64] E. Stafl "Lithium Ion Battery Cell Selection for Battery Packs", Youtube, Sep. 8,
2022, [Video]. Available: https://www.youtube.com/watch?v=YCh88Ryad_Q
(accessed on: 2024-02-12).

[65] SparkFun Electronics, "Polymer Lithium Ion Battery - 18650 Cell
(2600mAh)", [Photograph]. Available: https://www.flickr.com/photos/
sparkfun/16031258579 (accessed on: 2024-05-10).

[66] Battery University, "BU-301a: Types of Battery Cells", [On-
line]. Available: https://batteryuniversity.com/article/
bu-301a-types-of-battery-cells (accessed on: 2024-02-12).

[67] A. L. Govindaraj, "Phenomenological Swelling Model of Battery Module",
MSc. thesis, Department of Engineering Mechanics, KTH Royal Institute
of Technology, Stockholm, Sweden, 2022, [Online]. Available: https://www.
diva-portal.org/smash/get/diva2:1707770/FULLTEXT01.pdf

[68] OneCharge, "Types of Lithium Batteries: Lithium Cell Format", [Online].
Available: https://www.onecharge.biz/lithium-cell-format/ (accessed
on: 2024-02-15).

[69] Epec Engineered Technologies LLC., "LITHIUM PRISMATIC
CELLS", [Online]. Available: https://www.epectec.com/batteries/
lithium-prismatic-cells.html (accessed on: 2024-02-15).

[70] Qurren, "Lithium Energy Japan LEV50 Rechargeable Li-ion battery
cell in Tokyo Motor Show 2011.", [Photograph]. Available: https:
//commons.wikimedia.org/wiki/File:Lithium_Energy_Japan_LEV50_
Rechargeable_Li-ion_battery_cell_in_Tokyo_Motor_Show_2011.jpg
(accessed on: 2024-05-10).

[71] Nigel, "VDA Prismatic Cells", Battery Design, Sep. 5, 2023, [Online]. Avail-
able: https://www.batterydesign.net/vda-prismatic-cells/ (accessed
on: 2024-02-15).

[72] SparkFun Electronics, "Lithium Ion Battery - 2Ah", [Photograph].
Available: https://www.flickr.com/photos/sparkfun/36604421606/in/
photostream/ (accessed on: 2024-05-10).

[73] H40 – H50 EVO, Aschaffenburg, Germany: Linde Material Handling GmbH,
[Online]. Available: https://www.linde-mh.se/media/Datasheets/EN_ds_
h40_h50_evo_en_d_1020_view.pdf (accessed on: 2024-03-19).

[74] P. Svensson, Private communication, Jan. 17, 2024.
[75] French Marine Motors Ltd., "Vetus Deutz DT4.70 marine desiel en-

gine 68hp", [Online]. Available: https://www.frenchmarine.com/product/
Vetus-Deutz-DT4-70-marine-desiel-engine-68hp-1160-80 (accessed on:
2024-02-26).

[76] iM-225W (INTEGRATED MODULE), Wilsonville, Oregon, United
States of America: Cascadia Motion LLC., [Online]. Available: https:
//cascadiamotion.com/images/catalog/DataSheets/im225W.pdf(accessed
on: 2024-03-19).

33

https://www.youtube.com/watch?v=YCh88Ryad_Q
https://www.flickr.com/photos/sparkfun/16031258579
https://www.flickr.com/photos/sparkfun/16031258579
https://batteryuniversity.com/article/bu-301a-types-of-battery-cells
https://batteryuniversity.com/article/bu-301a-types-of-battery-cells
https://www.diva-portal.org/smash/get/diva2:1707770/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1707770/FULLTEXT01.pdf
https://www.onecharge.biz/lithium-cell-format/
https://www.epectec.com/batteries/lithium-prismatic-cells.html
https://www.epectec.com/batteries/lithium-prismatic-cells.html
https://commons.wikimedia.org/wiki/File:Lithium_Energy_Japan_LEV50_Rechargeable_Li-ion_battery_cell_in_Tokyo_Motor_Show_2011.jpg
https://commons.wikimedia.org/wiki/File:Lithium_Energy_Japan_LEV50_Rechargeable_Li-ion_battery_cell_in_Tokyo_Motor_Show_2011.jpg
https://commons.wikimedia.org/wiki/File:Lithium_Energy_Japan_LEV50_Rechargeable_Li-ion_battery_cell_in_Tokyo_Motor_Show_2011.jpg
https://www.batterydesign.net/vda-prismatic-cells/
https://www.flickr.com/photos/sparkfun/36604421606/in/photostream/
https://www.flickr.com/photos/sparkfun/36604421606/in/photostream/
https://www.linde-mh.se/media/Datasheets/EN_ds_h40_h50_evo_en_d_1020_view.pdf
https://www.linde-mh.se/media/Datasheets/EN_ds_h40_h50_evo_en_d_1020_view.pdf
https://www.frenchmarine.com/product/Vetus-Deutz-DT4-70-marine-desiel-engine-68hp-1160-80
https://www.frenchmarine.com/product/Vetus-Deutz-DT4-70-marine-desiel-engine-68hp-1160-80
https://cascadiamotion.com/images/catalog/DataSheets/im225W.pdf
https://cascadiamotion.com/images/catalog/DataSheets/im225W.pdf


Bibliography

[77] HVH250-115 Electric Motor, Wilsonville, Oregon, United States of America:
Cascadia Motion LLC., [Online]. Available: https://www.cascadiamotion.
com/images/catalog/remy-pds---hvh250-115-sheet-euro-pr-3-16.pdf
(accessed on: 2024-03-19).

[78] CM200 INVERTER, Wilsonville, Oregon, United States of America: Casca-
dia Motion LLC., [Online]. Available: https://www.cascadiamotion.com/
images/catalog/DataSheets/CM200.pdf (accessed on: 2024-03-19).

[79] Q. Xin, & C. F. Pinzon, "Improving the environmental performance of
heavy-duty vehicles and engines: key issues and system design approaches", in
Alternative Fuels and Advanced Vehicle Technologies for Improved Environ-
mental Performance: Towards Zero Carbon Transportation, R. Folkson, Ed.
Sawston, Great Britain: Woodhead Publishing, 2014, ch. 9, pp. 225-278 [On-
line]. Available: https://www.sciencedirect.com/science/article/pii/
B9780857095220500091?ref=pdf_download&fr=RR-2&rr=8794cfbd4b6a92d3
(accessed on: 2024-04-24).

[80] M. Nilsson, "Milstolpe: Ny diesel slår rekord i verkningsgrad",
Carup, Apr. 23, 2024, [Online]. Available: https://carup.se/
milstolpe-ny-diesel-slar-rekord-i-verkningsgrad/ (accessed on:
2024-04-24).

[81] Weichai Power Co. Ltd., "Breaking World Records Four Times | Weichai Power
Releases the World’s First Diesel Engine with Base Engine Brake Thermal Effi-
ciency of 53.09%", Apr. 20, 2024, [Online]. Available: https://m.en.weichai.
com/media_center/jtdt/202404/t20240420_104521.htm (accessed on: 2024-
04-24).

[82] L. Nagel, "What is the Average Efficiency of an Elec-
tric Motor", Tyto Robotics Inc., Jul. 2, 2023, [Online].
Available: https://www.tytorobotics.com/blogs/articles/
what-is-the-average-efficiency-of-an-electric-motor (accessed
on: 2024-03-19).

[83] Renault Group "The energy efficiency of an electric car motor", Mar. 9,
2021. [Online]. Available: https://www.renaultgroup.com/en/news-on-air/
news/the-energy-efficiency-of-an-electric-car-motor/ (accessed on:
2024-03-19).

[84] "Determining Electric Motor Load and Efficiency", U.S. Department of
Energy, Washington, D.C., United States of America, DOE/GO-10097-
517, [Online]. Available: https://www.energy.gov/eere/amo/articles/
determining-electric-motor-load-and-efficiency (accessed on: 2024-03-
19).

[85] S.Farhad, & A.Nazari "Introducing the energy efficiency map of lithium-ion
batteries", International Journal of Energy Research, vol. 43, iss. 2, pp. 931-944
Dec. 2018. doi: 10.1002/er.4332

[86] Md. A. Rahman, & A. Baki. "Electrical and thermal modeling of battery
cell grouping for analyzing battery pack efficiency and temperature", Energy
Harvesting and Systems, vol. 11, iss. 1, pp. 20230039, Aug. 18, 2023. doi:
10.1515/ehs-2023-0039

34

https://www.cascadiamotion.com/images/catalog/remy-pds---hvh250-115-sheet-euro-pr-3-16.pdf
https://www.cascadiamotion.com/images/catalog/remy-pds---hvh250-115-sheet-euro-pr-3-16.pdf
https://www.cascadiamotion.com/images/catalog/DataSheets/CM200.pdf
https://www.cascadiamotion.com/images/catalog/DataSheets/CM200.pdf
https://www.sciencedirect.com/science/article/pii/B9780857095220500091?ref=pdf_download&fr=RR-2&rr=8794cfbd4b6a92d3
https://www.sciencedirect.com/science/article/pii/B9780857095220500091?ref=pdf_download&fr=RR-2&rr=8794cfbd4b6a92d3
https://carup.se/milstolpe-ny-diesel-slar-rekord-i-verkningsgrad/
https://carup.se/milstolpe-ny-diesel-slar-rekord-i-verkningsgrad/
https://m.en.weichai.com/media_center/jtdt/202404/t20240420_104521.htm
https://m.en.weichai.com/media_center/jtdt/202404/t20240420_104521.htm
https://www.tytorobotics.com/blogs/articles/what-is-the-average-efficiency-of-an-electric-motor
https://www.tytorobotics.com/blogs/articles/what-is-the-average-efficiency-of-an-electric-motor
https://www.renaultgroup.com/en/news-on-air/news/the-energy-efficiency-of-an-electric-car-motor/
https://www.renaultgroup.com/en/news-on-air/news/the-energy-efficiency-of-an-electric-car-motor/
https://www.energy.gov/eere/amo/articles/determining-electric-motor-load-and-efficiency
https://www.energy.gov/eere/amo/articles/determining-electric-motor-load-and-efficiency


Bibliography

[87] "A Guide to Understanding Battery Specifications", Massachusetts Institute
of Technology, Dec. 2008, [Online]. Available: https://web.mit.edu/evt/
summary_battery_specifications.pdf (accessed on: 2024-02-29).

[88] The Kalmar: Electric Light Forklift, Helsinki, Finland:
Kalmar Global, 2024, [Online]. Available: https://www.
kalmarglobal.com/49bca3/globalassets/media/240643/240643_
Kalmar-Light-Electric-Forklift-Brochure.pdf.pdf (accessed on: 2024-
02-26).

[89] Stribling Equipment, "How Long Will Used Heavy Equipment Last?", Jul.
29, 2022, [Online]. Available: https://www.striblingequipment.com/blog/
how-long-will-used-heavy-equipment-last--51286 (accessed on: 2024-
02-27).

[90] S.Krentz. "The Average Life of a Construction Machine",
ConEquip Parts and Equipment, Oct. 13, 2021, [Online]. Avail-
able: https://www.conequip.com/wp/conequip-101-learning/
the-average-life-of-a-construction-machine (accessed on: 2024-02-27).

[91] J.MacDonald. "HOW TO EVALUATE & EXTEND THE
LIFESPAN OF YOUR HEAVY CONSTRUCTION EQUIP-
MENT", AMACO Construction Equipment Inc., Oct. 18,
2022, [Online]. Available: https://www.amacocei.com/blog/
how-to-evaluate-extend-the-lifespan-of-your-heavy-construction-equipment/
(accessed on: 2024-02-27).

[92] J. Jeevarajan, T. Joshi, M. Parhizi, T. Rauhala, & D. Juarez-Robles. "Battery
Hazards for Large Energy Storage Systems", ACS Energy Letters, vol. 7, iss. 8,
pp. 2725-2733, Jul. 2022 doi: 10.1021/acsenergylett.2c01400

[93] "Lithium Ion Battery Safety Guidance", Massachusetts Institute of Technology,
Mar. 2017, [Online]. Available: https://ehs.mit.edu/wp-content/uploads/
2019/09/Lithium_Battery_Safety_Guidance.pdf (accessed on: 2024-02-29).

[94] "LITHIUM BATTERY SAFETY", University of Washington, Nov. 2021,
[Online]. Available: https://www.ehs.washington.edu/system/files/
resources/lithium-battery-safety.pdf (accessed on: 2024-02-27).

[95] EC230 Electric, Gothenburg, Sweden: Volvo Construction Equipment,
[Online]. Available: https://www.volvoce.com/-/media/volvoce/global/
products/excavators/crawler-excavators/brochures/ec230-electric/
product_guide_ec230_electric_stagev_sv_12_20061563_a.pdf?v=TVpmPw
(accessed on: 2024-02-29).

[96] L120H Electric Conversion, Gothenburg, Sweden: Volvo Construction Equip-
ment, [Online]. Available: https://www.volvoce.com/-/media/volvoce/
global/products/electric-machines/l120h-electric-conversion/
brochures/product_guide_l120h_electric_conversion_stagev_sv_12_
20062456_a.pdf?v=o9ZqPw (accessed on: 2024-02-29).

[97] L25 Electric Gothenburg, Sweden: Volvo Construction Equipment, [On-
line]. Available: https://www.volvoce.com/-/media/volvoce/global/
products/electric-machines/electric-wheel-loaders/brochures/
product_guide_l25_electric_sv_12_20062480_a.pdf?v=gNZqPw (accessed
on: 2024-02-29).

35

https://web.mit.edu/evt/summary_battery_specifications.pdf
https://web.mit.edu/evt/summary_battery_specifications.pdf
https://www.kalmarglobal.com/49bca3/globalassets/media/240643/240643_Kalmar-Light-Electric-Forklift-Brochure.pdf.pdf
https://www.kalmarglobal.com/49bca3/globalassets/media/240643/240643_Kalmar-Light-Electric-Forklift-Brochure.pdf.pdf
https://www.kalmarglobal.com/49bca3/globalassets/media/240643/240643_Kalmar-Light-Electric-Forklift-Brochure.pdf.pdf
https://www.striblingequipment.com/blog/how-long-will-used-heavy-equipment-last--51286
https://www.striblingequipment.com/blog/how-long-will-used-heavy-equipment-last--51286
https://www.conequip.com/wp/conequip-101-learning/the-average-life-of-a-construction-machine
https://www.conequip.com/wp/conequip-101-learning/the-average-life-of-a-construction-machine
https://www.amacocei.com/blog/how-to-evaluate-extend-the-lifespan-of-your-heavy-construction-equipment/
https://www.amacocei.com/blog/how-to-evaluate-extend-the-lifespan-of-your-heavy-construction-equipment/
https://ehs.mit.edu/wp-content/uploads/2019/09/Lithium_Battery_Safety_Guidance.pdf
https://ehs.mit.edu/wp-content/uploads/2019/09/Lithium_Battery_Safety_Guidance.pdf
https://www.ehs.washington.edu/system/files/resources/lithium-battery-safety.pdf
https://www.ehs.washington.edu/system/files/resources/lithium-battery-safety.pdf
https://www.volvoce.com/-/media/volvoce/global/products/excavators/crawler-excavators/brochures/ec230-electric/product_guide_ec230_electric_stagev_sv_12_20061563_a.pdf?v=TVpmPw
https://www.volvoce.com/-/media/volvoce/global/products/excavators/crawler-excavators/brochures/ec230-electric/product_guide_ec230_electric_stagev_sv_12_20061563_a.pdf?v=TVpmPw
https://www.volvoce.com/-/media/volvoce/global/products/excavators/crawler-excavators/brochures/ec230-electric/product_guide_ec230_electric_stagev_sv_12_20061563_a.pdf?v=TVpmPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/l120h-electric-conversion/brochures/product_guide_l120h_electric_conversion_stagev_sv_12_20062456_a.pdf?v=o9ZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/l120h-electric-conversion/brochures/product_guide_l120h_electric_conversion_stagev_sv_12_20062456_a.pdf?v=o9ZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/l120h-electric-conversion/brochures/product_guide_l120h_electric_conversion_stagev_sv_12_20062456_a.pdf?v=o9ZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/l120h-electric-conversion/brochures/product_guide_l120h_electric_conversion_stagev_sv_12_20062456_a.pdf?v=o9ZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/electric-wheel-loaders/brochures/product_guide_l25_electric_sv_12_20062480_a.pdf?v=gNZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/electric-wheel-loaders/brochures/product_guide_l25_electric_sv_12_20062480_a.pdf?v=gNZqPw
https://www.volvoce.com/-/media/volvoce/global/products/electric-machines/electric-wheel-loaders/brochures/product_guide_l25_electric_sv_12_20062480_a.pdf?v=gNZqPw


Bibliography

[98] SBU 8000E: BATTERY Skelleftehamn, Sweden: JAMA Mining Machines AB,
[Online]. Available: https://www.jama.se/wp-content/uploads/2022/07/
Jama_Electric_Scaling_Boom_Unit_SBU8000E_Mining_Machine_Teknisk_
Beskriving.pdf (accessed on: 2024-02-29).

[99] ELECTRIC WHEEL LOADER|403E Rocester, United Kingdom: JCB
Sales Limited, [Online]. Available: https://www.jcb.com/dfsmedia/
261086efe15a46f5afb95d093ef038ea/57529-source (accessed on: 2024-02-
29).

[100] SANDVIK TH550B: BATTERY-ELECTRIC TRUCK Sandviken, Sweden:
Sandvik AB, [Online]. Available: https://www.rocktechnology.sandvik/en/
products/equipment/trucks/th550b/ (accessed on: 2024-02-29).

[101] N. Omar et al., "Lithium iron phosphate based battery – Assessment of the
aging parameters and development of cycle life model" Applied Energy, vol. 113,
pp. 1575-1585, Jan. 2014, doi: 10.1016/j.apenergy.2013.09.003

[102] N. Omar et al., "Assessment of performance of lithium iron phosphate oxide,
nickel manganese cobalt oxide and nickel cobalt aluminum oxide based cells
for using in plug-in battery electric vehicle applications", in 2011 IEEE Vehicle
Power and Propulsion Conference, Chicago, IL, USA, 2011, pp. 1-7, [Online].
Available: https://ieeexplore.ieee.org/document/6043017 (accessed on:
2024-03-19).

[103] M. Åkesson, Private communication, Jan. 2024
[104] Wheeled Excavator: A 914 Compact Kirchdorf an der Iller,

Germany: Liebherr-Hydraulikbagger GmbH, [Online]. Available:
https://www.liebherr.com/external/products/products-assets/
34cb6b30-700e-46af-997d-04cede97a47b/NTB_A914Compact_
AGSV-Tier4f_enGB.pdf (accessed on: 2024-03-20).

[105] E. Osmanbasic, "High voltage Vehicles: Why 800-volt EVs
are on the Rise", WTWH Media LLC, Aug. 14, 2023,
[Online]. Available: https://www.engineering.com/story/
high-voltage-vehicles-why-800-volt-evs-are-on-the-rise (accessed
on: 2024-03-20).

[106] PRODUCT SPECIFICATION: Rechargeable Lithium Ion Battery: Model
: INR18650HG2 3000mAh, Seoul, Republic of Korea: LG Chem Ltd. Oct.
2014, [Online]. Available: https://voltaplex.com/media/whitepapers/
specification-sheet/LG_HG2_Specification_Sheet.pdf (accessed on:
2024-03-26).

[107] SPECIFICATION OF PRODUCT: Lithium-ion rechargeable cell for power
tools: Model name : INR18650-30Q: (Tentative), Yongin, Republic of Ko-
rea: Samsung SDI Co., Ltd., Mar. 2014, [Online]. Available: https://www.
imrbatteries.com/content/samsung_30Q.pdf (accessed on: 2024-03-26).

[108] Shenzhen Legend Battery Co., Ltd., "INR21700-53G Li-Ion Battery
Cell", [Online]. Available: https://legendbatteries.com/product/
inr21700-53g-li-ion-battery-cell (accessed on: 2024-04-04).

[109] Introduction of Samsung SDI’s 94Ah cells, Yongin, Republic of Ko-
rea: Samsung SDI Co., Ltd., Dec. 2015, [Online]. Available: https:

36

https://www.jama.se/wp-content/uploads/2022/07/Jama_Electric_Scaling_Boom_Unit_SBU8000E_Mining_Machine_Teknisk_Beskriving.pdf
https://www.jama.se/wp-content/uploads/2022/07/Jama_Electric_Scaling_Boom_Unit_SBU8000E_Mining_Machine_Teknisk_Beskriving.pdf
https://www.jama.se/wp-content/uploads/2022/07/Jama_Electric_Scaling_Boom_Unit_SBU8000E_Mining_Machine_Teknisk_Beskriving.pdf
https://www.jcb.com/dfsmedia/261086efe15a46f5afb95d093ef038ea/57529-source
https://www.jcb.com/dfsmedia/261086efe15a46f5afb95d093ef038ea/57529-source
https://www.rocktechnology.sandvik/en/products/equipment/trucks/th550b/
https://www.rocktechnology.sandvik/en/products/equipment/trucks/th550b/
https://ieeexplore.ieee.org/document/6043017
https://www.liebherr.com/external/products/products-assets/34cb6b30-700e-46af-997d-04cede97a47b/NTB_A914Compact_AGSV-Tier4f_enGB.pdf
https://www.liebherr.com/external/products/products-assets/34cb6b30-700e-46af-997d-04cede97a47b/NTB_A914Compact_AGSV-Tier4f_enGB.pdf
https://www.liebherr.com/external/products/products-assets/34cb6b30-700e-46af-997d-04cede97a47b/NTB_A914Compact_AGSV-Tier4f_enGB.pdf
https://www.engineering.com/story/high-voltage-vehicles-why-800-volt-evs-are-on-the-rise
https://www.engineering.com/story/high-voltage-vehicles-why-800-volt-evs-are-on-the-rise
https://voltaplex.com/media/whitepapers/specification-sheet/LG_HG2_Specification_Sheet.pdf
https://voltaplex.com/media/whitepapers/specification-sheet/LG_HG2_Specification_Sheet.pdf
https://www.imrbatteries.com/content/samsung_30Q.pdf
https://www.imrbatteries.com/content/samsung_30Q.pdf
https://legendbatteries.com/product/inr21700-53g-li-ion-battery-cell
https://legendbatteries.com/product/inr21700-53g-li-ion-battery-cell
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf


Bibliography

//files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%
20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf (accessed on: 2024-03-26).

[110] Evlithium, "SamSung SDI 3.7V 94Ah NMC Prismatic Battery
Cell", [Online]. Available: https://www.evlithium.com/nmc-battery/
samsung-sdi94-94ah-nmc-battery.html (accessed on: 2024-04-01).

[111] Comprehensive Product Line-ups, Seoul, Republic of Korea: LG Energy So-
lution Ltd., 2022, [Online]. Available: https://www.lgensol.com/assets/
file/LGES_spec_sheet_cells_2022.pdf (accessed on: 2024-04-04).

[112] GL60: Energy cell 60Ah, Yverdon-les-Bains, Switzerland: Leclanché E-
Mobility SA, [Online]. Available: https://www.leclanche.com/wp-content/
uploads/2020/10/LECLANCHE-cell-datasheet-GL60-GNMC-60Ah-1.pdf (ac-
cessed on: 2024-04-03).

[113] Specifications for NCR18650GA, Osaka, Japan: Panasonic,
[Online]. Available: https://www.orbtronic.com/content/
Datasheet-specs-Sanyo-Panasonic-NCR18650GA-3500mah.pdf (accessed
on: 2024-03-26).

[114] Voltaplex Energy, "Panasonic Sanyo GA 18650 Battery, 3450mAh, 10A,
3.6V, Grade A Lithium-ion (NCR18650GA)", [Online]. Available: https:
//voltaplex.com/panasonic-sanyo-ga-18650-battery-ncr18650ga (ac-
cessed on: 2024-04-01).

[115] Lithium Ion: NCA103450, Osaka, Japan: Panasonic, Jun. 2016, [On-
line]. Available: https://actec.dk/media/documents/164BF3E6BD02.pdf
(accessed on: 2024-03-26).

[116] Panasonic Industry Co., Ltd., "UPF359191Z : Lithium-ion Batteries",
[Online]. Available: https://industrial.panasonic.com/ww/products/pt/
lithium-ion/models/UPF359191Z (accessed on: 2024-03-26).

[117] Spec. No. IFR18650-11Q Version No. 1.1, Yongin, Republic of Korea:
Samsung SDI Co., Ltd., Oct. 2010, [Online]. Available: https://www.
master-instruments.com.au/file/62472/1/Samsung-IFR18650-11Q.pdf
(accessed on: 2024-04-01).

[118] Voltaplex Energy, "Samsung 11Q 18650 Battery, 1100mAh, 10A, 3.2V, Grade
A Lithium-ion (IFR18650-11Q)", [Online]. Available: https://voltaplex.
com/samsung-11q-18650-battery-ifr18650-11q (accessed on: 2024-04-01).

[119] Nigel, "BYD FC4680P", Battery Design, Sep. 2023, [Online]. Available: https:
//www.batterydesign.net/byd-fc4680p/ (accessed on: 2024-04-04).

[120] 产 品 规 格 确 认 书, Ningde, China: CATL, [Online]. Avail-
able: https://batteryfinds.com/wp-content/uploads/2021/06/
CATL-150Ah-Lithium-Iron-PhosphateLiFePO4-LFP-Battery-Cells-Product-Datasheet.
pdf (accessed on: 2024-04-01).

[121] Battery Finds, "3.2V 150Ah LiFePO4 Prismatic Battery CATL
Cells-4pcs", [Online]. Available: https://batteryfinds.com/product/
catl-150ah-lifepo4-battery-cells/ (accessed on: 2024-04-01).

[122] Evlithium, "BYD LiFePO4 Blade Battery 3.2V 138Ah", [On-
line]. Available: https://www.evlithium.com/LiFePO4-Battery/
byd-blade-battery-138ah.html (accessed on: 2024-04-04).

37

https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://files.gwl.eu/inc/_doc/attach/StoItem/7213/30118_Introduction%20of%20SDI%20EV%2094Ah%20cell_V9-2.pdf
https://www.evlithium.com/nmc-battery/samsung-sdi94-94ah-nmc-battery.html
https://www.evlithium.com/nmc-battery/samsung-sdi94-94ah-nmc-battery.html
https://www.lgensol.com/assets/file/LGES_spec_sheet_cells_2022.pdf
https://www.lgensol.com/assets/file/LGES_spec_sheet_cells_2022.pdf
https://www.leclanche.com/wp-content/uploads/2020/10/LECLANCHE-cell-datasheet-GL60-GNMC-60Ah-1.pdf
https://www.leclanche.com/wp-content/uploads/2020/10/LECLANCHE-cell-datasheet-GL60-GNMC-60Ah-1.pdf
https://www.orbtronic.com/content/Datasheet-specs-Sanyo-Panasonic-NCR18650GA-3500mah.pdf
https://www.orbtronic.com/content/Datasheet-specs-Sanyo-Panasonic-NCR18650GA-3500mah.pdf
https://voltaplex.com/panasonic-sanyo-ga-18650-battery-ncr18650ga
https://voltaplex.com/panasonic-sanyo-ga-18650-battery-ncr18650ga
https://actec.dk/media/documents/164BF3E6BD02.pdf
https://industrial.panasonic.com/ww/products/pt/lithium-ion/models/UPF359191Z
https://industrial.panasonic.com/ww/products/pt/lithium-ion/models/UPF359191Z
https://www.master-instruments.com.au/file/62472/1/Samsung-IFR18650-11Q.pdf
https://www.master-instruments.com.au/file/62472/1/Samsung-IFR18650-11Q.pdf
https://voltaplex.com/samsung-11q-18650-battery-ifr18650-11q
https://voltaplex.com/samsung-11q-18650-battery-ifr18650-11q
https://www.batterydesign.net/byd-fc4680p/
https://www.batterydesign.net/byd-fc4680p/
https://batteryfinds.com/wp-content/uploads/2021/06/CATL-150Ah-Lithium-Iron-PhosphateLiFePO4-LFP-Battery-Cells-Product-Datasheet.pdf
https://batteryfinds.com/wp-content/uploads/2021/06/CATL-150Ah-Lithium-Iron-PhosphateLiFePO4-LFP-Battery-Cells-Product-Datasheet.pdf
https://batteryfinds.com/wp-content/uploads/2021/06/CATL-150Ah-Lithium-Iron-PhosphateLiFePO4-LFP-Battery-Cells-Product-Datasheet.pdf
https://batteryfinds.com/product/catl-150ah-lifepo4-battery-cells/
https://batteryfinds.com/product/catl-150ah-lifepo4-battery-cells/
https://www.evlithium.com/LiFePO4-Battery/byd-blade-battery-138ah.html
https://www.evlithium.com/LiFePO4-Battery/byd-blade-battery-138ah.html


Bibliography

[123] EEMB BATTERY: Lithium Iron Phosphate Battery: Specification, Shen-
zhen, China: EEMB, Oct. 2019, [Online]. Available: https://oss.eemb.com/
/uploads/20230312/68b90b456d84dc6a56940f6d92e35e96.pdf (accessed on:
2024-04-01).

[124] Hunan CTS Technology Co. Ltd., "Deep Cycle
LiFePO4 20Ah 3.2 volt Lithium Battery Cell For Golf
Cart", [Online]. Available: https://www.ctsbattery.com/
sale-13781075-deep-cycle-lifepo4-20ah-3-2-volt-lithium-battery-cell-for-golf-cart.
html (accessed on: 2024-04-01).

[125] SPECIFICATIONS of YLE-LTO-66160 BATTERY China: 银
隆 新 能 源 电 池 应 用 和PACK研 究 院, Jun. 2019, [Online]. Avail-
able: https://batteryfinds.com/wp-content/uploads/2023/08/
YinLong-45Ah-Lithium-Titanate-Oxide-LTO-Battery-Cell-Specification.
pdf (accessed on: 2024-03-26).

[126] Toshiba Co., "High-energy type cells", [Online]. Available: https:
//www.global.toshiba/ww/products-solutions/battery/scib/product/
cell/high-energy.html (accessed on: 2024-03-26).

[127] Battery Finds, "2.4V 20Ah LTO Battery Toshiba Cells -
6pcs", [Online]. Available: https://batteryfinds.com/product/
toshiba-2-4v-20ah-lto-battery-cells-6pcs/ (accessed on: 2024-03-
26).

[128] LT34: Power cell 34Ah Yverdon-les-Bains, Switzerland: Leclanché E-Mobility
SA, [Online]. Available: https://www.leclanche.com/wp-content/uploads/
2020/10/LECLANCHE-CELL-ITO-25.2.2021-1.pdf (accessed on: 2024-04-03).

[129] Cell Target Specification: Version 1.2, Uppsala, Sweden: Altris AB, [E-mail].
(accessed on: 2024-05-21).

[130] H. Löbberding et al., "From Cell to Battery System in BEVs: Analysis of
System Packing Efficiency and Cell Types", World Electric Vehicle Journal,
vol. 11, iss. 4, art. 77, Dec. 2020, doi: 10.3390/wevj11040077

[131] F. Pampel, S. Pischinger, & M. Teuber, "A systematic comparison of the
packing density of battery cell-to-pack concepts at different degrees of im-
plementation", Results in Engineering, vol. 13, pp. 100310, Mar. 2022, doi:
10.1016/j.rineng.2021.100310

[132] BYD Europe B.V, "BYD’s revolutionary Blade Battery: all you need
to know" Jan. 2023, [Online]. Available: https://bydauto.se/om-oss/
batteriteknologi (accessed on: 2024-04-04).

[133] Deep Blue Battery 80, Wessling, Germany: Torqeedo
GmbH, Jun. 2023 [Online]. Available: https:
//media.torqeedo.com/downloads/technical-data/
torqeedo-deep-blue-battery-80-technical-data-sheet-v1.2.pdf
(accessed on: 2024-02-26).

[134] CATL, "CATL launches CTP 3.0 battery “Qilin,” achieves the highest inte-
gration level in the world", Jun. 2022, [Online]. Available: https://www.catl.
com/en/news/958.html (accessed on: 2024-04-03).

[135] M. F. R. Zwicker, M. Moghadam, W. Zhang, & C. V. Nielsen, "Auto-
motive battery pack manufacturing – a review of battery to tab joining",

38

https://oss.eemb.com//uploads/20230312/68b90b456d84dc6a56940f6d92e35e96.pdf
https://oss.eemb.com//uploads/20230312/68b90b456d84dc6a56940f6d92e35e96.pdf
https://www.ctsbattery.com/sale-13781075-deep-cycle-lifepo4-20ah-3-2-volt-lithium-battery-cell-for-golf-cart.html
https://www.ctsbattery.com/sale-13781075-deep-cycle-lifepo4-20ah-3-2-volt-lithium-battery-cell-for-golf-cart.html
https://www.ctsbattery.com/sale-13781075-deep-cycle-lifepo4-20ah-3-2-volt-lithium-battery-cell-for-golf-cart.html
https://batteryfinds.com/wp-content/uploads/2023/08/YinLong-45Ah-Lithium-Titanate-Oxide-LTO-Battery-Cell-Specification.pdf
https://batteryfinds.com/wp-content/uploads/2023/08/YinLong-45Ah-Lithium-Titanate-Oxide-LTO-Battery-Cell-Specification.pdf
https://batteryfinds.com/wp-content/uploads/2023/08/YinLong-45Ah-Lithium-Titanate-Oxide-LTO-Battery-Cell-Specification.pdf
https://www.global.toshiba/ww/products-solutions/battery/scib/product/cell/high-energy.html
https://www.global.toshiba/ww/products-solutions/battery/scib/product/cell/high-energy.html
https://www.global.toshiba/ww/products-solutions/battery/scib/product/cell/high-energy.html
https://batteryfinds.com/product/toshiba-2-4v-20ah-lto-battery-cells-6pcs/
https://batteryfinds.com/product/toshiba-2-4v-20ah-lto-battery-cells-6pcs/
https://www.leclanche.com/wp-content/uploads/2020/10/LECLANCHE-CELL-ITO-25.2.2021-1.pdf
https://www.leclanche.com/wp-content/uploads/2020/10/LECLANCHE-CELL-ITO-25.2.2021-1.pdf
https://bydauto.se/om-oss/batteriteknologi
https://bydauto.se/om-oss/batteriteknologi
https://media.torqeedo.com/downloads/technical-data/torqeedo-deep-blue-battery-80-technical-data-sheet-v1.2.pdf
https://media.torqeedo.com/downloads/technical-data/torqeedo-deep-blue-battery-80-technical-data-sheet-v1.2.pdf
https://media.torqeedo.com/downloads/technical-data/torqeedo-deep-blue-battery-80-technical-data-sheet-v1.2.pdf
https://www.catl.com/en/news/958.html
https://www.catl.com/en/news/958.html


Bibliography

Journal of Advanced Joining Processes, vol. 1, pp. 100017, Mar. 2020, doi:
10.1016/j.jajp.2020.100017

[136] C. Tang et al., "Toward Ultrahigh Rate and Cycling Performance of Cath-
ode Materials of Sodium Ion Battery by Introducing a Bicontinuous Porous
Structure", Advanced Materials, vol. n/a, iss. n/a, art. 2402005, Apr. 2024, doi:
10.1002/adma.202402005

[137] R. Sun, & Y. You, "Prussian White Cathode Materials for All-Climate Sodium-
Ion Batteries", ACS Applied Materials & Interfaces, vol. 15, iss. 38, pp. 44599-
44606, Sep. 2023, doi: 10.1021/acsami.3c08521

[138] J. Schmitt, A. Maheshwari, M. Heck, S. Lux, & M. Vetter, "Impedance change
and capacity fade of lithium nickel manganese cobalt oxide-based batteries dur-
ing calendar aging", Journal of Power Sources, vol. 353, pp. 183-184, Jun. 2017,
doi: 10.1016/j.jpowsour.2017.03.090

[139] M. Kassem et al., "Calendar aging of a graphite/LiFePO4 cell",
Journal of Power Sources, vol. 208, pp. 296-305, Jun. 2012, doi:
10.1016/j.jpowsour.2012.02.068

[140] L.H.B. Nguyen et al., "First 18650-format Na-ion cells aging investigation: A
degradation mechanism study", Journal of Power Sources, vol. 529, art. 231253,
May. 2022, doi: 10.1016/j.jpowsour.2022.231253

[141] S-J. Park, "Depth of discharge characteristics and control strategy to optimize
electric vehicle battery life", Journal of Energy Storage, vol. 59, art. 106477,
Mar. 2023, doi: 10.1016/j.est.2022.106477

[142] S. Watanabe, M. Kinoshita, T. Hosokawa, K. Morigaki, & K. Nakura,
"Capacity fading of LiAlyNi1–x–yCoxO2 cathode for lithium-ion batteries dur-
ing accelerated calendar and cycle life tests (effect of depth of discharge in
charge–discharge cycling on the suppression of the micro-crack generation of
LiAlyNi1–x–yCoxO2 particle)", Journal of Power Sources, vol. 260, pp. 50-56,
Aug. 2014, doi: 10.1016/j.jpowsour.2014.02.103

[143] K. Jalkanen et al., "Cycle aging of commercial NMC/graphite pouch cells at
different temperatures", Applied Energy, vol. 154, pp. 160-172, Sep. 2015, doi:
10.1016/j.apenergy.2015.04.110

[144] O. Catsaros, "Lithium-Ion Battery Pack Prices Hit Record Low of $139/kWh",
BloombergNEF, Nov. 26, 2023, [Online]. Available: https://about.bnef.com/
blog/lithium-ion-battery-pack-prices-hit-record-low-of-139-kwh/
(accessed on: 2024-04-23).

[145] S. Siddiqi, & Dr. A. Holland, "Sodium-ion Batteries 2024-2034:
Technology, Players, Markets, and Forecasts", IDTechEx, Cam-
bridge, Great Britain, ISBN. 9781835700068, Dec. 2023, [On-
line]. Available: https://www.idtechex.com/en/research-report/
sodium-ion-batteries-2024-2034-technology-players-markets-and-forecasts/
978 (accessed on: 2024-04-23).

[146] SNE Research, "Sodium-ion Battery Beginning to Penetrate LIB Mar-
ket; Max US$14.2 Bil Market Expected in 2035", Jan. 24, 2024, [Online].
Available: https://www.sneresearch.com/en/insight/release_view/217/
page/12?s_cat=%7C&s_keyword= (accessed on: 2024-04-23).

39

https://about.bnef.com/blog/lithium-ion-battery-pack-prices-hit-record-low-of-139-kwh/
https://about.bnef.com/blog/lithium-ion-battery-pack-prices-hit-record-low-of-139-kwh/
https://www.idtechex.com/en/research-report/sodium-ion-batteries-2024-2034-technology-players-markets-and-forecasts/978
https://www.idtechex.com/en/research-report/sodium-ion-batteries-2024-2034-technology-players-markets-and-forecasts/978
https://www.idtechex.com/en/research-report/sodium-ion-batteries-2024-2034-technology-players-markets-and-forecasts/978
https://www.sneresearch.com/en/insight/release_view/217/page/12?s_cat=%7C&s_keyword=
https://www.sneresearch.com/en/insight/release_view/217/page/12?s_cat=%7C&s_keyword=


Bibliography

[147] M. Krishna, "The EV battery chemistry debate just
got more complicated", Fastmarkets, Jul. 21, 2022, [On-
line]. Available: https://www.fastmarkets.com/insights/
the-ev-battery-chemistry-debate-just-got-more-complicated/ (ac-
cessed on: 2024-04-23).

[148] X. Xiang, K. Zhang, & J. Chen, "Recent Advances and Prospects of Cathode
Materials for Sodium-Ion Batteries", Advanced Materials, vol. 27, iss. 36, pp.
5343-5364, Aug. 2015, doi: 10.1002/adma.201501527

40

https://www.fastmarkets.com/insights/the-ev-battery-chemistry-debate-just-got-more-complicated/
https://www.fastmarkets.com/insights/the-ev-battery-chemistry-debate-just-got-more-complicated/


A
Electrochemical cells

I



A. Electrochemical cells

Table A.1: The voltage range different electrochemical cells operate at during
charging and discharging.

Nominal voltage Maximum
charge voltage

Minimum
discharge voltage

LG INR18650HG2
(NMC/G, Cylindrical) [106] 3.6 V 4.2 V 2.5 V

Samsung INR18650-30Q
(NMC/G, Cylindrical) [107] 3.6 V 4.2 V 2.5 V

Samsung INR21700-53G
(NMC/G, Cylindrical) [108] 3.63 V 4.2 V 2.5 V

Samsung SDI 94Ah
(NMC/G, Prismatic) [109, 110] 3.68 V 4.15 V 2.7 V

LG LGX E78
(NMC/G, Pouch) [111] 3.67 V - -

Leclanche GL60
(NMC/G, Pouch) [112] 3.65 V 4.2 V 3.0 V

Panasonic NCR18650GA
(NCA/G, Cylindrical) [113, 114] 3.6 V 4.2 V 2.5 V

Panasonic NCA103450
(NCA/G, Prismatic) [115] 3.6 V - -

Panasonic UPF359191Z
(NCA/G, Pouch) [116] 3.85 V - -

Samsung IFR18650-11Q
(LFP/G, Cylindrical) [117, 118] 3.2 V 3.6 V 2.0 V

BYD FC4680P
(LFP/G, Cylindrical) [119] 3.2 V 3.65 V 2.0 V

CATL LiFePO4 Prismatic cell
(LFP/G, Prismatic) [120, 121] 3.2 V 3.65 V 2.0 V

BYD Blade
(LFP/G,Prismatic) [122] 3.2 V 3.8 V 2.0 V

EEMB LP7568130F
(LFP/G, Pouch) [123] 3.2 V 3.65 V 2.0 V

CTS CTS-S86117169
(LFP/G, Pouch) [124] 3.2 V 3.65 V 2.0 V

YinLong YLE-LTO-66160
(-/TiO, Cylindrical) [125] 2.3 V 2.8 V 1.5 V

Toshiba LTO cell
(-/TiO, Prismatic) [126, 127] 2.4 V - -

Leclanche LT34
(-/TiO, Pouch) [128] 2.2 V 2.8 V 1.5 V

CATL SIB
(PBa/HC, -) [40] - - -

Altris gen1 SIB
(PBa/HC, Pouch) [129] 3.0 V* 3.8 V* 2.0 V*

*Target specification
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A. Electrochemical cells

Table A.2: Energy density and specific energy of different commercially available
electrochemical cells.

Energy density Specific energy
LG INR18650HG2

(NMC/G, Cylindrical) [106] 616 Wh/L 229 Wh/kg

Samsung INR18650-30Q
(NMC/G, Cylindrical) [107] 624 Wh/L 225 Wh/kg

Samsung INR21700-53G
(NMC/G, Cylindrical) [108] 766 Wh/L 267 Wh/kg

Samsung SDI 94Ah
(NMC/G, Prismatic) [109, 110] 355 Wh/L 164 Wh/kg

LG Chem LGX E78
(NMC/G, Pouch) [111] 603 Wh/L 264 Wh/kg

Leclanche GL60
(NMC/G, Pouch) [112] 340 Wh/L 195 Wh/kg

Panasonic NCR18650GA
(NCA/G, Cylindrical) [113, 114] 676 Wh/L 247.5 Wh/kg

Panasonic NCA103450
(NCA/G, Prismatic) [115] 460 Wh/L 207 Wh/kg

Panasonic UPF359191Z
(NCA/G, Pouch) [116] 618 Wh/L 274 Wh/kg

Samsung IFR18650-11Q
(LFP/G, Cylindrical) [117, 118] 203 Wh/L 81 Wh/kg

BYD FC4680P
(LFP/G, Cylindrical) [119] 350 Wh/L 142 Wh/kg

CATL LiFePO4 Prismatic cell
(LFP/G, Prismatic) [120, 121] 345 Wh/L 161 Wh/kg

BYD Blade
(LFP/G,Prismatic) [122] 378 Wh/L 161 Wh/kg

EEMB LP7568130F
(LFP/G, Pouch) [123] 228 Wh/L 128 Wh/kg

CTS CTS-S86117169
(LFP/G, Pouch) [124] 376 Wh/L 158 Wh/kg

YinLong YinLong YLE-LTO-66160
(-/TiO, Cylindrical) [125] 187 Wh/L 81 Wh/kg

Toshiba LTO cell
(-/TiO, Prismatic) [126, 127] 177 Wh/L 93 Wh/kg

Leclanche LT34
(-/TiO, Pouch) [128] 116 Wh/L 69 Wh/kg

CATL SIB
(PBa/HC, -) [40] - 160 Wh/kg

Altris gen1 SIB
(PBa/HC, Pouch) [129] 290 Wh/L* 160 Wh/kg*

*Target specification
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A. Electrochemical cells

Table A.3: The charge and discharge current different electrochemical cells is
claimed to be able to handle.

Nominal
charging
current

Maximum
charging
current

Maximum
continuous
discharging

current

Peak
pulsating

discharging
current

LG INR18650HG2
(NMC/G, Cylindrical) [106] 1.5 A (0.5C) 4 A (1.33C) 20 A (6.67C) -

Samsung INR18650-30Q
(NMC/G, Cylindrical) [107] 1.5 A (0.5C) 4 A (1.33C) 15 A (5C) -

Samsung INR21700-53G
(NMC/G, Cylindrical) [108] 1.75 A (0.33C) 5.3 A (1C) 10.6 A (2C) -

Samsung SDI 94Ah
(NMC/G, Prismatic) [109, 110] 72 A (0.76C) 270 A (2.87C) 150 A (1.6C) 409 A (4.3C)

LG Chem LGX E78
(NMC/G, Pouch) [111] - 184 A (2.3C) 234 A (3C) 496 A (6.3C)

Leclanche GL60
(NMC/G, Pouch) [112] - 120 A (2C) 180 A (3C) 300 A (5C)

Panasonic NCR18650GA
(NCA/G, Cylindrical) [113, 114] 1.475 A (0.44C) - 10 A (3C) 17.5 A (5.3C)

Panasonic NCA103450
(NCA/G, Prismatic) [115] 1.589 A (0.72C) 1.589 A (0.72C) - -

Panasonic UPF359191Z
(NCA/G, Pouch) [116] - - - -

Samsung IFR18650-11Q
(LFP/G, Cylindrical) [117, 118] 0.55 A (0.5C) 3 A (2.7C) 10 A (9.1C) 17.5 (15.9C)

BYD FC4680P
(LFP/G, Cylindrical) [119] 0.75 A (0.5C) 15 A (1C) 45 A (3C) -

CATL LiFePO4 Prismatic cell
(LFP/G, Prismatic) [120, 121] 75 A (0.5 C) 150 A (1C) 150 A (1C) 450 A (3C)

BYD Blade
(LFP/G,Prismatic) [122] 27.6 A (0.2C) 207 A (1.5C) - 276 A (2C)

EEMB LP7568130F
(LFP/G, Pouch) [123] - 5 A (1C) 10 A (2C) -

CTS CTS-S86117169
(LFP/G, Pouch) [124] 10 A (0.5C) 20 A (1C) 20 A (1C) 40 A (2C)

YinLong YLE-LTO-66160
(-/TiO, Cylindrical) [125] 45 A (1C) 270 A (6C) 270 A (6C) 450 A (10C)

Toshiba LTO cell
(-/TiO, Prismatic) [126, 127] - - - 200 A (10C)

Leclanche LT34
(-/TiO, Pouch) [128] - 204 A (6C) 204 A (6C) 340 A (10C)

CATL SIB
(PBa/HC, -) [40] - - - -

Altris gen1 SIB
(PBa/HC, Pouch) [129] - - - -

*Target specification
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A. Electrochemical cells

Table A.4: The temperature range different electrochemical cells is claimed to be
able to handle.

Maximum Minimum Maximum Minimum Maximum Minimum
charging charging discharging discharging storage storage

temperature temperature temperature temperature temperature temperature
LG INR18650HG2

(NMC/G, Cylindrical) [106] +50°C 0°C +75°C -20°C +60°C -20°C

Samsung INR18650-30Q
(NMC/G, Cylindrical) [107] +50°C 0°C +75°C -20°C +60°C -30°C

Samsung INR21700-53G
(NMC/G, Cylindrical) [108] +50°C 0°C +60°C -30°C +60°C -20°C

Samsung SDI 94Ah
(NMC/G, Prismatic) [109, 110] +65°C 0°C +55°C -20°C +65°C -20°C

LG Chem LGX E78
(NMC/G, Pouch) [111] - - +55°C -30°C +60°C -30°C

Leclanche GL60
(NMC/G, Pouch) [112] +45°C 0°C +55°C -20°C +60°C -20°C

Panasonic NCR18650GA
(NCA/G, Cylindrical) [113, 114] +45°C +10°C +60°C -20°C +50°C -20°C

Panasonic NCA103450
(NCA/G, Prismatic) [115] +45°C 0°C +60°C -20°C +50°C -20°C

Panasonic UPF359191Z
(NCA/G, Pouch) [116] - - - - - -

Samsung IFR18650-11Q
(LFP/G, Cylindrical) [117, 118] +60°C 0°C +80°C -20°C +25°C -20°C

BYD FC4680P
(LFP/G, Cylindrical) [119] +55°C 0°C +60°C -20°C +25°C -20°C

CATL LiFePO4 Prismatic cell
(LFP/G, Prismatic) [120, 121] +60°C 0°C +60°C -30°C - -

BYD Blade
(LFP/G,Prismatic) [122] +50°C -10°C +55°C -20°C 30°C -10°C

EEMB LP7568130F
(LFP/G, Pouch) [123] +45°C 0°C +60°C -10°C +60°C -20°C

CTS CTS-S86117169
(LFP/G, Pouch) [124] +55°C 0°C +60°C -20°C - -

YinLong YLE-LTO-66160
(-/TiO, Cylindrical) [125] +65°C -40°C +65°C -40°C +28°C -5°C

Toshiba LTO cell
(-/TiO, Prismatic) [126, 127] +65°C -50°C +65°C -50°C +65°C -20°C

Leclanche LT34
(-/TiO, Pouch) [128] +55°C -20°C +55°C -20°C +60°C -20°C

CATL SIB
(PBa/HC, -) [40] - - - ≤ -20°C - -

Altris gen1 SIB
(PBa/HC, Pouch) [129] +60°C* - 20°C* +60°C* - 20°C* +55°C* -20°C*

*Target specification
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Table A.5: Claimed cycle life of different electrochemical cells assuming certain
charge, discharge and temperature criteria.

Cycle life Charging current Discharing current Capacity
retention

Test
temperature

LG INR18650HG2
(NMC/G, Cylindrical) [106] 300 4 A (1.33C) 10 A (3.33C) ≥ 70% 23±2°C

Samsung INR18650-30Q
(NMC/G, Cylindrical) [107] 250 1.5 A (0.5C) 15 A (5C) ≥ 60% 25°C

Samsung INR21700-53G
(NMC/G, Cylindrical) [108] 1000 1.75 A (0.33C) 5.3 A (1C) ≥ 80% -

Samsung SDI 94Ah
(NMC/G, Prismatic) [109, 110] ≥ 3200 47 A (0.5C) 94 A (1C) 80% 25°C

LG Chem LGX E78
(NMC/G, Pouch) [111] - - - - -

Leclanche GL60
(NMC/G, Pouch) [112] 4500 60 A (1C) 60 A (1C) - -

Panasonic NCR18650GA
(NCA/G, Cylindrical) [113, 114] 500 1.65 A (0.5C) 6 A (1.8C) 63% 25°C

Panasonic NCA103450
(NCA/G, Prismatic) [115] 500 1.645 A (0.7C) 6.462 A (2.75C) 83% 25°C

Panasonic UPF359191Z
(NCA/G, Pouch) [116] - - - - -

Samsung IFR18650-11Q
(LFP/G, Cylindrical) [117, 118] 1000 1.5 A (1.3C) 10 A (9.1C) ≥ 75% 25±5°C

BYD FC4680P
(LFP/G, Cylindrical) [119] 2000 15 A (1C) 15 A (1C) - 25±2°C

CATL LiFePO4 Prismatic cell
(LFP/G, Prismatic) [120, 121] ≥ 3500 150 A (1C) 150 A (1C) 80% 25°C

BYD Blade
(LFP/G,Prismatic) [122] ≥ 4000 - - - -

EEMB LP7568130F
(LFP/G, Pouch) [123] ≥2000 - 2.5 A (0.5C) 70% -

CTS CTS-S86117169
(LFP/G, Pouch) [124] ∼2000 10 A (0.5C) 20 A (1C) - 25°C

YinLong YLE-LTO-66160
(-/TiO, Cylindrical) [125] 10000 45 A (1C) 45 A (1C) ≥ 80% 25±5°C

Toshiba LTO cell
(-/TiO, Prismatic) [126, 127] 20000 60 A (3C) 60 A (3C) 75% 25°C

Leclanche LT34
(-/TiO, Pouch) [128] 15000 136 A (4C) 136 A (4C) - -

CATL SIB
(PBa/HC, -) [40] - - - - -

Altris gen1 SIB
(PBa/HC, Pouch) [129] ≥5000* - 39 A (0.33C)* 70%* +25°C*

*Target specification
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