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ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
Thesis for the degree of Doctor of Philosophy

Overcoming the Electricity Grid Capacity and Battery Thermal Limitations of Electric

Vehicle Fast Charging using Stationary Energy Storage and Cell Thermal Modelling
Thomas Samuel Bryden

Electric vehicles have the potential to both provide health benefits to the population by reducing
air pollution and combat climate change by reducing greenhouse gas emissions. Potential electric
vehicle owners currently worry that on long distance journeys they will run out of energy in the
vehicle battery and have to wait while their battery is recharged, potentially adding hours to their
journey. Fast charging, defined here as a charging power greater than 120 kW, is therefore one of
the challenges to overcome before the widespread consumer adoption of electric vehicles. Future
advances in battery chemistry may enable the faster charging of electric vehicles, however if

these advances are achieved, two challenges will remain and these are the focus of this thesis:

1. Faster charging requires higher power capacity electricity grid connections, which may
not be available at the required fast charging station location
2. Faster charging requires the batteries to operate at higher charge rates, which generates

more heat meaning the battery may require active thermal management during charging

The solution to the first challenge investigated in this thesis is to use stationary energy storage at
fast electric vehicle charging stations. The stationary energy storage buffers the energy between
the electricity grid and the electric vehicles using the fast charging station, thereby reducing the
maximum power demand required from the grid and meaning installation is possible at more
locations on the grid. In this thesis, a novel method is used to predict demand at fast charging

stations before a second novel method is proposed to size the required stationary energy storage.

The solution to the second challenge is to use thermal modelling to design thermal management
systems to deal with the excess heat generated during fast charging. In this thesis a thermal
model that can be used for high rate applications, defined here as a rate that will recharge the
battery in less than one hour, is demonstrated and a novel experimental method to determine

the parameters required for the model is proposed.
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Chapter1 Introduction

The primary advantage of EVs over conventional gasoline vehicles is that fossil fuels are not
combusted in EVs. By not combusting fossil fuels at the point of use, EVs have the potential to

help in the fight against climate change and to help reduce air pollution.

The Intergovernmental Panel on Climate Change states that CO, is the most important pollutant
originating from human activity that causes climate change [1]. Worldwide in 2013 the
International Energy Agency estimated that the transport sector accounted for 23% of CO,
emissions, with road transport accounting for three quarters of these emissions [2]. EVs do not
emit CO; at point of use and so could potentially reduce the road transport emissions value
substantially, currently however the majority of electricity is generated by burning fossil fuels,
which produces CO,. Using EVs to reduce overall CO; emissions therefore also requires generating
more of the world’s electricity from non-fossil fuel based sources, such as renewable electricity

generation or using carbon capture and storage at large fossil fuel power stations.

Air pollution from cars is a problem throughout the world, especially in large cities. The World
Health Organisation estimates that outdoor air pollution causes 3.7 million deaths worldwide
annually, with pollution from transport a major source of the outdoor air pollution [3]. It is hard to
directly calculate the health impacts of gasoline vehicles but a Kings College London study
estimated that up to 9,416 persons die prematurely in London due to air pollution annually [4].
EVs do not emit air pollution at point of use and so could potentially produce large health

benefits.

As well as these advantages, EVs have other advantages over gasoline vehicles, including less
noise pollution and the potential for a quieter and smoother ride [5]. Despite these advantages
EVs currently make up a small proportion of the number of vehicles on the road, around 0.9% in
the USA and 1.4% in the UK in 2016 [6]. The Joint Center for Energy Storage Research in the USA
suggests that there are four primary and one secondary challenge to overcome before EVs are
widely adopted [7].

e Primary Challenges:

o Driving range: EVs need to be able to travel further between charges

o Fast charging: EVs need to be able to recharge faster

o Inexpensive: EVs need to be comparable cost to gasoline vehicles

o Safe: Potential EV owners need to be convinced of the safety of the EV batteries
e Secondary Challenges:

o Charging infrastructure: Local and long distance
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The primary challenges listed above are related to the batteries used to store the energy to power
the EV. Low driving range and lack of fast charging contribute to what is known as range anxiety,
whereby drivers are fearful of fully depleting an EV battery in the middle of a trip and having to
wait for hours while their EV recharges [8]. The secondary challenge of charging infrastructure is
split into local and long distance. Local charging infrastructure refers to charging points at home
or at work. One challenge for local charging infrastructure is that currently some local electricity
networks could not cope if everyone on a street had an EV and charged it at the same time [9].
Long distance charging infrastructure refers to fast charging, similar to stopping at a gas station,

during journeys where the EV range is exceeded and the EV battery must be recharged quickly.

Automakers are working to overcome these issues and most automakers have plans to sell
significant numbers of EVs in the future. The International Energy Agency predicts anywhere from

20 million to 140 million EVs on the road globally in 2030, compared to 2 million EVs in 2016 [6].

This thesis focuses on the challenge of fast charging EVs and the associated secondary challenge
of long distance charging infrastructure. The fastest EV charger currently available can provide a
power of 120 kW [10], for this thesis fast charging is therefore defined as a charging power
greater than 120 kW. A charging power of 120 kW means that fast charging an EV currently takes
much longer than refuelling a gasoline vehicle with gasoline, which refuel at a rate of 20 MW [11].
However EVs are more efficient than gasoline vehicles at converting energy to movement, roughly
4 times more efficient, however this still means EVs are 40 times ((20,000 kW / 4) / 120 kW)
slower at charging. EVs can however be charged at home and it has been suggested that a
charging rate of about 400 kW will be sufficient to encourage the uptake of EVs [12]. Achieving

this charging power would enable more travel in EVs and increase the consumer uptake of EVs.

At present, the charging limitation, and therefore the reason EVs charge at 120 kW instead of
400 kW, is the limit of maximum current that can be delivered to the cells in the EV battery pack
[13]. To increase the current that EV cells can accept requires research into the materials and
chemistry used to make up the cells. Improving the chemistry of cells to enable faster charging is
outside the scope of this thesis, however there are many ongoing projects researching this [14-
16]. This thesis focuses on other future limits to fast charging of EVs, which will become limiting
factors once cell charging current limits are increased. These other future limits to fast charging

include [17]:

e Obtaining the required power from the electricity grid
e Dealing with the additional heat generated in the EV battery
e Designing the power electronics in the EV and at the charging station

e Balancing the cells in the EV battery pack
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These limits are discussed in more detail in Chapter 2 however the two most important factors,

which are the focus of this thesis are:

e Obtaining the required high power connection from the electricity grid, with high power
defined as the power required for fast charging of over 120 kW

e Dealing with the additional heat generated in the EV battery during fast charging

These two limits are discussed more in Sections 1.1 and 1.2 below and the research question the

thesis is addressing is:

“How can the electricity grid capacity and cell thermal limitations of electric vehicle fast charging

be overcome?”

1.1 High Power Grid Connection

The high power, defined here as a power over 120 kW, grid connection is related to the secondary
challenge mentioned above of long distance charging infrastructure. Higher power charging
requires a high power grid connection and this can cause a problem as there are limited locations
on the electricity grid that can accommodate high power connections [18]. If a high power
connection is required and the current grid infrastructure cannot support the power required, the
grid infrastructure must be upgraded, adding significant cost [19] and hence maximising the
utilisation of this connection is important for value for money. High power grid connections also
include a standing charge based on the maximum power of the connection [20]. In the future, as
charging powers increase, the power required from the grid, and therefore the costs, will

increase.

The proposed solution investigated in this thesis is to use a stationary energy store to buffer the
power from the grid at a fast charging station, the configuration of which is shown in Figure 1.1.
Using stationary energy storage means that the energy required to charge the EVs can be taken
from the grid over a longer time period, so the maximum power drawn from the grid is reduced. If
the maximum power drawn from the grid is reduced, there will be more locations that can
accommodate the connection meaning potentially expensive grid infrastructure upgrade costs
can be avoided. The standing charge based on the maximum power of the grid connection will

also be reduced.
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Conventional Fast Charging Station Proposed Fast Charging Station with
o Stationary Energy Storage
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Figure 1.1 Comparison of a conventional fast charging station and the proposed fast charging

station with stationary energy storage

The focus of this thesis is on the stationary energy store itself and the aim is to determine the

optimum type and capacity of stationary energy store to use at a fast charging station.

The type of stationary energy store is discussed throughout the PhD thesis however from the
literature review in Chapter 2 it is determined that the most likely type of energy storage is
batteries, specifically lithium-ion batteries. Lithium-ion batteries are chosen as they have many of
the likely required characteristics and there is therefore a focus on lithium-ion batteries
throughout the thesis. They are suitable for storage capacities from a few kWh to 100’s MWh, can
operate at a wide variety of rates, fully discharging in seconds to days, can last a long time, up to
many years [21], and have rapidly falling costs, with a 14% annual reduction each year between

2007 and 2014 [22].

The capacity of the stationary energy store depends on when and how fast the energy storage will
need to charge and discharge and this is directly dictated by the vehicle usage pattern of the fast
charging station. When many drivers are using the fast charging station the energy storage will
discharge and when few drivers are using the fast charging station the energy storage will charge
from the grid. Chapter 3 develops and proposes a novel method to forecast future fast charging
station usage, using MATLAB and a forecasting modelling technique with the input of real world
GPS driving data collected by researchers in the USA. In this model it is assumed that all gasoline
vehicles are replaced with EVs, which can charge overnight. It is then assumed that all the same
gasoline journeys are conducted in the EVs and from these journeys the time of day that fast

charging stations will be used in the future is estimated.
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In Chapter 4 a novel method is proposed for employing this fast charging station usage pattern to
determine the required capacity of the stationary energy store at a fast charging station based on
vehicle waiting time analysis. Chapter 4 develops a MATLAB model for designing the stationary
energy store at the fast charging station with the inputs coming from the model developed

in Chapter 3.

The model uses random number generation to assign an arrival time to each EV arriving at the
fast charging station, with the randomly generated arrival time being weighted according to the
fast charging station usage pattern determined in Chapter 3. The model then steps through each
second of the day and determines whether an EV arrives at the fast charging station to charge
based on the assigned arrival times. The grid connection power is limited and so if there are lots
of EVs charging, some of the EVs may have to wait because there is not sufficient power. The
stationary energy store can be used to charge the EVs if the grid connection power is insufficient,
however the EVs may still have to wait if the stationary energy store becomes empty. The output
of the analysis is therefore the capacity of stationary energy versus the average waiting time of
EVs using the fast charging station. An appropriate size stationary energy store can then be

chosen based on the chosen acceptable average waiting time.

The methods proposed in this thesis could be used at any location where a fast EV charging
station is required. Location specific inputs could be used in the model, which would output the
capacity of energy store required for the given location. The model does not include an economic
assessment due to the variability of costs of grid connection [23]. An economic assessment could
be undertaken using the results of the analysis, comparing the cost of the fast charging station

with and without the stationary energy storage.

1.2 Additional Heat Generation within the Electric Vehicle Battery

The heat generated in a battery during charging is dependent on multiple processes, which are
discussed in detail in Chapter 2. Faster charging means higher currents, which means the resistive
heating in the battery becomes the increasingly dominant heat generation process as the resistive
heating is proportional to the battery current squared [24]. This means that if charging rates

double the resistive heat generated will quadruple.

This heat must be removed from the battery pack to stop the cells becoming too hot, which can
result in reducing the lifetime of the cells or, if the cell exceeds its thermal runaway temperature,
catastrophic failure in the form of fire or explosion [25]. The heat is removed from the battery

pack by a cooling system, for example passing a coolant in a tube through the battery pack.
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Designing cooling systems to deal with this additional heat generation during fast charging is a
challenge for battery engineers and to design an effective cooling system a thermal model is
required [26]. As the focus of these thermal models will be on the cooling system design the

thermal model of the cells needs to be simple to use as well as being accurate.

To address this issue in this thesis a thermal model that is easy to parameterise but accurate at
high rates, defined here as rates that will charge a cell in under 1 hour, is developed. The thermal
model is of use both to the battery on-board the EV as well as the stationary energy storage,
which may also have to operate at high rates although does not suffer from the space and volume

constraints that the vehicle energy store must meet.

In Chapter 5 the author’s thermal model is demonstrated, which can predict cell temperature at
high rates. Novelty is achieved by proposing a new method to obtain the parameters for the
thermal model. The thermal modelling in Chapter 5 is conducted using MATLAB and the results
are verified using laboratory experiments on commercial cells. The method to parameterise the
cells involves charging and discharging the cells using a battery analyser and monitoring the
surface temperature response. The method is then repeated and additional cooling applied using
a fan. From analysing the results the thermal parameters, including heat capacity and internal
thermal resistance, of the cells can be obtained. The method has the advantage that it only uses

equipment commonly found in battery laboratories and the cell does not have to be taken apart.

The thermal model and method to obtain the thermal parameters of cells proposed in this thesis
can be used to model the temperature of cells during high rate applications similar to those
expected by an EV while fast charging. This easy to parameterise model will enable further work,
which could use the method and model proposed, to design innovative EV cooling systems to

enable the faster charging of EVs.
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1.3 Novel Contributions and Associated Publications

The specific major novel contributions claimed by this thesis are detailed in Table 1.1, with

reference to supporting chapters of the thesis and evidenced by the corresponding publication.

Usage, page

Table 1.1  Major novel contributions from the PhD, published or submitted to journals

Novel Contribution Thesis Associated Publication
location

Method to determine |Section 5.4, |Thomas S. Bryden, Borislav Dimitrov, George Hilton,
the specific heat Method to | Carlos Ponce de Ledn, Peter Bugryniec, Solomon
capacity of lithium-ion | Determine |Brown, Denis Cumming, Andrew Cruden, Methodology
cells using common the Thermal |to determine the heat capacity of lithium-ion cells,
inexpensive Parameters, |Journal of Power Sources, Volume 395, August 2018,
laboratory equipment |page 118 Pages 369-378, 10.1016/j.jpowsour.2018.05.084 [27]
Method to predict Section 3.3, |Thomas S. Bryden, George Hilton, Andrew Cruden, Tim
time of day use of fast | Method for |Holton, Electric vehicle fast charging station usage and
EV charging stations | Predicting power requirements, Energy, Volume 152, June 2018,

Pages 322-332, 10.1016/j.energy.2018.03.149 [28]

58
Method to determine |Section 4.1, |Submitted and under review, Thomas S. Bryden,
the size of stationary |Description |George Hilton, Borislav Dimitrov, Carlos Ponce de Ledn,
energy storage at a of Model, Andrew Cruden, Rating a Stationary Energy Storage
fast EV charging page 76 System within a Fast Electric Vehicle Charging Station

station

Considering User Waiting Times

in Appendix A.

Additional novel contributions and associated conference and co-author papers are included






Chapter 2

Chapter 2 Literature Review

This chapter presents a detailed literature review of the topics covered in this thesis. Lithium-ion
batteries form a large part of the thesis as they will make up the EV battery and may make up the
stationary energy storage, therefore the chapter starts with a brief introduction to lithium-ion

batteries in Section 2.1.

In Section 2.2 a background to EVs is given, including current and future EV capabilities and costs
and details on how fast charging is currently achieved. From the literature review in this section
the limitations of fast charging are detailed and it is shown how there are three critical limitations
to increasing charging rates in the future: cell current limits, obtaining the high power required
from the grid and dealing with the additional heat generation associated with fast charging. It is
described how increasing the cell current limits is currently the focus of many research projects
and requires changes in the cell chemistry. Such fundamental chemistry work was not the subject

of this thesis, therefore this limitation is not investigated further in this thesis.

The subsequent two sections therefore investigate the other two limitations. In Section 2.3
background information regarding obtaining the high power grid connection required for fast
charging is given. The solution investigated in this thesis is to use stationary energy storage at the
fast charging station and so topics related to this are covered, including the electricity grid
connection costs, potential types of stationary energy storage, and a review of research already
conducted into stationary energy storage at fast charging stations. In Section 2.4 background
information regarding dealing with the additional heat generation during fast charging is given.
The solution investigated in this thesis is to use thermal modelling so topics related to this are
covered, including the theory and a review of research already conducted into battery thermal

models as well as details of EV cooling systems.
The chapter ends with a summary of the literature review and the research objectives of the

following chapters.

2.1 Introduction to Lithium-ion Batteries

In this section, the important aspects of lithium-ion batteries that are required for understanding

of the thesis are detailed.

A battery is combination of one or more cells, with a cell being a device that converts stored

chemical energy into electric energy by means of an electrochemical reaction. Lithium-ion cells
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are rechargeable and so the process is reversed to recharge the cell [29]. A cell consists of three
major components: the negative electrode, the positive electrode and the electrolyte. These
components can be made of different combinations of materials to make different types of cells.
Lithium-ion cells also include a separator to stop the electrodes touching each other and negative
and positive current collectors, which are required because the electrodes are normally not very

electrically conductive. An overview of a lithium-ion cell can be seen in Figure 2.1.

Current flow during discharge
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Figure 2.1 Overview of inside of a lithium-ion cell

Figure created by adapting data from [29, 30]

Multiple cells are combined to create a battery module and multiple modules are then combined
to create a battery pack, as seen in Figure 2.2. Battery packs can contain many thousands of cells,
for example Tesla EVs contain over 7,000 cells [31]. A battery management system is used in
battery packs to ensure that all the cells are operating within acceptable voltage, current and
temperature ranges. Differences in voltage, current and temperature can arise as a result of

differences in the manufacture of the cells as well as the location of the cell within the pack.

~ P — =
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Combine . " Combine

multiple 2 multiple
cells modules

Cell Module Pack

Figure 2.2 Constituents of a battery pack

There are three geometries of cells that are commonly used in battery packs: cylindrical cells,
prismatic cells and pouch cells, seen in Figure 2.3. The geometries have different advantages and
disadvantages, such as ease of manufacturer and packing density [32]. When designing the cell, as

well as the geometry of cell, it must also be decided if the cell is to be used for applications where

10
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energy or power is more important. For the same size cell, a cell designed for high energy
applications will have a higher energy density but lower power density than a cell designed for
high power applications, for which the opposite is true. In terms of the components seen in
Figure 2.1, a cell designed for high energy will have thicker electrodes than a cell designed for

higher power, while a cell designed for higher power will have thinner electrodes.

Cylindrical Prismatic Pouch

Figure 2.3 Three geometries of lithium-ion cells that can be used in a battery pack

As well as the geometry, lithium-ion cells also vary depending on the exact chemistry used for
each of the components. The negative electrode is generally graphite, however some
manufacturers add other chemicals, such as silicon [33], to the negative electrode to increase the
energy density. The biggest difference between types of lithium-ion batteries is the chemistry of
the positive electrode where there are six commonly referred to chemistries of lithium-ion
battery [34]: LCO, LFP, NMC, NCA, LMO and LTO. The name refers to the chemistry of the positive
electrode except for the LTO chemistry, where the negative electrode is lithium titanate and the
positive electrode can be any of the other types of lithium-ion battery. Each type has its own
advantages and disadvantages and these are discussed more in Section 2.3.2 and a comparison

between the types of lithium-ion battery are seen in Table 2.7.

When characterising batteries, the most common technique is to charge the battery with a
constant current followed by a constant voltage and to discharge the battery with a constant
current. The CC — CV charging technique involves applying a constant current, with a maximum
value specified by the manufacturer, to the battery until a set voltage is reached and then
applying a constant voltage until the current drops below a set value. The constant current
discharging technique involves applying a constant current, with a maximum value specified by
the manufacturer, until a set voltage is reached. These techniques can be seen in Figure 2.4, the
exact shape of the graphs in Figure 2.4 vary depending on many aspects, including the cell
chemistry, the capacity, the current applied and temperature of the battery. The battery does not
have to be charged and discharged using these techniques described and any charging or
discharging mechanism can be used as long as the battery is kept within voltage, current and

temperature limits. One battery cycle is equal to a full charge and a full discharge.

11
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Figure 2.4 Typical lithium-ion charge and discharge current and voltage profiles

CC - CV charge (left), constant current discharge (right)

The most commonly compared battery characteristics are the energy and power characteristics of
the battery. The capacity of a battery is expressed in ampere hours (Ah), the rated capacity of the
battery is found by charging the battery fully and then discharging using the constant current
technique, normally the current used is a current that should discharge the battery in 5 hours. The
capacity is then found by multiplying the constant current value in amperes by the number of
hours the battery discharged for. The energy stored in a battery is expressed in watt hours (Wh)
and is found by multiplying the capacity by the voltage. As seen in Figure 2.4, the voltage is
continually changing as the battery is discharged, if a constant current is used to discharge the
battery the average voltage value can be used to find the energy. The energy can be divided by
the volume of the battery to obtain the energy density (Wh L) or by the mass of battery to
obtain the specific energy (Wh kg?) [30].

The energy efficiency of the battery is made up of the coulombic efficiency multiplied by the
voltage efficiency. The coulombic efficiency is the difference between the charge and discharge
capacities, for example when charging a cell it may use 5.1 Ah and when discharging the cell only
5.05 Ah is obtained. This difference occurs due to irreversible chemical reactions in the cells that
may occur during charge and discharge. It should be noted that to obtain accurate coulombic
efficiency results a constant voltage step should be added to the test procedure seen in Figure 2.4
during the discharge after the constant current discharge step to ensure the battery is fully
discharged [35]. The voltage efficiency is the difference between the charge voltage and the
discharge voltage, for example while charging the cell may have an average voltage of 3.75 V but
while discharging the average voltage may be 3.65 V, note that to take account of current

variations the average voltage is taken over the SoC rather than time. Another method to

12
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calculate the energy efficiency of the battery can be found by summing the voltage multiplied by
the current at all times during discharge and charge and dividing the discharge value by the

charge value.

The rate at which a battery can be charged or discharged is normally defined as a maximum
current. To convert the current into a power it must be multiplied by the voltage of the battery
however, as seen in Figure 2.4, the voltage varies while the battery is being charged and
discharged and so the power also varies. The C-rate (Crate) is @ method of comparing the current
(I (A)) rate ability of batteries of different sizes and is defined as per Equation 2.1. The capacity
(Cap (Ah)) is usually taken as the manufacturer’s rated capacity. A fully charged battery
discharged at a C-Rate of 1C will take around one hour to fully discharge, at 2C the battery would

discharge in around half an hour, and so on.

I
Crate = @

Equation 2.1

Other parameters that may be used for comparison between types of lithium-ion battery include
[21]: cost, lifetime, both in calendar years and in the number of times the battery can be cycled,
safety, recyclability and self-discharge, i.e. if the battery is not being used how fast will the energy

dissipate from the battery.

2.2 Background to Electric Vehicles

This section gives an overview of EVs, including the current state of EVs and fast charging along
with the current and future fast charging limitations. When discussing EVs there are three types of
vehicles with batteries that can be used to drive the vehicle seen in Table 2.1 [17]. There are other
differences between the vehicles regarding the layout of the drive train, such as whether the
wheels are powered by only electric motors or by electric and gasoline motors, however all

battery vehicles could be classed into one of the 3 categories in Table 2.1.

13
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Table 2.1  Types of vehicles that use a battery to drive the vehicle

Type Drivetrain Recharge UK best selling

vehicle example [36]

HEV Gasoline Engine + |Regenerative -
Battery Braking
PHEV Gasoline Engine + |Regenerative Mitsubishi
Battery Braking + Plug in Outlander
EV Battery Regenerative Nissan Leaf

Braking + Plug in

Moving from top to bottom of Table 2.1 the vehicles become more environmentally friendly and
less polluting. An HEV can be thought of simply as a more efficient conventional gasoline vehicle
as the battery can only be used in conjunction with gasoline. In a PHEV shorter journeys can be
completed using only the battery but long journeys, or if the PHEV is not plugged in between
journeys, will result in the use of gasoline. In an EV there is not a combustion engine and the
distance one can travel before recharging depends on how large the EV battery is, EVs therefore

have larger batteries than HEVs and PHEVs.

2.2.1 Current Electric Vehicles and Research Challenges

The ideal scenario therefore is to replace gasoline vehicles with EVs, as stated in the introduction,
there are however four primary challenges to overcome before people will purchase EVs [7]:
range, fast charging, cost and safety, as well as the secondary challenges of providing sufficient
slow and fast charging infrastructure for the EVs. These challenges are described in detail in the
sections below with fast charging and fast charging infrastructure given its own section due to its

importance to the thesis.

2211 Range and Cost

The range and costs of EVs are directly related to the battery in the EV. The range of an EV is
equal to the efficiency of the EV at converting the energy in the battery into movement multiplied
by the capacity of the EV battery, the larger the battery the greater the range of the EV. The cost
of the EV is also highly dependent on the cost of the battery, for the Chevrolet Bolt EV the battery

pack is the largest cost item in the vehicle [37].

In current EVs the range and cost of EVs go hand in hand, with EVs having longer range costing

more. At one end of the spectrum the Citroen C-Zero is marketed as a city car and has a range of

14
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93 miles and costs £20,000 [38]. At the other end of the spectrum the Tesla Model S 100D has a
range of 424 miles and costs £83,000 [39]. Of the EVs that are available for purchase now there
are two EVs with a relatively low cost that have ranges of over 200 miles. These are the Chevrolet
Bolt with a battery capacity of 60kWh, a range of 238 miles and costing $38,000 [40] and the Tesla
Model 3 with a range of 220 mile range and costing $35,000 [39].

The current trend is for the capacities of the batteries used in EVs to increase. The capacities of
the Nissan Leaf [41] and Tesla Model S [39] have increased from 24 kWh and 65 kWh respectively
at their introduction to 40 kWh and 100 kWh now. The costs of the batteries is also decreasing, it
is however hard to find good references on how much lithium-ion batteries currently cost. One
study estimated the cost at battery pack level has decreased from over 1,000 $ (kWh)? to

410 S (kWh) ! between 2009 and 2014 [22]. Chevrolet has also stated that on a cell level, the cost
is 145 S (kwh)*in 2017 [42].

Increases in range and decreases in cost can be made by modifying the lithium-ion battery
chemistry, improving the battery pack design, increasing the efficiency of the EV or improving
manufacturing techniques. These improvements however can only have limited impacts as the
energy density of lithium-ion batteries can only increase by a small amount, currently the most
energy dense lithium-ion batteries have an energy density of 650 Wh L, while the maximum
energy density of future lithium-ion batteries is 850 Wh L [34]. To achieve a step change in
energy density, research is being conducted into using chemistries other than lithium-ion, such as
Aluminiume-air [43] or Lithium-air [44]. These chemistries have theoretical energy densities an
order of magnitude higher than lithium-ion however currently problems with these chemistries

include practically achieving the energy density, overcoming low efficiencies and short cycle lives.

In terms of the cell chemistries used, comparisons of which can be seen in Table 2.7, the majority
of EVs use NMC type lithium-ion batteries, with the Society of Automotive Engineers [45] stating
“several companies that started with the lower cost, very safe lithium-manganese oxide (LMO),
including Hitachi and GS Yuasa, migrated to LMO/NMC blends and are now moving to NMC to
achieve greater energy density”. Jaguar Land Rover [46], Chevrolet [47], Nissan [48] and Kia [49]
all use NMC batteries. The main reasons for using NMC batteries are the high energy density and
the low cost, the downsides of the battery are the safety concerns. Despite the majority of
automakers opting for NMC batteries the largest current EV manufacturer, Tesla, use NCA
batteries [50]. The NCA chemistry generally has similar advantages and disadvantages to the NMC
chemistry. One further exception to the rule is Mitsubshi, who use LTO batteries [51]. The
geometry of the cells is also varied with cylindrical, prismatic and pouch cells all used by different

automakers.
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2.2.1.2 Safety

There are concerns regarding the safety of lithium-ion batteries as if a battery pack is damaged
there is the potential for thermal runaway, fire and explosion [52]. This will be amplified in the
future, as EV battery capacities increase, battery accidents may become more violent. It should
however be noted that this can also occur in gasoline vehicles if the gasoline tank is damaged and

catches fire [53].

In current EVs, common methods to improve the safety of the battery include choosing a safer
lithium-ion chemistry or encasing the cell or battery in a more crash resistant enclosure. Research
into safer batteries therefore spans multiple length scales, from the chemicals that make up the
cell using safer electrolytes [54], through to the cell design using materials that become non
conductive if they get too hot before thermal runaway [55] to the battery pack design looking at

the way the battery pack will respond in an accident.

2.2.13 Charging Speeds and Slow Charging Infrastructure

When charging an EV, either AC or DC charging can be used, where AC or DC refers to the current
state (AC or DC) that the current is in when the power is transmitted to the EV [56]. An overview
of AC and DC charging systems is shown in Figure 2.5, where it is clear the components for AC and
DC charging systems are quite similar. The main difference is that for AC charging systems the
charger is located on-board the EV while for DC charging systems the charger is located off-board
the EV. Using an off-board charger means that communication must be established between the
EV and the charger. When using an off-board charger the EV typically monitors the battery and

transmits requests to the charger for the voltage and current to be delivered to the EV.

AC charging DC charging
ey Ch
*” On-board \‘, " Off-board
Grid charger : Grid charger
}

AC AC

/\j E DC _i_|_-é+ | DC rg\,ﬂ

| . . |
| Communication |

rd
\
~-
o
W
=
o
'\ <
o
,
o
0
=
2

Figure 2.5 Overview of AC and DC EV charging

In terms of the charging of EVs, the IEC defines four modes of EV charging (IEC61851-1) [57],

shown in Table 2.2. The power levels for slow and fast charging are not well defined by the

16



Chapter 2

standard. Zap Map [58] defines three charging levels, slow up to 3 kW, fast up to 22 kW and rapid
up to 120 kW. Due to the low power, slow charging is conducted in locations where the EV is
typically parked for many hours, such as at home or work. If the Nissan Leaf mentioned above
with a 40 kWh battery was fully discharged and was then charged using a slow charger it would

take over 13 hours to fully charge.

Slow charging has challenges associated on both the local and national grid level. On a local level
if everyone on a street had an EV and charged at the same time local transformers may become
overloaded [59]. This overloading is possible as in the UK the grid is typically designed for an after
diversity maximum demand of 2 kW while the slow charging described above is up to 3 kW. On a
national level it is likely that people will start slow charging their EV around 5 pm at night as they
arrive home for the evening, this is the same time as the peak load on the grid and so additional
electricity generation may be required, grid challenges are discussed more in section 2.3.1. One of
the ideas to mitigate these issues is to use smart charging [60], which shifts the charging to off-
peak electricity usage times. For example if an EV owner arrives home at 5 pm, plugs in their EV
and does not need the EV again until the morning, the charging can be delayed from 5 pm to start

at midnight when electricity grid usage is less and the price may be reduced.
Table 2.2  Four modes of EV charging

Adapted from IEC61851-1 [57, 61]

Charging
Mode |ACorDC Description Current / Voltage
Speed
16A, 250V single-phase
Mode 1 |AC Slow Household type socket outlet
16A, 480V three-phase
Household type socket outlet with an in | 32A, 250V single-phase
Mode 2 |AC Slow

cable protection device 32A, 480V three-phase

Slow or |Specific EV socket outlet

Mode 3 |AC -
Fast with control and protection function
Mode 4 |DC Fast External charger -
2.2.2 Fast Charging and Fast Charging Infrastructure

Currently, the fastest chargers all use DC off-board charging. AC high power charging has the
problem that an on-board charger is required in the vehicle and to accommodate the high powers

required for high power charging an on-board charger would likely weigh too much and take up
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too much space in the vehicle. There are currently 4 types of DC chargers and an EV capable of
fast charging will typically have a plug capable of using one of the following charging standards

[62]:

e CCS

e CHAdeMO

e Tesla Supercharger
e GB/T

A summary of key information regarding these four fast chargers is presented in Table 2.3. Key
differences between the chargers include different powers, different charging procedures and
communication protocols. The CCS and Tesla chargers accommodate AC and DC charging in one

plug while the CHAdeMO chargers require separate plugs for AC and DC charging.

CHAdeMO and CCS are often installed together [63]. Although it is complicated having different
types of chargers, it is estimated that it only costs 5% extra to install a charging station with both
CHAdeMO and CCS charging points compared with a charging station with a single charging point
[64]. Tesla charging points are installed separately and the GB/T standards are not used outside
China. The CHAdeMO charging plug has been the most popular plug standard in the past, it should
be noted however that EVs with CCS charge capability have only been on the road since 2013. It is
predicted that in the future as more EVs with the CCS standard are sold there will gradually be a
more even split between the CHAdeMO and CCS standards [65].

Currently the majority of fast charging stations installed worldwide are 50 kW. EVs that can
support rapid charging currently will charge at a maximum of 50 kW, except for the Tesla EVs
which can charge at up to 120 kW using the Tesla Supercharger network [62]. Several projects
have however recently been announced to install fast charging stations between 350 kW [66] and

400 kW [67].
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Table 2.3  DC fast EV charging protocols
Tesla
CCs CHAdeMO GB/T
Supercharger
Proposed by Europe/USA Japan Tesla China
Chargers installed in
v v v x
the UK
Defined in IEC
v v x v
IEC61851-23 [68]
Current maximum
60 kW 50 kw 120 kW 50 kwW
power [62]
Current theoretical
100 kw 62.5 kW 145 kw 180 kW
maximum power [62]
Future perspective
350 kW 350 kW Unknown Unknown
power
Charger ‘ ® -
Europe USA Europe
Audi, BMW,
Daimler, Jaguar
Land Rover,
Car manufacturers Toyota, Nissan, BAIC, BYD,
Porsche, Tesla
[69-71] Mitsubishi Dongfeng
Volkswagen,
Chrysler, Ford,
GM
2.2.2.1 Limitations of Fast Charging

This section details all the potential limitations of fast charging and discusses which limitations are

most likely to limit charging speeds in the future. The conclusion from the literature review in this

section and discussions with industry is that it is thought that the fast charging limitation of

current EVs is the cell current limit, this is discussed in detail below. Breaking this down even

further the current is likely limited by the current which can be applied before lithium plating
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occurs [13]. The limitations of fast charge are shown in Figure 2.6, and if the current limit is
overcome any of the other limitations could become the limiting factor and these are described in

more detail in the sections below.

Grid connection
power
Power Charging
delivered to EV » station power
battery electronics
On board
Limitations of power
EV Fast electronics
Charge
Voltage
Cell level Current
Ability of EV
battery to Temperature
accept power

Cell balancing
Pack level <:
Cooling power

Figure 2.6  Potential limitations of fast EV charging

Power Delivered to Electric Vehicle Battery

As shown in Figure 2.6, the power delivered to the EV battery is reliant on having a sufficient
electricity grid connection and having the power electronics able to handle the required voltages

and currents both in the charging station and on-board the EV.

A sufficient grid connection capacity is related to constraints on the electricity grid. If a high
power connection is required at a specific location and the current grid infrastructure cannot
support the power level, the grid infrastructure must be upgraded [19]. Faster charging and
therefore higher powers will amplify this problem. The grid connection is therefore one of the
focuses of this thesis and along with the proposed solution of using stationary energy storage at

the fast charging station is described in detail in Section 2.3.

It is assumed that the power electronics in the charging station will not be the limiting factor as,
although it is complicated to design systems for such high powers, charging stations up to 400kW

are currently available commercially [67].

The on-board power electronics are also not considered a limiting factor as for DC charging the
charger power electronics are located off-board the EV. There are therefore few power electronic

devices on-board the vehicle for fast charging as on-board the vehicle consists of one positive and
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one negative conductor linking the charging connector to the EV battery. These conductors could
be made larger to accommodate higher powers. The power electronic converters required for fast

charging are therefore not researched further in this thesis.

Ability of Electric Vehicle Battery to Accept Power

For the EV battery the limitations are broken down into cell level limitations and pack level

limitations.

Cell Level

On a cell level, there are three potential battery limitations of fast charge: voltage, current or
temperature. Charging or discharging the cell outside the specified limits can cause accelerated
degradation and so for fast charging, maximum values for the cell voltage, current and
temperature are set by cell manufacturers. The reasons for the voltage, current and temperature
limits are down to the electrochemistry of the cells and hence a brief overview of the chemical

explanation of each limit is now presented.

The cell voltage upper and lower limits are determined by the voltage window where the
electrolyte will not break down. Applying a voltage above the upper limit or below the lower limit
causes the cell electrolyte to break down, which causes significant degradation to the cell. NMC,
NCA, LCO and LMO cells generally operate between 2.5V to 4.2 V, however the lower and upper
limits can vary slightly, while LFP and LTO cells operate at lower voltages. In addition to electrolyte
break down, at too low cell voltages the negative current collector can dissolve while at too high
cell voltages lithium deposits can form, consuming lithium and putting the cell in danger of short
circuiting [72]. The cell voltage can become a limit to the fast charging if, when a current is applied
to the cell, the voltage reaches the limit too soon after the start of charging. An example of two
cells being charged at the same rate (2C) but reaching the voltage limit after different times after
the start of charging can be seen in Figure 2.7, in this figure cell 2 takes longer to reach the
voltage limit than cell 1 meaning the higher current can be applied for longer to cell 2 and cell 2
charges faster than cell 1. The time after start of charging that the voltage limit is reached is
related to the materials and chemistry make up of the cell and therefore out of the scope of this

thesis and is not researched further in this thesis.
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Figure 2.7 Voltage response of two different cells charged at 2C from 0% SoC

The cell current limit is dependent on many factors, one of the most important is the lithium
plating limit [73]. Lithium plating occurs as the electrolyte breaks down and the lithium is plated
on the negative electrode during charging at too high current [74]. At lower states of charge
lithium plating is less likely to occur and so higher currents can be applied at lower states of
charge [75]. Most chargers for batteries use a simple method of either applying constant current
or constant voltage, therefore most charging regimes use the CC — CV charging regime described
in Section 2.1. Figure 2.8 shows a comparison between this CC — CV charging profile and a
dynamic charging profile that has been optimised to prevent lithium plating. The dynamic profile
involves applying higher currents at lower states of charge and it can be seen to charge the cell

significantly quicker than the CC — CV profile.
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Figure 2.8 Dynamic battery charging profile versus standard CC-CV charging profile

Graph created by adapting data from [76]
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In addition to lithium plating, other potential limitations of current include atomic rearrangement
and particle cracking, where lithium-ion insertion and extraction to the electrode causes volume
expansion and contraction, which is accelerated at higher rates [77]. As the current limit is related

to the materials and chemistry make up of the cell it is not researched further in this thesis.

The temperature limit is linked to the pack level cooling system limit, described below, as a larger
cooling system can prevent the cells heating up too much during charge. Too high temperature
can accelerate the electrolyte degradation and decomposition of the binder, which is used to bind
the electrode to the current collector [78]. As well as degradation, the temperature limit may also
be specified to stop thermal runaway, where the cell fails catastrophically resulting in a fire or
explosion. As stated in the previous section, the EV cooling and the cell temperature is a potential
limit to future fast charging and therefore one of the focuses of this thesis, which is described in

detail in Section 2.4.

With all limits there is a trade off between degradation and cell ability. The manufacturer could
specify a current limit of 0.01C, a voltage window of 3.6 — 3.8 V, a temperature range of 24 — 26°C
and claim their cells could last many thousands of cycles however the cells would not meet many
applications. Cell manufacturers generally specify limits and then guarantee that if operated

within these limits the cells will last for at least a minimum number of cycles.

Pack Level

At the pack level, cell balancing and the battery cooling system could limit the maximum EV
charging rate. As stated in Section 2.1, batteries are manufactured as cells with capacities much
lower than that required for an EV battery, a breakdown of a Tesla battery pack is given in
Section 2.2.2.2. Many cells must therefore be connected to create a battery with a large enough
capacity, which creates the challenge of cell balancing [79]. Cell balancing is the process of
ensuring that all cells in a battery pack are at the same voltage, SoC and temperature. Cells may
become unbalanced due to manufacturing tolerances and material impurities and cell imbalance

in a battery pack can reduce the cycle life of the battery pack as some cells are overcharged.

Cell balancing systems can generally be classed as either active or passive [79]. Passive balancing
involves discharging the cells at high states of charge though resistors whilst continuing to charge
cells at low states of charge until balance is achieved. Passive balancing is relatively simple and
cheap but wastes energy. Active balancing involves transferring energy from the cells at high
states of charge to cells at low states of charge using power electronic converters and inductive or

capacitive charge storage. Active balancing wastes less energy but is more complex and expensive
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than passive balancing. In current EVs, passive cell balancing is the norm due to the lower cost

[24].

To enable fast charging, EV battery voltages will increase as for the same pack power a higher
voltage means a lower current, which in turn means smaller current carrying cables, both in the
EV and at the charging station. 1000 V is suggested as a future voltage for EVs because above
1000 V requires increased insulation requirements [12]. These higher voltage battery packs will
require modified cell balancing circuit design as more cells are connected in series. Research is
being conducted on cell balancing to try and encourage the use of active cell balancing [80].
However, as the majority of current EVs use passive balancing, which can be adapted for higher

voltages and faster charging, cell balancing is not a research focus of this thesis.

EV cooling systems are required to remove the heat generated in a battery pack as the battery
charges or discharges. The heat generated by the cells is affected by many different processes as
described in Section 2.4.2.1. One of the main heat generation mechanisms is ohmic heating,
which is equal to the current squared multiplied by the resistance of the cell. At the higher
currents required for fast charging the heat generation and therefore the EV cooling system is
likely to be an issue because the heat generation is proportional to the current squared. The EV
cooling is therefore one of the main areas of study of this thesis and is described in detail in

Section 2.4.

2.2.2.2 Example Fast Charging Profiles

For fast charging, the majority of current EVs use a CC — CV charging regime, similar to that shown
in Figure 2.4a. The battery energies and C-Rates of a select few EVs that use the CC - CV

technique are as follows:

e BMW i3 (33 kWh, ~1.5C) [81]

e Nissan Leaf (24 kWh, ~2.2C) [82]

e  Mitsubishi i-MiEV (16 kwh, ~3.1C) [82]
e Citroen C-Zero (16 kWh, ~2.8C) [83]

Tesla EVs however use a more complicated three stage charging process, as shown in Figure 2.9.
The first stage is constant power where charging is limited by the power delivered to the EV
battery and this stage lasts until roughly 25% SoC. The second stage does not involve constant
current, power or voltage and it is thought that during this stage the EV may be charging using the
dynamic charging profile similar to that shown in Figure 2.8 however it could also be limited by
the cooling system and the temperature of the cells, this stage lasts until around 90% SoC. The

final stage is constant voltage. Although Tesla EVs use a more complicated fast charging regime at
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higher powers the C-Rate is actually lower than other EVs as the energy in a Tesla EV is 85 kWh.

The Tesla battery consists of 7104, 3.1 Ah cells, with 74 cells in parallel and 96 in series [84], giving

a total capacity of 230 Ah. As can be seen in Figure 2.9a the maximum current is 320 A, giving a

maximum C-Rate of 1.4C.

In the future, as EV battery capacities increase and charging powers increase, more charging

profiles will look like the Tesla charging profile. This analysis of the Tesla charging profile was

presented at “HEVC 2016: The 6th Hybrid and Electric Vehicle Conference” along with a

conference paper entitled “Off-vehicle energy store selection for high rate EV charging station”

doi: 10.1049/cp.2016.0986 [85].

(a) (b)
S
5300 T 400 4 P R
§200 T 350 L~ [F--- State of Charge (%)
8 100 4 1 - Power (kW)
Dataset 1 R Current (A)
0+~ ~ -Dataset2L__ 3004 %  |---—Voltage (V)
|- -- Dataset 3 3 n
| |—-—-Dataset 4
§400 250 ~ Constant Power
% 2) 3)
= 360 - 200 ~ . Second EConstant
> . Stage « Voltage
150 : “p
3 100 %, [ — _
6 \\x\ __/‘:. :':-._
g 504 Ul
% ,/“ N\NN‘-~~_~
o L e
0 T T T T 0 T T T T =
0 20 40 60 80 100 0 20 40 60 80 100
State of Charge (%) Time (mins)

Figure 2.9 Tesla Supercharger charging details

Four Tesla Supercharger profiles versus SoC (left) and the Tesla Supercharger Dataset

1 versus time (right) [76]

2.2.3 Conclusions from Electric Vehicles

EVs, as opposed to HEVs or PHEVs, are needed in order to address, in particular, urban transport
emissions and related health impacts. EVs have four main challenges: range, fast charging, cost
and safety, as well as related infrastructure challenges associated with providing sufficient slow
and fast charging points. Every year the number of EVs on the road is increasing and the

capabilities of these EVs, including the range, charging speeds and costs are all improving.
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In terms of fast charging, the majority of current, and all predicted future, fast charging will be
enabled using DC fast charging. Cell current limits due to chemical limitations, such as lithium
plating, are currently thought to be limiting factors. These current limits are not investigated in
the thesis as the thesis is not looking at changing the chemistry of lithium-ion cells. An overview of

potential limitations are shown in Table 2.4.

If the current limit is increased, obtaining the high power grid connection and overcoming thermal
constraints will be the most important challenges to overcome to achieve fast charging. The
following two sections therefore provide background information to these two potential fast

charging limitations.
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Table 2.4  Fast EV charging constraints, in order from most to least important
Related to constraints presented in Figure 2.6

Limit Constraint Category Investigated more in thesis?

Current Cell current limit is not | Chemistry X | Increasing current limits requires
high enough to allow advances in cell chemistry, which is
fast charging outside the scope of this thesis, it is

however critical to achieving fast
charging

Voltage At high currents cells Chemistry % | Linked to the current limit above and
reach the voltage limit, depends on the cell chemistry, which
slowing the charging is outside the scope of this thesis

Temperature |Cells become too hot Chemistry / | ¥ |Section 2.4
while charging, linked |Engineering
to ‘Cooling power’

Cooling Excess heat with fast Engineering | v |Section 2.4

power charging requires large
cooling system

Grid Grid constraints restrict | Economic v’ |Section 2.3

Connection available charging

Power power from grid

Charging Power electronic Engineering | % | Fast charging stations are currently

station power | devices in charging / Economic available with charging powers up to

electronics station cannot handle 400 kW and so this is not thought to
high power required be a limiting factor

On-board Power electronic Engineering | * |DC charging and communication

power devices on-board EV mean the on-board power electronics

electronics cannot handle high are two conducting rods and so this is
power required not thought to be a limiting factor

Cell balancing | High power charging Engineering | % |Currently EVs use passive cell
results in cells in EV balancing and this can be scaled to
becoming unbalanced larger battery packs at higher voltages

and so this is not a limiting factor
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2.3 Background to Stationary Energy Storage at Fast Charging Station

This section looks at the fast charging limit of grid connection power in more detail, with a focus
on the solution investigated in this thesis of using a stationary energy store as part of the fast
charger to reduce the grid connection power. The section provides details of the electricity grid
and the costs associated with connecting a high power connection to the grid before conducting a
review of potential energy storage devices that could be used as the stationary energy storage.
The section ends with a review of research already conducted into using stationary energy storage

at fast charging stations.

2.3.1 Electricity Grid

It is important to understand the costs of connecting a fast charging station to the electricity grid
and therefore the potential benefits of using stationary energy storage at fast charging stations.
The future of the electricity grid is also discussed and future potential benefits of the stationary
energy storage are highlighted. The electricity grid is currently in a period of great change with
demand magnitudes and usage patterns changing with the introduction of EVs and generation
becoming more distributed and intermittent with the introduction of renewable electricity

generation [86].

The electricity demand variation throughout the day for a typical day is illustrated in Figure 2.10.
The demand is lowest throughout the night when most people are asleep and the demand peaks
around 6pm as people arrive home from work but offices and factories are still in use. As well as
these large changes in demand over time scales of hours, the demand fluctuates every second as
people turn on and off devices randomly. In the future, with more EVs on the road the electricity
demand is likely to change, both in terms usage patterns and increasing demand magnitude. The
UK National Grid predicts many future scenarios, the scenario with the largest increase in EVs

causes a peak demand increase of 40% between 2015 and 2050 [87].
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Figure 2.10 Typical winters day electricity demand in the UK

Graph created by adapting data from [88, 89]

Figure 2.11 illustrates that UK electricity is traditionally generated using coal, gas, nuclear and, in
the past, oil. These generation types are controllable, meaning the generation output can be
regulated up or down on demand. Although all are controllable it is easier to vary the generation
from a gas power station than coal or nuclear, with the start up times for gas, coal and nuclear
power stations being 10 minutes, 3 hours and 24 hours respectively [90]. As seen in Figure 2.11
the amount of electricity generation from renewables has increased rapidly since 2010 and is
predicted to increase in the future, with the future predicted to include significantly more wind
and solar generation. A problem with wind and solar electricity generation is that they are

uncontrollable, i.e. they only generate electricity when the wind is blowing or sun is shining.
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Figure 2.11 Electricity generation mix in the UK between 1951 and 2016

In brackets are the main generation source [91]
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There is currently around 2 GWh of electricity storage on the UK electricity grid [92]. This is
enough to store some energy for the grid peak demand period and also deal with some of the
short term fluctuations in generation and demand. However if the UK was powered entirely by
solar and wind and these suddenly stopped generating, at the current peak demand of 62 GW,
this 2 GWh of storage would be used up within 2 minutes. In the traditional grid the controllable
generation is ramped up or down to match the demand, the large jumps or falls in demand are
dealt with by changing the output from power stations or taking the power stations on or offline.
The smaller fluctuations shown on the right of Figure 2.10 are dealt with by changes in frequency.
The frequency of the grid is a measure of how well the supply and demand of electricity on the
grid are balanced, if there is more demand than generation the frequency decreases while more
generation than demand results in the frequency increasing, in the UK the grid operates at a

frequency of 50 Hz, with limits of £0.5 Hz and operational limits of £0.1 Hz [93].

With more uncontrollable renewable electricity generation and larger changes in demand from
the increased number of EVs it is predicted in the future that it will become harder to match the
generation to the demand. The National Grid in the UK has a range of options to balance supply
and demand. Examples include, allowing the frequency to change by +1%, telling generators to
reduce or increase their generation, telling big users to reduce their demand, changing the
voltage of the grid by a few percent (in the UK maximum values are minus 6% and plus 10% [94]).
In the future, energy storage may play a larger role in balancing electricity supply and demand. It
has been suggested [95] that there are 15 potential ways for energy storage to be used on the
electricity grid, ranging from storing energy from excess wind and solar generation to be used
when there is insufficient wind and solar generation to storing energy for frequency regulation to

cope with the short term power fluctuations.

Fast charging stations will contribute to more demand fluctuations, however looking at the
system from the perspective of the person installing the fast charging station there is currently no
penalty for installing equipment with demand fluctuations, as these demand fluctuations are
dealt with at a national level using the balancing mechanisms described above. The only aspect
the developer of the fast charging station has to worry about when connecting to the grid is the
maximum power required by the fast charging station. In this thesis the current costs that a
developer may need to cover are described but in the future there may be other ways a
stationary energy storage could be valuable to a developer, such as providing some of the services

mentioned above to the grid.
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The cost of connecting a fast charging station to the grid could come from two sources and these

are described in the sections below:

e Standard electricity and connection charges

e  Grid infrastructure upgrade costs

23.1.1 Standard Electricity and Connection Charges

An electricity bill for a high power connection can consist of four parts as per Table 2.5. The unit
rates are the actual electricity used by the consumer. The one, two or three refers to electricity
costing different amounts at different times during the day. For example the cost of electricity will
be greatest around 6 pm when demand is highest and lowest in the night when demand is lowest,
in the UK the most well known example of this is Economy 7 [96]. The fixed charge is simply a
charge each day for having an electricity connection. The capacity charge is also a fixed daily
charge however it varies depending on the maximum power rating of the connection. Reactive
power occurs in AC systems when the current and voltage are not in phase because the consumer
is using devices with significant capacitance or inductance. The reactive power is not useful power

but must still be generated, as such large consumers are charged per unit of reactive power.
Table 2.5  Electricity tariff components

Taken from the DCUSA [20]

Tariff component Unit

One, two or three unit rates |p (kWh)?

Fixed charge p day?
Capacity charge p (kVA day)?
Reactive power charge p (kVAr h)?

The reactive power charge of a fast EV charging station can be minimised by the design of the
power electronics. The two important tariff components for a fast EV charging station are unit

rates and capacity charge and these are discussed in more detail below.

The unit rates are currently very simple. On a household electricity bill in the UK, consumers may
be used to an Economy 7 rate. For a standard household from British Gas [96] the day unit rate is
17.93 p (kWh)™* compared to a night rate of 7.4 p (kWh)™. This simple pricing structure may
change in the future if more variable pricing is introduced. If pricing of electricity became fully

variable the price would vary continuously throughout the day, with the price increasing when
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demand is high and renewable electricity generation low and decreasing with low demand and

high renewable electricity generation [97].

The method for calculating the fixed capacity charge varies for each electricity user. From a UK
Power Networks report [98], this charge varies between 0.3-5.9 p (kVA day)* with a mean value
of 1.7 p (kVA day)™. A McKinsey & Company report [23] suggests the demand charge is highly
variable in the United states, between $2 kW and $90 kW per month and the demand charges

can make up over 90% of the cost of a fast charging station.

2.3.1.2 Grid Infrastructure Upgrade Costs

The electricity grid historically has operated with electricity transferred primarily in one direction
from large generation power plants through power lines to electricity consumers. Once the
electricity is generated at a large coal, gas or nuclear plant, the electricity is transferred through a
transformer to step up the voltage to the high voltage required for transmission. Transmission
lines are high voltage to reduce losses when transferring electricity in bulk over long distances.
From the transmission lines the electricity is transferred through a transformer to step down the
voltage for distribution for customer use. In the UK, transmission lines operate at 400 kV and

275 kV and are the responsibility of the National Grid while distribution lines operate between
230V and 132 kV and are the responsibility of local distribution companies, such as Scottish and

Southern Energy [99].

Each power line and the associated equipment on both the transmission and distribution network
are rated at a certain power. If a new electricity load, such as a fast charging station, wants to
connect to the electricity grid at a specific location it must be checked whether all lines between
the new load and the generation have spare capacity to supply the required electricity. If a line
does not have sufficient capacity the line must be upgraded. The costs of grid infrastructure
upgrades vary greatly depending on location, one estimation puts the upgrade costs in the range

$25-250 kW [19].

Distributed generation is small scale electricity generation that is connected to the distribution
network. The National Grid, who are responsible for balancing the grid, do not see the distributed
generation as generation, instead they see a drop in a demand while the distributed generation is
generating. Similarly to installing a new load on the grid, installing new distributed generation also
requires a check to see if there is spare capacity to accommodate the new generation [100] and if
there is not, expensive grid infrastructure upgrades are required. This leads to a further idea of

combining fast charging stations with stationary energy storage using distributed electricity
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generation. If combined this could enable both fast charging stations and distributed generation

to connect to the grid in locations that they previously could not.

2.3.2 Energy Storage Types and Characteristics

The requirements, such as capacity and power rate, of the stationary energy storage are
determined later in the thesis in Chapter 4. These requirements will influence the choice of
energy storage technology to use at the fast charging station as different energy storage
technologies have different advantages and disadvantages. In this section an overview of energy
storage technologies and comparators is given to ensure the correct energy storage technology is

chosen for use as the stationary energy storage.

An energy storage device is a device that captures energy to be used at a later time. There are
many different types of energy storage technologies and the different technologies are described
below. To determine the optimum energy store for certain applications, comparators must be

defined, these comparators commonly include [21]:

1. Power, how much power can the energy store provide? (kW) The power of the energy
store for the fast charging station is a critical parameter when deciding the type of energy
store to select and is seen in Ragone plot in Figure 2.12.

2. Size/capacity, how much energy can the energy store hold? (kWh) The energy of the
energy store for the fast charging station is also a critical parameter when deciding the
type of energy store to select.

3. Density, what is the density of the energy store in terms of both power and energy per
unit mass and per unit volume? (W kg?, Wh kg, W I3, Wh I®) The density of the energy
store for the fast charging station is less critical as the energy store is stationary meaning
size and weight of the energy store are less important.

4. Self-discharge, if left idle, how much energy will be lost to the environment from the
energy store? (% day?) The self-discharge of the energy store for the fast charging station
may be important depending on the determined length of time that the energy must be
stored.

5. Lifetime, how long will the energy store last, in terms of both number of cycles and
calendar life? (% cycle, % year™) The lifetime of the energy store for the fast charging
station is likely to be a critical parameter in determining whether the system is
economically viable.

6. Efficiency, how much energy is lost when charging and discharging the energy store? (%)

The efficiency of the energy store for the fast charging station is likely to be an important
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10.

11.

12.

13.

14.

parameter when selecting the type energy store and must be considered along with the
economics of the system.

Response time, when requested, how quickly can the energy store provide energy? (s)
The response time of the energy store for the fast charging station must be within a few
seconds, as long as this criteria is met it will not be a critical parameter when deciding the
type of energy store.

Suitable storage duration, how long can energy be stored in the energy store? (s) The
suitable storage duration is similar to the self-discharge in that it may be important
depending on the determined length of time that the energy must be stored.

Discharge time at power rating, if discharged at the power rating, how long will it take the
energy store to fully discharge? (s) The discharge time of the energy store for the fast
charging station is a key parameter used to make a decision regarding the energy store
type and is seen in Ragone plot in Figure 2.12.

Costs, how much does the energy store cost, in terms of both capital costs and
maintenance costs? (S) The costs of the energy store for the fast charging station is likely
to be a critical parameter in determining whether the system is economically viable.
Maturity, are there multiple operating examples of the energy store or has the energy
store not left the research laboratory? The maturity of the energy store for the fast
charging station must be considered as the risk of using an immature type of energy store
will effect whether the system will receive investment.

Safety, if the energy store fails is there a danger to humans or the environment? The
safety of the energy store for fast charging station must be considered as members of the
public will be using the fast charging station however as the energy store is stationary
safety measures, such as containment, should be easier to construct.

Recyclability, once the energy store reaches the end of its life, what percentage of it can
be recycled? As one of the benefits of EVs is the environmental benefit of combating
climate change, the recyclability of the energy store for the fast charging station must also
be considered.

Site availability, if the energy store requires many acres of land or specific geography, is
this available at the desired location? The site availability of the energy store for the fast
charging station will need to be considered to determine if it is feasible to use a certain

type of technology at the fast charging station location.

There is no one energy storage technology that is best for all comparators, for each application it

must be decided which capabilities are most important and trade-offs made. A Ragone plot of

some of the most common types of energy storage can be seen in Figure 2.12. The energy storage
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ratings have been taken from the reference given. Three stationary energy stores at fast charging
stations have also been included in the Ragone plot, these have been taken from three papers
detailed in the literature review in Section 2.3.3. These three examples have been chosen as they

cover a wide range of energy and power requirements.
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Figure 2.12 Ragone plot of energy storage technologies and energy stores for fast charging

stations along with the stationary energy stores chosen

Energy storage parameters are taken from [101] and energy stores for fast charging
stations are taken from: Reference A = [102], Reference B = [103] and Reference C =

[104]

A summary of the most common types of energy storage technologies are as follows [92, 105]:

e Mechanical storage systems

o Pumped hydro storage, water is pumped up to a higher point where it is stored,
when electricity is required the water flows through turbines to generate
electricity. Generally, pumped hydro requires lots of land and specific geography
and is suited to large scale storage (>500 MWh), it currently makes up 87% of all
grid electricity storage in terms of power [92]. Pumped hydro is unlikely to be
suitable for the energy store at the fast charging station because it requires
specific geography such as lakes and mountains.

o Compressed air energy storage, ambient air is passed through compressors and
stored in underground caverns, when electricity is required the air is combined
with natural gas and passed through combustion turbines to generate electricity.

There are two large scale (>500 MWh) installed compressed air plants [92] and
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research is being conducted on smaller scale projects. Compressed air is also
likely to be unsuitable for use as the energy store at the fast charging station
because it also requires specific geography, such as large underground caverns.
Flywheel energy storage, a motor is used to spin an object where the energy is
stored as kinetic energy, when electricity is required the spinning object turns a
generator to generate electricity. Flywheels are typically used for storing small
capacities of energy (the largest plants are 5 MWh [92]) but can operate at high
powers. Flywheels may be suitable for use as the energy store at the fast charging
station depending on the energy and power requirements, such as if the energy

store needs to operate at high power, as seen in Ragone plot in Figure 2.12.

e Electrochemical storage systems

O

Secondary batteries, connecting a power supply across battery terminals charges
the battery storing the energy in the active masses of the electrodes, when
electricity is required a load is connected across the battery terminals. There are
many different types of secondary batteries used for a variety of applications,
from low energy and high power, similar to flywheels, through to medium energy
applications. The largest secondary battery is currently 129 MWh [92]. Secondary
batteries are likely to be suitable for use as the energy store at the fast charging
station because they are suitable for a wide range of energy and power
requirements.

Flow batteries, the charge and discharge principles are similar to that of a
secondary battery however the energy is stored in liquid electrolytes, which are
stored in tanks. Flow batteries are suitable for larger scale projects, with an

800 MWh project currently under construction in China [92]. The energy capacity,
which is determined by the size of the tanks, can be designed separately to the
power capacity, determined by the size of the cell. Flow batteries may be suitable
for use as the energy store at the fast charging station depending on the energy

and power requirements.

e Chemical energy storage

O

Hydrogen, electricity is used to electrolyse water to produce hydrogen, the
hydrogen is stored in tanks, caverns or combined with other materials, when
electricity is required the hydrogen is either passed through a fuel cell or
combusted in a gas turbine to generate electricity [105]. Hydrogen is suitable for
very large scale long duration storage and it has been suggested that hydrogen
could be used instead of natural gas, however there are issues with cost,

efficiency and storing the hydrogen. Hydrogen is currently unlikely to be suitable
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for use as the energy store at the fast charging station because of low efficiencies
and lack of maturity at the scales required.

o Synthetic natural gas, similar to hydrogen except instead of storing the hydrogen
directly, the hydrogen is combined with CO; to form synthetic natural gas [105].

e Electrical storage systems

o Double-layer capacitors, also known as supercapacitors, are charged and
discharged in a similar way to secondary batteries. Supercapacitors are
appropriate for high power, low energy applications and are used for similar
applications as flywheels [105]. Supercapacitors, similarly to flywheels, may be
suitable for use as the energy store at the fast charging station depending on the
energy and power requirements, especially if the energy store needs to operate
at high power as seen in the Ragone plot in Figure 2.12.

o Superconducting magnetic energy storage, current is passed through a
superconductor coil, which has zero resistance when kept below a certain
temperature, and energy is stored in the magnetic field created by current flow in
the superconducting coil, when electricity is required the circuit is completed and
the device discharged [105]. Superconducting magnetic energy storage is not a
mature technology, hence is currently unlikely to be suitable for use as the energy
store at the fast charging station because of lack of maturity at the scales

required.

The fast charging station is likely to require a small to medium energy store, i.e. not a pumped
hydro or compressed air energy storage scale device. Only relatively mature technologies were
considered in this thesis as the focus is not on developing a new type of energy storage
technology. For this thesis, the three main energy storage types considered are, lithium-ion
batteries, lead-acid batteries and supercapacitors. These technologies are chosen as they cover a
wide range of requirements and these technologies are described in detail in the following
section. In general, lead-acid batteries are cheaper per unit energy stored but operate at much
lower power rates with lower cycle lives, supercapacitors are much more expensive per energy
stored but operate at very high power rates and have very high cycle lives, while lithium-ion

batteries are in between the two as shown in Table 2.6.
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Table 2.6  Comparison three types of energy stores

Lithium-ion batteries, lead-acid batteries and supercapacitors [21, 34]

Lithium-ion Lead-acid Supercapacitors
Capital cost per unit energy Medium Low High
Maximum discharge 80 C 10 C 1000 C
Efficiency 95 | % 80 | % 98 | %
Cycle life 2000 400 1000000
Self-Discharge 3 % month? 4 % month 80 % month™
Specific energy 300 | Wh kg? 40 | Wh kg'? 15 | Wh kg'?

The values shown in Table 2.6 are typical values however the value can vary for each battery
depending on design. For example lead-acid batteries can be designed to have cycle lives over

5000 [106], however they then become more expensive.

23.2.1 Lithium-ion Batteries

The principles of lithium-ion battery operation have been described in Section 2.1. There are
many different types of lithium-ion battery and a comparison of the different types are shown in
Table 2.7. Lithium-ion batteries were discovered and developed in research laboratories in the
1970’s and 1980’s before being commercialised in 1991 by Sony [107]. In recent years the cost
has decreased rapidly from over 1,000 $ (kWh)? for the battery pack in 2006 to less than

400 $ (kwh)1in 2014 [22]. The specific energy has also increased significantly, from under

100 Wh kgt in 1990 to over 250 Wh kg in 2014 [7], which has led to their use in EVs.

The cycle life of lithium-ion batteries can be many thousands of cycles however for many of the
potential applications a cycle life of 1,000 is all that is required. For example, consumer
electronics generally become outdated before the battery reaches its cycle limit. Take for example
an EV that can travel 200 miles, a cycle life of 1,000 would enable the EV to complete 200,000

miles. For grid scale applications, higher cycle lives may be required.
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Table 2.7  Comparison of different types of lithium-ion batteries [30, 34]

Capital Typical Cycle Thermal
Specific energy | Energy density

cost power life runaway
LCO Low 1cC 700 150 °C 240 Whkg* 640 Wh I
LFP Med 5 | C 2000 | 270 | °C 150 | Wh kg* 300 | Wh It
NMC Low 3 | C 4000 210 | °C 200 | Wh kg 400 | Wh [?
NCA Low 3 | C 1000 150 | °C 240 | Wh kg 670 | Wh [
LMO Low 10 | C 500 250 | °C 240 | Wh kg 360 | Wh [
LTO High 10 | C 4000 N/A 130 | Wh kg* 230 | Wh I

The two most significant disadvantages of lithium-ion batteries are the lack of recycling and safety
concerns. Recycling is difficult as there may be many different materials inside a lithium-ion
battery, as illustrated in Table 2.7. Safety concerns are related to the thermal runaway
temperatures shown in Table 2.7, as above this temperature the battery will get hotter and hotter

causing catastrophic failure, such as fire.

2.3.2.2 Lead-acid Batteries

The lead-acid battery has been around significantly longer than lithium-ion batteries, having been
invented in 1859. Similarly to Lithium-ion batteries, there are many different types of lead-acid
batteries, the most common differentiation being between flooded and valve regulated lead-acid
batteries [108]. If charging at too high rate occurs, electrolysis of the water in the electrolyte may
occur to produce hydrogen and oxygen. The difference between flooded and VRLA batteries is in
the way they deal with this produced gas. Flooded batteries use a vent to allow the gas to escape,
this means they periodically need to be topped up with water. VRLA batteries do not allow the gas
to escape, unless a certain pressure is exceeded, meaning that the gases can be recombined to

produce water and no topping up is therefore required.

Lead-acid batteries are operated in a similar way to lithium-ion in that the common charging
technique is to use a CC — CV process and discharging is conducted using constant current. One of
the main operational differences is that, while lithium-ion batteries generally have coulombic
efficiencies around 99%, the coulombic efficiency of lead acid cells is lower, typically between 80

and 90% [109].
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In terms of the other comparators, compared to lithium-ion cells, lead-acid batteries have lower
cycle lives and lower specific energy and energy density than lithium-ion batteries, as shown in
Table 2.6. The primary advantages of lead-acid batteries include the low capital costs and the

ability to recycle the batteries, with over 95% of lead-acid batteries being recycled [30].

2.3.23 Supercapacitors

Supercapacitors were discovered in 1957 [110] and they are now commercialised but are not sold
on the same scale as lithium-ion cells. Conventional capacitors have been around for much longer,
since the 1700’s. The supercapacitor is similar to a capacitor however has an energy density many
order of magnitudes higher [105]. Although the energy density is higher than conventional
capacitors, it is still significantly less than lead-acid and lithium-ion energy density, as shown in

Table 2.6.

The main advantages of supercapacitors, are their good rate ability and their long cycle lives. Their
main disadvantages are their low energy density compared to batteries and their high cost per

unit energy stored.

233 Literature Review into Stationary Energy Storage at Fast Electric Vehicle Charging

Stations

With an understanding of the important aspects associated with using a stationary energy storage
at a fast charging station, i.e. the grid connection and types of stationary energy storage, this
section investigates what research already exists into fast charging stations with stationary energy

storage. The section is divided into academic research and commercial projects.

23.3.1 Academic Projects

There are many research papers written on the topic of stationary energy storage at fast charging
stations and much of the current research focuses on management of the power flow. In [111] it
was proposed that the stationary energy storage could be provided by a battery and
superconducting magnetic energy storage hybrid system, the focus of the work was on the
control strategy for the hybrid system. Similarly, in [112] flywheel energy storage was proposed

for the stationary energy storage and the control strategy of the system investigated.

Other research papers look at the management of power flow but also add renewable electricity
generation to the fast charging station with stationary energy storage. In [113] photovoltaic
electricity generation was added to the fast charging station and a power flow management

technique proposed. In [114] photovoltaic electricity generation was also paired with the fast
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charging station and the whole system modelled. These systems provide the benefit of a fast
charging station but also enable photovoltaic generation to be installed on the grid in locations
where it may not have otherwise been possible to install the photovoltaic generation due to grid

constraints, i.e. too much photovoltaic generation on the distribution network.

Another popular topic regarding stationary energy at fast charging stations is the design of the
power electronic converters. In [115] a converter was designed for DC-DC power transfer
between the charging station with stationary energy storage and the EV, the efficiency was
quoted as over 99.5% for a wide operating range. In [116] DC-DC bidirectional converters were
investigated to charge and discharge the stationary energy storage at a fast charging station and a

specific type to converter chosen.

One difference between the research papers on stationary energy storage at fast charging
stations is the number of EVs that are to be charged in a given time period and therefore the
capacity and C-Rate of the stationary energy storage. In [103] the stationary energy storage is
used to smooth out power fluctuations as different numbers of EVs arrive to charge. This results
in a small capacity stationary energy storage that can operate at high C-Rates. At the other end of
the spectrum, in [102] the stationary energy storage is used to store energy from the night, when
few EVs are charging through to the day when many EVs are charging, resulting in a large capacity
but low C-Rate stationary energy storage. In between these two examples are cases such as [104]
where the stationary energy storage is used to store energy for one EV and then charges up once

the EV leaves the fast charging station.

Some research has also looked at optimising the size of the stationary energy storage. In [117] an
optimisation method was proposed for the capacity of the stationary energy storage based on
costs and it was found that using stationary energy storage is not always the optimal solution but
in some cases it can reduce costs and peak network load. This method was however proposed for
PHEVs while in reality it is unlikely PHEVs would require fast charging stations as they could simply

switch to running on gasoline if they run out of energy.

In [118] the effect of varying the number of EVs using the fast charging station each day on the
size of the stationary energy storage was demonstrated. This research paper was part of a larger
project whereby a demonstrator of the fast charging station was constructed [119]. In [120] a fast
charging station system with supercapacitors was also constructed and experiments conducted to
demonstrate the benefit for the electricity grid. In [121] a 64.2 kWh lithium-ion battery was used

as the stationary energy storage for two fast charging points in Japan.

41



Chapter 2

2.3.3.2 Commercial Projects

There are some examples of fast charging stations with stationary energy storage being
constructed and installed. As expected, details of these systems are commercially sensitive and

not readily available, however a select few of the projects are detailed below.

In Redwood City, California [122] energy storage has been installed with 16 DC fast chargers and is
expected to save $7,000 per annum in demand charges. In Belgium and Germany, two fast
charging stations using second life batteries have been installed at highway rest areas [123].
Stationary energy storage can also be used to charge electric buses, which generally require
higher powers than EVs however the buses operate to a schedule so the charge and discharge
regime of the stationary energy store is known [124]. For fast charging of buses in Geneva [125]
supercapacitors are being used as the stationary energy storage to charge the buses at up to

400 kW.

Several projects have also been announced but not yet constructed where stationary energy
storage is proposed at a fast charging station. It has been announced that 34 fast charging
stations with lithium-ion batteries as the stationary energy storage will be installed along the
Trans-Canada highway [126]. Two pilot locations for fast charging stations with lithium-ion

batteries as the stationary energy storage have also been announced in Europe [127].

234 Conclusions from Stationary Energy Storage at Fast Charging Stations

The electricity grid is currently in a period of great change with changing demand from EVs and
changing generation from uncontrollable renewable generation. Benefits of using stationary
energy storage at a fast charging station include being able to use cheaper electricity at different
times of the day to charge the stationary energy storage. When the stationary energy storage is
not being used by the fast charging station there is also the potential for the energy storage to be
used for other grid balancing services. A stationary energy store at the fast charging station
combined with distributed electricity generation could also potentially enable the installation of

distributed electricity generation at locations where this was not previously possible.

Although these ideas have potential for future benefits, in terms of fast charging stations being
installed now, the primary benefit of energy storage is to reduce the maximum power demand
from the grid. Lowering the maximum power demand reduces standing charges based on

maximum capacity and can also negate the need for electricity grid infrastructure upgrade. The

exact cost savings associated with a lower grid connection are likely to be highly dependent on

42



Chapter 2

the exact location of the fast charging station as demonstrated by the large variations in

connection costs found.

There are a variety of energy storage comparators and for each application it must be decided,
which comparators are most important. No one energy storage technology will be suitable for all
applications. For the fast EV charging station the energy storage will likely be small to medium
size, therefore the large scale technologies such as pumped hydro and compressed air are not
considered. Three technologies, lithium-ion, lead-acid and supercapacitors have been chosen that
cover a wide range of the spectrum in the small to medium scale energy storage categories and

these will be considered later in the thesis.

In terms of research already conducted into stationary energy storage at fast charging stations,
there is clearly a consensus that stationary energy storage can be used at fast charging stations to
lower the impact on the electricity grid. Many academic research papers exist and many

commercial projects have been constructed or are currently in preparation.

There is however little research focus on optimising the capacity of the stationary energy storage.
Optimising the capacity of the stationary energy storage is key as it must be large enough to
ensure EV drivers arriving at the fast charging station do not have to wait because there is not
enough energy in the stationary energy storage to charge their EV but small enough to make
economic sense. Only one academic paper was found on optimising the stationary energy storage
capacity and it focused on PHEV’s, which are not considered in this thesis as it is thought they
would refill with gasoline rather than use a fast charging station. The author’s research into

stationary energy store optimisation is detailed in Chapter 4.

2.4 Background to Thermal Modelling

This section looks at the fast charging limit of the EV cooling system and cell temperature limits in
more detail. These limitations will likely be overcome through the design of innovative battery
cooling systems, which can be designed through the use of thermal modelling. This section
therefore starts by looking at current cooling systems used to cool lithium-ion batteries and then
details of how thermal modelling is conducted. The section ends with a review of published

research conducted into the thermal modelling of batteries.

24.1 Battery Cooling Systems

EV battery cooling systems are required to cool the cells in the battery pack to ensure that the

cells do not exceed their temperature limits, which can result in the reduction of cell lifetime or
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catastrophic failure as a result of thermal runaway if the cells become too hot. A second
requirement for EV battery cooling systems is to keep all the cells in the battery pack a similar
temperature to ensure cells do not degrade at different rates [128]. There are several ways to

classify EV cooling systems [128], including:

e Does the cooling system provide heating and cooling or only cooling?

e s the cooling fluid air or liquid?

e Does the cooling system pre-condition (active cooling) the cooling fluid or is ambient or
cabin air used (passive cooling)?

e How is the heat transferred between the battery cells and the cooling fluid?

Cooling systems for batteries are not standardised with each manufacturer using its own
preferred cooling design, the design of which is determined by aspects such as cost, weight and
required cooling power. In terms of the method of heat transfer away from the battery cells, two
examples are shown in Figure 2.13, one for cylindrical cells and one for pouch cells. The cylindrical
cell cooling design shown on the left of Figure 2.13 is similar to that used by Tesla [129], where
the coolant flows in a heat pipe next to the cells. The pouch cell cooling design seen on the right is
similar to that used by LG [130], where cooling fins in between the pouch cells conduct heat to
the cooling fluid underneath the cells, the fins may be solid metal or have coolant flowing within

the fin.

1 Coolant out

y
Cells {
E
Coolant Coolant
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- I -
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Looking from above at cylindrical cells Looking from side on at pouch cells

Figure 2.13 Example cell cooling techniques

Figures created by adapting data from [129, 130]

Research has been conducted into improved cooling system design for EVs to deal with the heat
generated during fast charging [131]. Better cooling system design can create efficiency
improvements however to achieve larger gains the cooling system will have to be made larger and

heavier, which is not good for an EV. A more radical idea is to use stationary cooling at the fast
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charging station [132], this means an EV does not have to drive around with an oversized cooling
system to deal with the occasional fast charge. When an EV is charging at the fast charging
station, in addition to the electricity delivered to the EV battery, coolant also flows from the
charging station through the EV battery. This system is not currently commercially available but

could be the subject of future research.

It is unclear exactly what the design of future cooling systems to deal with the excess heat
generated during fast charging will look like, however, whatever the design it is likely thermal
modelling will be required to assist with the design of the cooling system. The following sections

therefore provide a background to thermal modelling of lithium-ion cells at high rates.

2.4.2 Overview of Thermal Modelling

The physical phenomena of a battery occur over a wide range of time and length scales. When
modelling batteries it must therefore be decided on what length scale the model should be
created. Modelling at smaller length scales adds more complexity and computational power but
can increase the accuracy of the model [133]. Length scales vary from atomic variations to heat

transfer over the entire battery pack, as noted below:
Atomic Scale < Particle Scale < Electrode Scale < Cell Scale < Module Scale < System Scale

The details of the chemistry inside the cells is not a focus of this thesis, hence the author has
focused on thermal modelling at cell scale and above. Operating lithium-ion batteries within a
limited temperature range, usually between 15°C to 35°C, is important for extending the lifetime
of the battery [26]. Operating outside the specified temperature range will reduce the lifetime of
the battery and, in addition, if the battery becomes too hot and the temperature exceeds the
thermal runaway onset temperature, thermal runaway can occur leading to catastrophic failure
[25]. Thermal modelling of lithium-ion batteries is therefore required during the battery design

process to ensure the battery is designed to operate safely within the specified limits.

Generally, thermal models of batteries start with the first law of thermodynamics, relating the
internal energy of the system (U (J)), the work done by the system (W (J)) (positive when energy
transfer is out of the system) and the heat transferred into the system (Q (J)) (positive when

energy transfer is into the system), as defined in Equation 2.2.

AU=Q-W

Equation 2.2
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Equation 2.2 is expressed in energy terms however each term can be divided by time to express
the equation in terms of power. For battery models, the rate of change of internal energy of the
system and the rate of heat transfer into the system are standard conditions for all thermal
models. The rate of change of internal energy is related to the heat capacity (C, (J K)), the system
temperature (T; (K)) and time (t (s)), as expressed in Equation 2.3. The rate of heat transfer into
the system can either by conduction, convection or radiation modes, and is related to the thermal
conductivity of the material (k (W m™ K?)), the area (A (m?)), length (x (m)), the temperature
outside the system (T2 (K)), the convective heat transfer coefficient (h (W m™ K)), and the Stefan-

Boltzmann constant (o (5.67x10% W m™2 K*#)) as expressed in Equation 2.4.

dAU (dTl)
dt  P\dt
Equation 2.3
. kA, 4 4
Q= T(Tz —T1) + hAy(T, — Ty) + Az0(Ty — T1)
Equation 2.4

The rate work is done by the system is specific to batteries and is equal to the rate heat is
generated or consumed in the battery (Qgen (W)) and this is described in more detail in

Section 2.4.2.1 below. Equation 2.2 for a battery can therefore be re-written in the form shown in
Equation 2.5.

6 (52) = 0~ Gyen

Equation 2.5

The length scale and model complexity determines how Equation 2.5 is used. For a systems level
model this equation could be used once to model an entire battery pack. For a cell scale model
this equation may be used thousands of times at thousands of points inside the cell. Two models
can be seen in Figure 2.14 for the same cell. The model on the left treats the whole cell as the
system and averages the internal energy, heat transfer and heat generated and consumed across
the cell. On the model on the right each node is a system where there is internal energy and heat
generation and consumption while the lines connecting the nodes indicate the heat transfer. On
the model on the right the material properties, heat generation and consumption and heat

transfer vary across the cell depending on the location.
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Figure 2.14 Thermal models of the same cell

Cell simplified to a single point (left) and detailed 2D model of cell (right)

Even though the model on the right of Figure 2.14 is clearly more complicated, the underlying
equation is the same, using Equation 2.5. The difference is the model on the left uses the
equation once while the model on the right uses the equation hundreds or thousands of times.
The thermal models are time step models solving for temperature. For each time step the model
calculates the temperature at each node before stepping forward in time and again calculating
the temperature at each node. For models with more than a handful of nodes numerical solving

techniques are used to calculate the temperature.

24.2.1 Heat Generation and Consumption

The final unknown of Equation 2.5 is the heat generation (Qgen (W)), Where this term quantifies
the amount of heat generation and heat consumption at each point. In the majority of thermal
models two heat generation terms are considered [134-136]: ohmic heating and reversible
entropic heat. Depending on the required model complexity additional terms can be considered,
including the heat produced or consumed by any chemical reaction, which includes side reactions
which cause cell ageing and the heat of mixing, which is as a result of concentration gradients in a
cell, however these terms are often negligible [137]. The chemical reaction in the cell is
endothermic (absorbs heat) during charge and exothermic (generates heat) during discharge
however in almost all cases the cell temperature increases during charge as the chemical reaction

is weak in comparison to other heat sources [138].

The ohmic heating term is the heat generated as current passes through the cell and is always
generating heat when a current exists. It is related to the current through the cell (/ (A)) and the
cell resistance (R (Q)), as per the middle term of Equation 2.6. The entropic heat term is the
entropy change of the cell reaction and it can either generate or consume heat. The entropic heat

term is equal to the current multiplied by the temperature (T (K)) multiplied by the rate of change
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in OCV of the cell (Vocv (V)) with temperature, which varies depending on the cell SoC, as per the

right term of Equation 2.6.

dVocv
dr

Qgen = I*R+1IT
Equation 2.6

The entropic heat term therefore requires significant cell characterisation of the OCV versus
temperature across the range of SoC which is a time consuming task [139]. Depending on the
current rate of charge or discharge of the cell, either the ohmic heating term or the reversible
entropic heat term may dominate. The ohmic heating term is proportional to the current squared

while the entropic heat term is only directly proportional to current.

The resistance of the cell varies with time based on the cell SoC, current and temperature.
Depending on the model complexity the resistance may also vary at different locations within the
cell. If a single value for the cell resistance is used and the voltage of the cell (V (V)) and the cell
OCV (Vocv) are known the cell resistance (R (Q))) can be found using Equation 2.7 and the cell

current (I (A)).

NV =Voerl
B I

Equation 2.7

24.2.2 Equivalent Circuit Modelling

To make a thermal model predictive therefore requires the battery electrical response to be
known and this can be accomplished using equivalent circuit modelling [140]. Equivalent circuit
modelling is used to predict the voltage and current of a cell for a given load or power source
profile. To understand an equivalent circuit model the relative complexity of models and their
responses are shown in Figure 2.15. In its simplest sense, Figure 2.15a, a battery can be modelled
simply as a voltage load or source but this does not give an accurate response to dynamic load
changes [141]. In Figure 2.15b, the voltage varies with SoC. In Figure 2.15c an internal resistance is
included, which accounts for the voltage drop or increase during discharge or charge. Figure 2.15d
includes a resistor capacitor pair, where the capacitor adds a time dependent element to the
model. The model can involve multiple resistor capacitor pairs in various configurations and it is
up to the user to decide on the model complexity, where a common model often found in

literature involves 2 resistor capacitor pairs and a resistor in series [142].
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Figure 2.15 Equivalent circuit models of batteries and their voltage results

The charging current applied to the battery can be seen at the bottom of the figure
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One issue with the equivalent circuit modelling method is that the resistance and capacitor values
are not constant, as they vary with SoC, temperature and current [143]. An equivalent circuit
model therefore consists of many large tables of data of values for the resistances and
capacitances at different SoCs, temperatures and currents. As the model steps through time, it
looks up the values of capacitance and resistance based on the SoC, temperature and current at

the time.

This data is time consuming to obtain, at multiple SoCs, temperatures and currents a pulse test
must be conducted on the battery. The results of the pulse test can be used to find the resistance
and capacitance values. Researchers have also obtained good results matching modelled voltages

to measured voltages using equivalent circuit modelling models [144].

2.4.3 Thermal Models of Batteries in Literature

In literature, there is a large range of thermal models. In this section some example thermal
models are discussed for cylindrical, pouch and prismatic cells before looking at module and pack
thermal modelling. In each case, the goal of the thermal model is to predict the battery
temperature during charging and discharging. A common theme for the papers in the literature
review is that complex battery characterization is required to obtain the inputs for the models.
Many of the models below estimate the cell parameters, such as the heat capacity and thermal
conductivity, using knowledge of the material make up of the cell, however often this is difficult

to obtain.

In [145] a model of a cylindrical cell is created to estimate the internal temperature of the cell.
The model volume averages the density, heat capacity and thermal conductivity meaning the
temperature can be calculated by programming the finite difference calculations. The model
achieves a good correlation between the measured and simulated temperatures, with a maximum
error of less than 3°C. This model is contrasted by a different model of cylindrical cell [146], where
the density, heat capacity and thermal conductivity are different for the casing, current collectors
and the cell active materials. This model uses finite element modelling software to determine the
temperature across the cell and the temperature trends follow correctly however the maximum
error between the simulated and measured temperature is 5.2°C after a 3C discharge. In [147] a
model of a cylindrical cell was created using 3D computer software. This model found an average
error of 2°C over a range of discharge rates, including 0.5C, 1C and 1.5C. In [148] a thermal model
of a cylindrical cell was created, using different properties for the cell core and surface. In this
model the parameters were estimated during initial cycling and then these results were used to

estimate the temperature in future cycling.
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In [149] a thermal model of a pouch cell was created and validated using experimentation. This
thermal model included an equivalent circuit model of the cell and had maximum errors of less
than 1.1°C during discharges up to 5C. In [150] a 2D thermal model of a pouch cell was created,
again equivalent circuit modelling was used to perform electrical modelling. This model was
validated for three lithium-ion chemistries, NMC, LTO and LFP and the model matched
experimental data within 2°C. In [151] a mathematical model was created of a pouch cell during
charging, the model was coupled with an electrical model and the temperature distribution across
the pouch cell estimated. The model was validated experimentally with errors up to around 5°C

between the simulated and modelled temperatures.

In [152] a thermal model of a prismatic cell was proposed, the cell was tested using cooling and
insulation to simulate the cell being in the middle of a battery pack. The measured surface
temperature matched the modelled surface temperature within 1°C for the majority of the time
during a 2C discharge and a 0.5C charge. In [153] a prismatic cell was thermally modelled and it
was shown how including radiative heat transfer improved the model accuracy, however
including the radiative heat transfer increases the model complexity. The model was validated
experimentally at rates up to 3C and the accuracy was usually within 1°C. In [154] a prismatic cell
was modelled to determine the core temperature during operation, this model also included an
electrical model of the cell. The model was validated experimentally with temperature sensors

placed in the core of the cell, the maximum core temperature error was found to be 2°C.

In [150] a thermal model of a pouch cell was created and validated experimentally, the model of
the cell was subsequently used in a model of a module. The model was not validated
experimentally however predicted temperature variations between the cells in the middle of a
module and the cells on the outer edge of the module were found to be up to 3°C. In [155] a
model of a battery module consisting of multiple cylindrical cells was created. The model was

again only validated for a single cell and experiments on a module were not conducted.

244 Conclusions from Thermal Modelling

Thermal modelling is important to design battery pack cooling systems to keep cells within
required temperature limits. It has been demonstrated that at the cell level and above, thermal
models generally use the same principles, regardless of whether the cell parameters are lumped
together or detailed models of the materials inside the cell are used. The heat generation during
fast charging is likely to be a critical factor with ohmic heating being proportional to the charging

current squared likely to prove the most significant factor.
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As the principles of thermal modelling are well understood, many researchers have created

models of cells that accurately predict the temperature of cells. There is less literature regarding

the thermal modelling of battery modules and packs. One reason for this is the level of complexity

of the individual cell models and the amount of effort to obtain the cell parameters required for

the thermal models. As the thermal response of the battery may become a barrier to fast charging

it is important to have models that are simple to characterise but accurate so they can be used in

battery pack design to design cooling systems. The author’s research into thermal modelling is

detailed in Chapter 5.

2.5 Conclusions from Background

An overview of the topics covered in this thesis have been presented in this chapter. The main

conclusions from this chapter include:

EVs are required to reduce air pollution and combat climate change, Section 2.2

e One barrier to the uptake of EVs is the lack of fast charging, Section 2.2.1

e To achieve faster charging, advances in battery chemistry are required, Section 2.2.2.1

e If these chemistry advances are achieved, obtaining the required power from the

electricity grid and the heat generated during charging are likely to remain barriers to fast

charging, Section 2.2.2.1

e Stationary energy storage can be used at a fast charging stations, Section 2.3

O

At present, the main benefit to using stationary energy storage at fast charging
stations is to reduce the maximum electricity grid connection power and thereby
avoid infrastructure upgrade costs, Section 2.3.1

These grid connection costs vary significantly depending on location, Section 2.3.1
In the future, there may be other benefits such as charging the energy storage at
times of lower electricity cost and smoothing power fluctuations, Section 2.3.1
Depending on the requirements, lithium-ion, lead-acid or supercapacitors may be
appropriate for use as the stationary energy storage, Section 2.3.2

The requirements, i.e. capacity and charge and discharge rate, of the stationary

energy storage are not currently well understood, Section 2.3.3

e Thermal modelling can be used to design the battery cooling system to keep the cells

within acceptable temperature ranges during fast charging, Section 2.4

e}

Thermal models with different levels of complexity use similar underlying
principles, Section 2.4.2
The ohmic heat generation is proportional to the current squared and is likely to

dominate the thermal limit to fast charging, Section 2.4.2.1
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o Existing thermal models of batteries produce good results for cell temperature
when compared to experimental results, Section 2.4.3

o These existing models do however require significant, time consuming tasks to
obtain the required thermal parameters, which are not normally included on the

cell datasheets, Section 2.4.3

What is clear from the literature review is that although other researchers have studied using
stationary energy storage at fast charging stations, none have focused specifically on how large, in
terms of capacity, the stationary energy storage needs to be. Researchers state sizes for the
stationary energy storage however very few attempt to justify the size of the stationary energy

storage and most simply assume a size and look at the results.

A key parameter to determine the optimal stationary energy storage size is the time of day that
future EVs will use fast charging stations, which dictates when and how fast the stationary energy
store will charge and discharge. It was found that the estimates other authors used for predicting
the time of day usage of fast charging stations were not adequate, a literature review regarding
this is conducted in Chapter 3. The first research objective for this thesis is therefore to propose a
novel method to predict the time of day that future EVs will use fast charging stations. The second
research objective for this thesis is then to use this output to propose a novel method to

determine the size of the stationary energy storage at the fast charging station.

From the literature review it was shown that there are many thermal models that can predict the
surface temperature of cells. Few of these models however extend to battery modules and packs,
one reason for this is the difficulty in obtaining the thermal parameters of the cells. The third
research objective of the thesis is therefore to create a method to easily obtain the cell
parameters required for thermal modelling of battery modules and packs. It is also thought from
the literature review that the thermal response of the EV battery is a potential limit to the future
fast charging ability due to the additional heat generation when the battery is charging at high
rates, defined here as a rate over 1C. Therefore the fourth research objective of the thesis is to

demonstrate a thermal model that works well at high rates.
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The thesis research question is: how can the electricity grid capacity and cell thermal limitations
of electric vehicle fast charging be overcome? To answer the research question the thesis

therefore has the following research objectives along with their placement in the thesis:

1. Create a method to predict at what time of day people will use fast charging
stations, Chapter 3

2. Create a method to determine the required size of stationary energy storage to be used
at fast charging stations, Chapter 4

3. Create a simple method to obtain the parameters required for thermal modelling of
lithium-ion cells, Chapter 5

4. Demonstrate a lithium-ion cell thermal model that can be used for high rate

applications, Chapter 5

One further idea that was considered during the PhD was to use a hybrid solution for the
stationary energy storage, for example an energy store consisting of lead-acid cells and
supercapacitors. While conducting preliminary research into this topic it was noticed that there
are currently no thermal models that are applicable for multiple types of energy storage devices
(lithium-ion, lead-acid and supercapacitors). This type of model has the potential to work, as the
literature review in Section 2.3.2 showed that all three types of energy stores have some
similarities, such as all being electrochemical devices and all having an internal resistance. A
model covering all three types of energy store would be useful and so this gives rise to the fifth

and final research objective of the thesis:

5. Extend the lithium-ion cell thermal model to lead-acid and supercapacitor cells, Chapter 5
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Chapter 3  Fast Charging Station Usage

The aim of this chapter is to model and predict the number of EVs using a fast charging station as
a function of the time of day, using a forecasting modelling technique. The analysis is conducted
using a dataset from the northwest USA [156] however the methods proposed could be applied to
any similar dataset and as such the methods described in this chapter are one of the novel
outputs of this thesis. There is one published journal paper associated with this section: Thomas S.
Bryden, George Hilton, Andrew Cruden, Tim Holton, Electric vehicle fast charging station usage
and power requirements, Energy, Volume 152, June 2018, Pages 322-332,
10.1016/j.energy.2018.03.149 [28]. After being published in June 2018, at the time of thesis

submission in February 2019, this paper has six citations.

This chapter concerns fast charging powers and so it is important to know the charging capability
of current EVs and fast chargers. The fast chargers have been described in Section 2.2.2 and a

table of a selection of EV charging capabilities can be seen in Table 3.1.

Table 3.1  Commercially available EVs and their maximum charging power

Maximum WLTP
Battery Efficiency? Maximum
Charging Combined
EV Capacity (miles / Charge rate? | References
Power Range
(kwWh) kwh) (miles / min)
(kW) (miles)
Audi
150 95 248.5 2.6 6.5 [157, 158]
e-tron
Hyundai
77 64 289 4.5 5.8 [157, 159]
KONA
Jaguar
85 90 292 3.2 4.6 [46, 157]
I-PACE
Nissan
50 40 177 4.4 3.7 [41, 157]
Leaf
Tesla
120 100 424* 4.2 8.5 [39, 157]
Model S
1 Calculated as (WLTP Combined Range) / (Battery Capacity)
2 Calculated as (Maximum Charging Power) * (Efficiency) / 60
* Taken from Tesla website, not WLTP Combined Range
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3.1 Motivation for Predicting Usage

When investigating stationary energy storage at fast EV charging stations one critical parameter is
estimating the time of day when EV drivers will want to use the fast charging station. This usage
dictates when and how fast the stationary energy storage will need to charge and discharge
within the constraint of a fixed grid connection capacity. When many drivers are using the fast
charging station the energy store will discharge and when few drivers are using the fast charging
station the energy storage will charge. The aim of the chapter is therefore to estimate this usage
pattern and estimate the number of vehicles using a fast charging station throughout the day. The
details of how this usage is converted into a charge and discharge regime for the stationary

energy store, along with the method to determine the capacity, are detailed in Chapter 4.

A time length of one day is chosen for estimating the usage because, as discussed in Section 2.2,
this is often the maximum duration for the potential stationary energy storage technologies
considered for this project, for storage durations longer than one day the use of batteries is
considered uneconomical [21]. There will be variations in fast charging station demand
throughout the weeks and months, for example more people wanting to use fast charging
stations for their long distance journeys around holidays and variations over the weekend, which

are analysed in Section 3.6.

The motivation for this chapter came about as it was believed that the inputs for fast charging
station usage by time of day that other authors had used were unrealistic and often the fast
charging station usage was not the focus of the research. In [118] the fast charging station usage
was assumed to be directly proportional to the number of cars on the road. In [160] the usage
was directly proportional to the current usage of gas stations. Both of these studies crucially did
not take into account that most EVs will utilise overnight slow charging and hence predicted usage
peaks in the morning and evening when there are most vehicles on the road, in the method
described in this chapter a fully charged battery at the start of the day is assumed. In [161] a
guestionnaire was used to ask people to estimate when they might use a fast charging station in
the future and the usage of fast charging stations predicted from the results. In [162] the usage
predicted was based on commuters using the fast charging station, while in [163] the usage was
based on people forgetting to charge their EV overnight and hence using fast charging stations in

the morning.

Importantly, all the studies mentioned do not take into account long distance journeys and all the
studies also assume low EV battery capacities, between 10 and 54 kWh, despite the fact that
some low cost EVs will soon have battery capacities over 60 kWh. The method adopted in this

chapter is novel as the fast charging station usage is predicted based on current driving habits,
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regular slow charging is taken into account, larger EV battery capacities are assumed and the

study looks solely at long distance journeys.

3.2 Forecast Modelling

This chapter studies and develops forecast modelling to predict the future and is hence an inexact
science however the aim is to study future scenarios, to quote Henri Poincaré: “It is far better to

IM

foresee even without certainty than not to foresee at all” [164]. The forecasting is made less
reliable as the automotive industry is currently in the process of four major changes driven by
disruptive technology [165]. One of these changes is electrification, i.e. more EVs, the other three
are connectivity, autonomous driving and diverse mobility. These changes and their potential

impacts on fast charging station usage are described below.

Connectivity refers to vehicles being connected to the internet by a mobile network and also
connected to users smart devices [166]. Connectivity can enable services such as checking the
vehicle’s location, battery level, tyre pressure readings and sending information about the
vehicle’s technical status to car services. The impact of connectivity on EV charging includes the
connection of the vehicle to the vehicle owner’s calendar [167], which could enable the smarter
charging of EVs. The EV would know from the calendar which journeys were to be conducted in
the future and therefore how much energy was needed from charging for these journeys. In
addition, communication between infrastructure, such as fast charging stations, and vehicles
could enable drivers to book a time slot to charge their EV to spread out the demand at fast

charging stations.

Autonomous driving refers to vehicles driving themselves without human control. There are
different levels of autonomous driving, ranging from the common adaptive cruise control and lane
centre technologies through to fully autonomous vehicles that can drive without a human in the
vehicle [168]. An impact of autonomous vehicles on EV charging is that fully autonomous EVs
could potentially drive themselves to charging stations when the vehicle is not in use, which could

lower the number of fast charges required as each vehicle receives more slow charges.

Diverse mobility or vehicle sharing refers to sharing the usage of a vehicle fleet between members
of a scheme [169]. Individuals do not personally own a vehicle, instead they pay based on a per
journey basis. When an individual wants to make a journey one simply summons the vehicle.
Diverse mobility therefore goes hand in hand with connectivity and autonomous driving, meaning
the vehicle drives itself to where it is required. One impact of diverse mobility on fast charging of
EVs is that it could enable people to simply swap vehicles on long distance journeys meaning they

do not have to stop to fast charge their vehicle. On the other hand, diverse mobility may mean

57



Chapter 3

that vehicles are utilised much more, i.e. they are driving for near 100% of the time because as
soon as they have dropped someone off they are picking someone else up, meaning regular fast

charges are required.

Clearly these three major changes will affect the automotive industry, and also the usage of fast
charging stations, significantly in the future. The analysis conducted in this chapter uses current
journeys conducted in gasoline vehicles to estimate when fast charging stations will be required in
the future. The assumption is that people will need to conduct the same journeys in the future
that they conduct now, where this assumption does also recognise some of the changes described
above. Even with connected vehicles, autonomous driving and diverse mobility, the journeys
people make will still be largely dictated by the same requirements as now, for example needing
to see relatives or driving to a meeting for work. There is therefore no direct adjustment for these
three major automotive industry changes, they are discussed here to ensure the reader is aware

of the limitations of the forecast modelling conducted in this chapter.

3.3 Method for Predicting Usage

The method proposed to predict fast charging station usage relies on the use of GPS data from
current gasoline car journeys, assumes all the journeys are instead conducted using EVs and then
estimates when fast charging stations will be used. The method of using gasoline car data to
predict EV usage has been used in the past. In [170] gasoline vehicle data was used to determine
that, based on average driving distances, an EV with a range of 100 miles would cover 95% of
journeys. The issue with using average distances when designing EVs is that people will not buy

the car if it meets only their average needs and not nearly all of their requirements.

In [11] the gasoline GPS data was used to create a plot of daily distance driven versus the
percentage of drivers for whom the distance satisfied 100% of their daily driving requirements. It
was found that although 44.7 miles was the mean daily distance driven an EV, if an EV with a
range of 44.7 miles was introduced this would only satisfy 100% of the journeys conducted by
around 2% of the population. In other words, 2% of the population never drove their car more
than 44.7 miles in a single day over the course of the survey. The method proposed in this section
uses a similar methodology, in that historical gasoline vehicle GPS data is used to predict EV
requirements, however the method proposed focuses on fast charging, a topic which is not

researched in the other studies.

The GPS data required for the method includes start and end date and time of the trips, the
distance travelled for each trip and whether the trip begins or ends at home or at work. Some

sample data from one car for three days can be seen in Table 3.2.
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Required data format for fast charging station usage model

Chapter 3

This table shows 13 trips while the whole study consists of over 750,000 trips

Vehicle identifier Trip start Trip end Distance Does the trip end

travelled (miles) |at home or work?
311 21/08/2005 06:51 | 21/08/2005 07:03 3.078273 no
311 21/08/2005 08:43 | 21/08/2005 09:38 25.67754 no
311 21/08/2005 11:58 |21/08/2005 12:05 1.951106 no
311 21/08/2005 13:43|21/08/2005 14:12 24.44847 no
311 21/08/2005 14:16 | 21/08/2005 17:02 178.1173 no
311 21/08/2005 17:06 | 21/08/2005 18:21 80.26314 no
311 21/08/2005 19:00 | 21/08/2005 22:34 233.3845 yes
311 22/08/2005 06:44 | 22/08/2005 07:05 9.64803 yes
311 22/08/2005 10:41|22/08/2005 10:50 4.312316 no
311 22/08/2005 10:56 | 22/08/2005 11:09 4.230295 no
311 22/08/2005 12:31|22/08/2005 12:40 4.232781 yes
311 22/08/2005 15:55 | 22/08/2005 16:18 9.681585 yes
311 23/08/2005 04:27|23/08/2005 04:59 | 29.26161217 no

One aspect missing from the data is the exact location, for example was the journey conducted on

city roads or motorways. The use of location data could improve the accuracy by determining

exactly what type of journey the driver was making, this data however is not commonly available

due to privacy constraints.

The main assumptions are that all gasoline cars are replaced with EVs and that people will

continue to make the same journeys in EVs as they currently do in gasoline cars. The method

subsequently uses this historical gasoline driving data to predict fast charging station usage and

charger power ratings assuming all the trips are conducted in such EVs. Two further assumptions

are:

1. Aslow charge to a fully charged state will occur whenever the vehicle is at home or work

or whenever the vehicle is parked for more than 8 hours

2. After a vehicle has been driven greater than an assumed distance, defined below, after a

slow charge a fast charge is required, this assumed distance is varied throughout the

analysis

The first assumption is made as the analysis is regarding the future when there are significantly

more EVs on the road and as such it assumed that slow chargers will be common to charge EVs

when stopping for long periods or at home or work. Being able to charge an EV at home or work
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or wherever there is a slow charging station is an advantage of EVs over gasoline vehicles, EVs do
not require specific trips to be made to gas stations. It is therefore assumed that, if all vehicles on

the road are EVs, slow chargers will be common.

The second assumption is made to estimate when a fast charge is required. One issue with this
assumption is that with use of detailed journey planners, EV drivers will know how many fast
charges are required for a journey and so may not always drive their maximum distance before
using a fast charging station. For example, assuming a 200 mile driving range and a 300 mile
journey, the driver would know one fast charge is required and so may use a fast charging station
150 miles into the 300 mile journey, while for this case the model would assume the fast charge
occurs after 200 miles. However, as more fast charging stations are installed the EV driver will
have more options of charge locations and so it is likely that the driver would want to go as far as
possible before recharging. If the EV driver uses the fast charging station earlier in their trip it may

move the fast charge station usage peak slightly earlier in the day.

The assumed distance, hereafter referred to as driving range, is not the automaker’s advertised
EV range but the distance that the EV driver will drive before requiring a fast charge. This distance
is equal to the range of the EV minus the buffer energy in the EV battery that the driver leaves to
feel comfortable that their EV will not run out of energy. The driving range is varied throughout
the section, for analyses later in this section 200 miles is taken as a base case for the driving
range. Many affordable EVs being released now have ranges of over 200 miles, for example the
Chevrolet Bolt [40], 238 miles $37,495, and the Tesla Model 3 [39], 215 miles $35,000. Although it
is unlikely drivers of these EVs would be comfortable driving 200 miles between charges, the
trend for larger battery capacities and greater ranges is clear so 200 miles is a reasonable

assumption for the future driving distance between charges.

To use these assumptions to estimate the fast charging station usage variation throughout the
day Equation 3.1 is used. It is assumed that the fast charge occurs once the EV has driven the
assumed driving range after a slow charge, when it is assumed the EV will be fully charged. The
average speed during the trip is used to determine the time of day that the fast charge occurs
(FCtime (s)), this is calculated using the trip start (t;s (s)) and end time (t. (s)), the assumed driving
range (d, (m)), the length of the trip (d: (m)) and the cumulative distance travelled since the
previous slow charge (d: (m)). An example is shown in Figure 3.1, where the driving range has
been assumed to be 200 miles, where two fast charges are required in the day shown, one at

around 4:30pm and one at around 8pm.
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Figure 3.1 Example of assumed fast charge usage during daily driving

The figure is created using the data from Table 3.2

3.4 Description of Data used for Analysis

The method described is demonstrated using data from the Puget Sound Regional Council 2004-
2006 Traffic Choices Study [156]. The data is freely available from the NREL Transportation Secure
Data Center website [171]. Although the dataset is from 2004-2006 the data is for gasoline
powered vehicles and so remains relevant as driving habits have not changed drastically since
2004-2006 and it is assumed that people would conduct the same number of long distance

journeys by car today as they would have done in 2004-2006.

The Puget Sound region is in Washington State, USA and includes the city of Seattle. The data was
collected by placing GPS data loggers in gasoline cars and recording all trips. The data involves
over 750,000 individual trips made by about 275 different households using a range of vehicles.
This data was chosen over other GPS surveys as each car in the Puget Sound study was recorded

for a long duration, an average of approximately 18 months.

The exact location of the start and end of each trip was not made available due to privacy
constraints, however notable data available for each trip includes the start and end date and
duration of the trip, the distance travelled for each trip, the vehicle identifier and whether the trip
begins or ends at home or at work. An example of the distance travelled each day for one vehicle

in the study for one year is shown in Figure 3.2.
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Figure 3.2 Daily distance travelled for a single car from the Puget Sound study

The data includes 4.5 million miles driven and included 185,000 vehicle driving days, meaning that

each vehicle drove on average 24.3 miles per day. The mean, standard deviation and maximum

values for the trips in the data can be seen in Table 3.3. In Figure 3.3 the number of trips greater

than various distances are shown, it can be seen that the majority of the 750,000 trips are less

than 40 miles with around 8000 being greater than 40 miles.

Table 3.3  Overview of the data

Parameter Mean Standard Deviation Maximum
Individual trips distance (miles) 6.2 10.1 344
Individual trips duration (minutes) 13.5 14.3 329

$ 800000 (@) 8 10000 (b)

o o

% 700000 - % 9000+

o 0O 8000 -

.2 600000 + o

= = 7000 4

< 500000 § 6000-

= =

E 400000 E_, 5000

@ o

£ 300000 g 4000 +

3000

3 200000 - 38

= = 2000

8 0 T T T T 8 0 T T T T T T

§ 0 10 20 30 40 § 0 50 100 150 200 250 300 350

z z

Trip Distance (miles)

Trip Distance (miles)

Figure 3.3 Number of trips in the dataset greater than various distances

Both figures are the same graph but on different axes, trips less than 40 miles (left)

and trips over 40 miles (right)
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The variation in trips throughout the year can be seen in Figure 3.4. Figure 3.4a shows how there
is some variation in the number of trips and distance travelled through the months, with the
summer months (May-Aug) having more trips and more distance travelled. This seasonal
variability is magnified when looking at Figure 3.4b and it can be seen that significantly more long
distance trips are made the summer months. Specifically, July and August have almost twice as
many journeys over 50 and 100 miles than the other months, potentially indicating people driving

long distances for their summer holidays.

(a) 800 (b)
| (Il Number of Trips Il >50 miles
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Figure 3.4 Variation in trips throughout the year

Number of trips and distance travelled (left) and number of trips over 50 miles and

100 miles (right)

3.5 Results and Discussion for Predicting Usage

By assuming a driving range (d,) of 200 miles, using Equation 3.1 and going through all 750,000
individual trips the average predicted time of use of fast charging stations throughout a day is

shown in Figure 3.5.
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Figure 3.5 Fast charging station usage throughout one day

The results are interesting as contrary to other studies, which predict fast charging usage peaks in
the morning and evening, the results shown here predict fast charging station usage will peak
between 3 pm to 7 pm in the evening, with 45% of all daily fast charges occurring in these 4
hours. This evening peak is apparent from the method described here as EV drivers charging their
EVs overnight are considered while other studies do not consider this, meaning that fast charging
station usage during the morning is less likely in the results shown here. Overnight home charging
is a significant advantage of EVs over gasoline vehicles and so it is assumed that in the future all

EVs will utilise overnight charging, either from a home or street charging point.

The driving range affects the number and time of day that fast charges occur. The effect of varying
the driving range between 150 and 250 miles was therefore investigated and the results are
shown in Figure 3.6. The absolute values are shown in Figure 3.6a, while Figure 3.6b has been
normalised by converting the number of fast charges per hour into a probability that the fast
charge will occur within that hour. The results from Figure 3.6b show the shape of the distribution
is similar for all three cases, giving confidence that even though the number of fast charges may
vary, the shape of the distribution will be the same. It can be seen that the results predict that fast
charging stations will be used less in the night and morning and more in the afternoon and
evening. The result from Figure 3.6b is the main output from this chapter and is used in future

chapters to determine the requirements of the stationary energy storage.
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Figure 3.6  Sensitivity study varying the driving range between 150 and 300 miles

Absolute values (left) and normalised values (right)

A peak between 3 pm and 7 pm in the evening means the peak power demand from the fast
charging stations will coincide with the peak power demand of the electricity grid, which occurs
around 5 pm in the UK [172]. This highlights the benefit of using stationary energy storage at the
fast charging station as if the stationary energy store is not used, additional peak electricity
generation capacity will be required to cope with the electricity demand from fast charging

stations.

The fast charging usage peak also occurs around the same time of day as the slow charging peak
[173], which is predicted to occur in the evening when people come home and plug in their EV.
For this reason, smart charging solutions, where slow charging events are shifted to other parts of

the day or night to reduce peak demand [174], may be required.

From Figure 3.6b it can clearly be seen that the fast charging station demand, and therefore the
electricity demand at the fast charging station, is predicted to vary throughout the day. The use of
stationary energy storage at the fast charging station could therefore reduce the peak electricity

demand and therefore the grid connection costs.

As described in Section 3.2, the automotive industry is currently going through multiple large
changes and it is impossible to forecast exactly what the automotive industry will look like in the
future. The method adopted in this section has the advantage of using few assumptions and so
users of the method will be able to understand the limitations of the method and therefore the
limitations of the results. This will enable users to make decisions based on the results because

they understand limitations. Other key considerations include:
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e The method only considers fast charging station usage for long distance journeys. There
may be other people who use fast charging stations, such as people who do not have
access to slow charging at home or work or people who forget to charge their EV
overnight.

e The exact location of the fast charging station is not considered and may affect the daily
usage, for example a fast charging station a few hours from London may have significantly
higher usage on a Friday evening with people leaving London for the weekend.

e It has been assumed that the EV will be fully charged when stopping for 8 hours or
stopping at home or work. This may not be the case, especially if the EV driver is staying
away from home overnight, less slow charging would increase the usage of fast charging
stations.

e Asseenin Figure 3.6a, the actual number of fast charges is very sensitive to the distance
the EV travels between fast charges. The actual number is therefore highly variable
depending on the future range capability of EVs and the buffer energy that EV drivers will
leave in the battery to give them confidence that they will not run out of energy during
their trip. The method is based purely on EV energy analysis, while in reality psychological
factors must also be taken into account, for example range anxiety.

e The results displayed here are specific to the participants of the Puget Sound survey and
the results will likely vary depending on the user population. People from the USA are
known for driving long distances in larger cars compared to consumers in Europe or

Japan, meaning people from the USA may require more fast charges.

An interesting topic for further work includes looking more at the psychological factors, such as
variations in the way EV drivers will use their battery [175]. Some drivers will recharge when the
battery is 60% full while others will wait until 10% full before recharging and it would be
interesting to try and take this into account in the method and see the impact on the results. It
would also be interesting to conduct similar analysis with a dataset from a different country to see

how the results varied.

3.6 Additional Fast Charging Station Usage Results

The actual number of fast charges per million vehicles is a useful metric for organisations planning
the rollout of fast charging stations to ensure there are sufficient numbers of fast charging
stations available for the number of EVs on the road. The actual number of fast charges can be
found by dividing the values seen in Figure 3.5 by the number of days in the survey multiplied by
the number of cars. By summing all the values in Figure 3.5, the total number of fast charges

required over the survey period is 970, which can be converted to 5,200 fast charges per day per
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million vehicles. In the UK, there are currently around 30 million cars, so, for example, if half of
these cars were replaced with EVs the fast charging infrastructure would have to cope with

80,000 (5,200 fast charges per day per million vehicles x 15 million vehicles) fast charges per day.

This actual value is highly dependent on the driving range of EVs in this case assumed as 200
miles. The graph in Figure 3.7 demonstrates how the number of fast charges per day is predicted
to vary depending on the driving range. As the driving range increases more of the journeys could
be completed without fast charging the EV battery and this is why the number of fast charges is
predicted to decrease with increasing driving range. As driving range increases there will be less
fast charges per million EVs however increased driving range will increase EV uptake meaning
more EVs on the road. Even with driving range improvements and hence less fast charges there is
always likely to be a market for fast charging stations as potential EV owners often ask for public

charging facilities before buying the EV [176].
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Figure 3.7 Number of fast charges required per day for various assumed EV driving ranges

Figure 3.6 demonstrated how the usage of the fast charging stations is predicted to vary
throughout one day. The results displayed however were the average results for all days, there
will however also be variation in usage based on the day of the week. Figure 3.8a shows the
variation in number of fast charges by day of week. The average for all days is the value previously
mentioned of 5,200 fast charges per day per million vehicles, as before the driving range is
assumed to be 200 miles. It can be seen that fast charging station usage is predicted to peak over
the weekend. This is likely because during weekdays people are making shorter regular journeys,
namely commuting to work, while over the weekend people travel longer distances to get away
for the weekend. Figure 3.8b shows the same plot as Figure 3.5, converted to a per million

vehicles value, for a Sunday, the day when most fast charges are required.
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Figure 3.8 Variations in number of fast charges by day of week

Day of week variation in number of fast charges (left) and fast charges by time of day

on Sundays (right), the driving range is assumed to be 200 miles

As well as variation by day of week there will also be variation in fast charging station usage by
time of year. The data used was from the United States where it is thought people are most likely
to take long distance journeys around the holiday periods of Christmas or Thanksgiving. The
predicted fast charging station usage around Christmas and Thanksgiving is shown in Figure 3.9.
From the data available there are not enough instances of fast charges being required around
holidays to draw definitive conclusions, with only 29 and 53 fast charges required over the one
Thanksgiving week and two Christmas weeks respectively. It does however make sense that more
long distance journeys would be made around holidays and so when designing fast charging

stations, holiday periods should be considered.
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Figure 3.9 Fast charge by day of week around holiday periods
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3.7 Required Fast Charging Power

This section describes a novel method to estimate the fast charging power required to satisfy
consumer requirements, by consideration of the length of time drivers stop during long distance
journeys. This information is critical to organisations developing or installing fast charging stations
to ensure the fast charging stations are future proof, meaning they do not have to be regularly
replaced as charging powers increase, and also critical for automakers, informing them of the
charging powers that EVs should be able to achieve to satisfy consumer requirements. Currently
the fast charging powers may be dictated by charging standards, the two most important fast
charging standards outside China are the CCS and CHAdeMO standards [177]. The majority of fast
chargers installed currently are rated at 50 kW peak, however both the aforementioned standards
have stated their intention to support 350 kW charging in the future. 350 kW charging is chosen
based on the technical specifications, such as voltage and current equipment limits, rather than
what potential EV owners require. The method suggested here, instead of looking at how fast the
charging can technically be, looks at the problem from a different angle, how fast might people

want the charging to be.

For example the electrical power required for an EV charging rate to be equivalent to that of a
gasoline vehicle refilling at a petrol station has been determined as around 5 MW [11], this value
includes the fact that EVs are more efficient at converting stored energy into movement. EV
drivers may accept slower refill times as they may have to visit fast charging stations less than
they currently visit gas stations since the majority of their charging will be conducted at home or
work. This is because on the majority of days the daily distance travelled in a car does not exceed
the range of the EV, Swedish and German data showed the average daily distance travelled to be
less than 35 miles [178] and the USA study [11] mentioned in Section 3.3 found an average daily
driving distance of 45 miles. When charging an EV, EV drivers are also free to do other activities
whereas at a gas station they must operate the gas pump. As stated previously, despite these
advantages, recharging time is still seen as a major hurdle to overcome before the widespread

consumer adoption of EVs.

The USABC [179] creates battery targets required for a commercially successful, mass market full

battery EV. The USABC target for fast charging is 80% SoC to be delivered in 15 minutes [180]. For
a 100 kWh EV this is equal to a charging rate of 320 kW. This is a similar rate to a recent target set
by the White House to achieve 350 kW charging [181]. In both examples the reasons for choosing
the charging targets are not clear however the method suggested in this section can be used as an

alternative means of setting charging targets. Since this method is based on real world driver
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behaviour it may be applied to markets with very different traveller needs to those of the USA, for

example in Asian mega cities or in European conurbations.

The method suggested in this section looks at current driving habits to determine the charging
rate required to enable EV drivers to complete their long distance journeys in the same time that
they currently do in gasoline vehicles. From the GPS journey data, long distance journeys are
identified, the duration of inter journey stops and the distance travelled after the stop are

examined to determine the required charging power to satisfy a journey.

In [11] the range an EV needs to satisfy current driving habits was examined. This study states the
number of daily adaptations drivers would have to accept to meet their driving habits depending
on the assumed range of the EV. An adaptation day is a day on which the driver would have to do
something different to what they normally do, such as rent a vehicle capable of driving long
distances or take longer over their journey, charging their EV along the way. These adaptations
could potentially be avoided if fast charging were available, meaning the driver could complete
the journey in an EV in the same time as in a gasoline vehicle. This section examines current

driving habits to define a fast charging rate that avoids driver adaptations.

3.7.1 Method for Determining Fast Charger Power

The same dataset from the Puget Sound region is used. As the GPS locations of the journeys are
not known, long distance journeys are found in the data by finding instances where the car travels
a long time (ty), stops for a short time (t,) not at home or work and then drives again for a further

long time (t2), in consecutive trips, as seen in Table 3.4.

Table 3.4  Constraints for long distance trip data

All three conditions must be met in consecutive journeys

Description Constraint

Trip1 >t

Stationary period between trips 1 and 2 | <t, not at home or work

Trip 2 >ty

These constraints are designed to capture long distance journeys made by the gasoline vehicles.
The stationary period in between the two trips signifies a break the driver may take during a long
distance journey. This break may be at a service station where, if the driver was driving an EV,
they could recharge their vehicle. The stopping time is therefore the length of time that a fast
charger could be connected to the EV. The distance travelled after the stop in trip 2 dictates how

much energy needs to be transferred to the EV during the stop.
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The distance travelled in trip 2 (d> (mile)) can then be divided by the stopping time (t» (min)) to
determine the charging rate (FCyate (mile min)) in miles per minute that needs to be applied to
the EV during the stop to satisfy the trip, seen in Equation 3.2.

dp

FCrate = E

Equation 3.2

The duration of the trips before and after the stop can be varied. If shorter journeys are included
there are more instances of long distance stops in the data but there is less confidence that the
driver is on a long distance journey, while for longer trip durations the opposite is true. In the

results section values of 1.5 hours, 1 hour and 1.5 hours are chosen for t3, t, and t; respectively.

3.7.2 Fast Charging Power Results and Discussion

Using the methodology described above, the power requirements to charge the EVs on long
distance journeys are displayed in this section. The stopping time (tp) is chosen to be less than 1
hour, this time length is chosen because longer stops may mean the driver has reached a
destination and hence are not considered. The base case for trip durations is chosen as an initial
1.5 hour trip (t1) followed by a 1.5 hour trip (t2). It should be noted that these 1.5 hour trip times
do not relate directly to the long distance definition given previously, a journey where the EV
range is exceeded, with a base case of 200 miles, as in a 1.5 hour trip it would not be possible to
drive 200 miles. 1.5 hour trips have been chosen because two consecutive 1.5 hour trips are long
enough to give confidence that the driver is on a long distance journey but short enough to give

enough data points for the analysis.

With these criteria, and going through all 750,000 individual journeys in the data, Figure 3.10
shows how long people stopped during long distance journeys and how far they travelled after
this stop in the subsequent journey, there are 204 journeys where the criteria are met. It is clear
from Figure 3.10a that people often stop for short periods of time during long distance journeys,

with 60% of stops being for less than 12 minutes.
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Figure 3.10 Long distance journeys involving a stop

How long people stop during long distance journeys (left) and how far they travel

after the stop (right)

Using Equation 3.2 the charging rate required to satisfy the journey is found and the results of this
are shown in Figure 3.11. The charging rate is given in miles per minute, so if the vehicle travelled
for 100 miles in the trip 2 and stopped for 10 minutes during the break, the charging rate to
satisfy the journey would be equal to 10 miles per minute. To convert the charging rate into a
charging power the charging rate can be divided by the efficiency of the EV, in miles per kWh, i.e.
for each kWh of energy in the battery the EV can travel for a certain distance. This value depends
on the EV, for example for the large Tesla Model X SUV [39] the figure is 3.5 miles (kWh)? (351
miles range from a 100 kWh battery), while for the smaller BMW i3 [182] the value is

4.4 miles (kWh)! (124 miles range from a 28 kWh battery). If a conservative estimate of

3 miles (kWh)!is used then 10 miles min™ is the equivalent of 200 kW. From Figure 3.11a, to

satisfy 80% of journeys the charging rate must be 20 miles min™ or 400 kW.

The trip durations used in this analysis can be varied, for example Figure 3.11b shows the extreme
curves when the trip before the stop (t1) and the trip after the stop (t2) were varied between
1 hour and 2 hours. From this graph it is clear that to satisfy 80% of journeys the charging rate

must be between 18 and 23 miles min™, i.e. between 360 to 460 kW.
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Figure 3.11 Journeys satisfied for various charging rates

Created using the constraints discussed in this section (left) and a sensitivity study

varying the constraints (right)

It has been shown that the majority of stops while on long distance journeys are for a short
period, with 60% of stops being less than 12 minutes duration. This presents a problem for fast
charging as people are accustomed to short duration stops during long distance journeys. This
means the fast charger can only be connected to the EV for a short time period, meaning the

required energy must be delivered at high power.

For current fast charging levels of 50 kW, i.e. around 2.5 miles/min, Figure 3.11b shows this
satisfies only about 10% of long distance journeys. As stated previously, several projects have
recently been announced looking at installing charging stations capable of up to 400 kW charging
power and so these new charging stations are likely to satisfy 80% of driver’s requirements. One
issue is that the charging rates in Figure 3.11 are the average charging rates. To achieve an
average charging power of 400 kW the charging rate must start off higher than 400 kW as current

batteries charge at a slower rate the longer they are plugged into a charging station.

3.8 Conclusions from the Usage of Fast Charging Stations

Two novel methods, one to estimate usage patterns of fast charging stations and one to estimate
user defined fast charging powers, have been described in this Chapter in Sections 3.3 and 3.7.1.
Both methods are regarding forecasting and as such the major changes currently occurring in the
automotive industry, including connectivity, autonomous driving and diverse mobility, are likely to
impact the results. The methods have the advantage of requiring few inputs and assumptions so
that users of the methods can understand the limitations of the methods when making decisions

based on the methods.
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The method to predict fast charging station usage is classified as novel as the usage is predicted
based on current driving habits, with regular slow charging also taken into account, larger EV
battery capacities are assumed and the method looks solely at long distance journeys. The
method to estimate the fast charging power required to satisfy EV driver requirements is novel as
it addresses charging power requirements based on driver requirements rather than the current

method of using the technical limitations of charging equipment.

The primary results from this chapter are the graphs in Figure 3.6b and Figure 3.11, a graph
showing the predicted usage of fast charging stations throughout the day and a graph of typical
power rating required. These are used in subsequent chapters to estimate when and how fast the

stationary energy storage will need to charge and discharge.
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Chapter4 Requirements of the Stationary Electrical

Energy Storage

To overcome the challenge of not being able to obtain a high enough power connection from the
electricity grid at the required fast charging station location it is proposed that stationary energy
storage is used. Stationary energy storage allows the energy required to charge EVs to be drawn
from the grid over a longer time period thereby lowering the grid connection power required and
grid connection capacity. Other researchers have studied the use of stationary energy storage at
fast charging stations and there are multiple commercial examples of these systems being
installed by companies, as described in Section 2.3.3. As described in this earlier literature review
these projects generally focus on the power flow management or the power electronics and little

research has been conducted on the optimisation of the stationary energy store capacity.

Optimising the capacity of the stationary energy storage is key as it must be large enough to
ensure EV drivers arriving at the fast charging station do not have to wait because there is
insufficient energy or capacity available at the charging station to charge their EV but
simultaneously small enough to make economic sense. The aim of this chapter is therefore to
develop a novel method to optimise the size of the stationary energy store based on an
acceptable waiting time. There is one journal paper associated with this chapter, which is
currently submitted, Thomas S. Bryden, George Hilton, Borislav Dimitrov, Carlos Ponce de Ledn,
Andrew Cruden, Rating a Stationary Energy Storage System within a Fast Electric Vehicle Charging

Station Considering User Waiting Times.

From the literature review it was determined that the exact costs of connecting to the grid vary
considerably depending on the exact location, depending on whether spare capacity is available
or if a large infrastructure upgrade is required. The focus of this chapter is therefore less on the
actual results and more on the development of a novel method to determine the optimum size,
which could be used at any potential fast charging station location. In the initial method section
the model is introduced using basic assumptions to aid with understanding of the model. Later in

Section 4.2, it is demonstrated how the model could be used for a specific location.

The method proposed is programmed using MATLAB, the code is available in Appendix B and the
model is described in detail in Section 4.1. The model uses the results from the previous chapter
regarding the anticipated arrival time distribution of EVs at fast charging stations, as shown in

Figure 3.6. Random number generation is used to model when EVs will arrive at the fast charging

station, with the random arrival times weighted to this arrival time distribution. For an assumed
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number of station fast charging points and an assumed capacity of stationary energy store the
waiting times of the EVs using the fast charging station can then be calculated. The Monte Carlo
method is used to account for the variations in the random number generation. The assumed

number of fast charging points and an assumed capacity of stationary energy store can then be

varied until the required average EV waiting time is achieved.

The acceptable average waiting time is therefore a critical parameter used throughout this
chapter. There is however little research into how long people are willing to wait to recharge their
EV. When an EV owner requires a fast charge they may have no choice but to wait for a fast
charger as they may not have sufficient range to complete their journey. Longer waiting times will
however mean people are less likely to purchase an EV in the first place. A report into queueing in

general [183] found that the maximum time people are willing to wait in line is 5 minutes 54

seconds and so this is considered as the maximum waiting time later in the chapter.

4.1

The author’s model consists of two parts, where in the first part the number of fast charging
connection points at the fast charging station is determined and in the second part the capacity of

the stationary energy store is determined. This model structure is shown in the flow chart in

Figure 4.1, and these two model parts are now described in more detail.
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Figure 4.1

Flow chart, detailing inputs, outputs and stages (left) and illustration of different

parts of model (right)
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To understand how the model works, the model is initially demonstrated in this section with very

basic assumptions before a more realistic scenario is demonstrated in Section 4.2. These basic

assumptions include:

Exactly 100 EVs use the fast charging station each day, being the assumed average fast
charging station usage in the UK based on the following calculation. The average number
of fast chargers per million EVs per day is 25,000, taken from Figure 3.7 and assuming a
conservative EV driving range of 100 miles. The number of UK gas stations per million
vehicles is 236 (8,407 gas stations [184] / 35.6 million vehicles [185]). If it is assumed the
ratio of gas stations to fast charging stations in the future is the same, the average number
of fast charges per day per fast charging station is around 100 (25,000 / 236). This value
relies on many assumptions and will also vary considerably from location to location
depending on the number of nearby fast charging stations and the number of vehicles
passing the fast charging station.

The probability of an EV arriving at a fast charging station during each hour of the day is as
shown in Figure 4.2, where this result is taken from Chapter 3.

The average acceptable waiting time is 15 seconds, this being chosen because, from the
results shown later in this section, in Section 4.1.1.1, it means less than 1% of fast charging
station users must wait more than 6 minutes. As described above, 6 minutes is a critical
waiting time that other research has suggested should not be exceeded.

The size of all EV batteries is 60 kWh and each EV charges at 360 kW from 0% to 100% SoC,
thereby taking exactly 10 minutes to charge. These assumption are made to make the
demonstration of the model clearer. In Section 4.2 these assumptions are modified to
better reflect real conditions.

The available peak grid connection power at the fast charging station location is 720 kW.
This is highly dependent on the fast charging station location and is assumed here for the

demonstration of the model.
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Figure 4.2 Probability of an EV arriving at the fast charging station in each hour of the day

Taken from Figure 3.6b
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41.1 Determining the Number of Charging Points (Model 1)

Similar to a conventional petrol station having multiple petrol pumps, a fast EV charging station
will have multiple charging points. In this section the method to determine the number of
charging points that should be installed at a fast charging station is described. The number of fast
charging points required is determined based on the acceptable time that EV drivers arriving at
the fast charging station may be required to wait. The waiting time is the total time spent at the
fast charging station minus the time it would take to charge if a charge point is free on arrival and
there is sufficient power and energy to charge the EV at the maximum allowed power. A waiting
time simulation is conducted and the output of the simulation is the expected waiting time versus
the number of charging points. For example, if there is only one charging point, queues will
develop and the average waiting time will be high however if there are tens of charging points

nobody will have to wait and the average waiting time will be low.

4.1.1.1 Overview of Method

The model for this section was created in MATLAB and has an overall simulation time length of
one day and a time resolution of one second. The flow chart detailing the model in this section is
shown in Figure 4.3. The model in Figure 4.3 is run multiple times and varies the number of fast
charging points at the fast charging station, starting at one fast charging point and increasing the
number of fast charging points until the waiting time is deemed acceptable, for example the

average waiting time of 15 seconds mentioned above.

The first step is to create a vector for the arrival times of each EV that uses the fast charging
station in the day. The vector is the length of the number of EVs simulated that use the fast
charging station each day, in this case 100, with one cell for each EV. The arrival time for each EV
is randomly generated but weighted according to the specified probability of an EV arriving at

each hour of the day as detailed in Figure 4.2.

The model then steps through each second of the day and looks up in the arrival times vector to
see if an EV arrives in this second. If an EV does arrive, the EV starts charging if there is a free fast
charging point. The EV then leaves the fast charging point after the defined charging time for one
EV, in this case 10 minutes, has passed. If however, the EV arrives and there are already EVs
charging and there are no free charging points the arriving EV must join a queue and wait. The
average waiting time can then be found by summing the waiting times for each EV in the day and

dividing by the number of EVs using the fast charging station in the day.
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The results of the analysis are highly dependent on the randomly generated arrival times,

weighted according to Figure 4.2, therefore a simulation using the Monte Carlo method is

conducted and described below [118]. This simulation involves running the analysis described
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above for many thousands of days and working out an overall average waiting time. For each run,
the model creates a new arrival times vector and steps through each second in the day. To check
that sufficient number of days are included in the Monte Carlo simulation, the model can be run
multiple times with the same number of days and if the results are the same for each run, i.e. it
converges, the simulation has been conducted with a sufficient number of days. For example, if
the simulation was run three times, each for 500 days, and the average waiting time was
determined in the first, second and third runs as 20.21 seconds, 45.03 seconds and 5.54 seconds
respectively, it would mean that the simulation did not include enough days and the number of
days would need to be increased. If however the same analysis was run three times but using
100,000 days and the average waiting time for each run was determined as 34.95 seconds, 34.93
seconds and 34.96 seconds it would mean the simulation included enough days. For the models in
this chapter each simulation is run three times and if the difference between the highest and
lowest results is less than 10% the simulation is complete, 10% was chosen as a trade off between

accuracy and computational time.

The results for model 1 include the number of charging points required versus waiting time and
an example is shown in Table 4.1, created using the input assumptions detailed previously. An
appropriate number of charging points can then be chosen based on the average acceptable
waiting time, for this case 15 seconds. It is clear that if this fast charging station only had one
charging point installed, the average waiting time is over 2 hours and 87% of drivers arriving at
the fast charging station will have to wait more than 6 minutes. With four charging points this
drops to an average waiting time of 7.5 seconds and only 0.3%, or around 1 in 300 drivers, have to
wait more than 6 minutes. The assumption for the average waiting time was that the average
waiting time should be less than 15 seconds and so four charging points are chosen. The
probability range that an EV arriving at the fast charging station with four charging points will

have to wait a certain number of minutes is shown in Figure 4.4.

Table 4.1  Number of charging points versus waiting time

Number of Charging Average Waiting Probability of Waiting
Points Time More than 6 minutes

(s) (%)

1 7500 87

2 290 28

3 39 34

4 7.5 0.3
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Figure 4.4 Probability of EV arriving at the fast charging station waiting longer than various

times

4.1.1.2 Detailed Step Through of Model

In this section a more detailed description of the model is given to aid with understanding. The
same assumptions as the previous section are used, however for this demonstration only five EVs
use the fast charging station during the day, this is so the step through of the model can clearly be
seen on one page. The first step is to create the arrival time vector for each EV and this is shown
in Table 4.2, and the vector is created using random number generation weighted according to

Figure 4.2, the projected finish time is 10 minutes after the arrival time.
Table 4.2  Randomly generated EV arrival times

Weighted according to Figure 4.2

EV Arrival Time Projected Finish Time
#1 15:07:26 15:17:26
#2 15:01:48 15:11:48
#3 18:10:30 18:20:30
#4 15:10:06 15:20:06
#5 12:05:27 12:15:27

Next, the model steps through each second of the day. As illustrated in the arrival times vector in
Table 4.2, the first EV arrives at 12:05:27 and before this time nothing happens as there are no
EVs charging or arriving. When this EV arrives there is a free charging point and so the EV starts

charging. The model steps through each second of the day, as shown in Table 4.3.
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Table 4.3

Example of model stepping through each second in the day

Time

00:00:00 to 12:05:26

No events

12:05:27

EV #5 arrives and starts charging at the free charging point

12:05:28 to 12:15:26

No events

12:15:27

EV #5 finishes charging, set charge end time of EV #5 to 12:15:27

12:05:28 to 15:01:47

No events

15:01:48

EV #2 arrives and starts charging at the free charging point

15:01:49 to 15:07:25

No events

15:07:26

EV #1 arrives but there are no free charging points, put EV#1 in queue

15:07:27 to 15:10:05

No events

15:10:06

EV #4 arrives but there are no free charging points, put EV#4 in queue

15:10:07 to 15:11:47

No events

15:11:48

EV #2 finishes charging, set charge end time of EV #2 to 15:11:48

15:11:49

EV #1 leaves the queue and starts charging

15:11:50 to 15:21:48

No events

15:21:49

EV #1 finishes charging, set charge end time of EV #1 to 15:21:49

15:21:50

EV #4 leaves the queue and starts charging

15:21:51 to 15:31:49

No events

15:31:50

EV #4 finishes charging, set charge end time of EV #4 to 15:31:50

15:31:51 to 18:10:29

No events

18:10:30

EV #3 arrives and starts charging at the free charging point

18:10:31 to 18:20:29

No events

18:20:30

EV #3 finishes charging, set charge end time of EV #3 to 18:20:30

18:20:31 to 23:59:59

No events
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The waiting time can then be calculated for each EV by subtracting the projected charge finish
time, from Table 4.2, from the actual charge finish time, from Table 4.3 and the calculation is
shown in Table 4.4. By summing the waiting times of each EV and dividing by the number of EVs
the average waiting time can be calculated, which, for this case, the average waiting time is 3
minutes 13 seconds (00:16:07 / 5). This exact process is then run for many days, for each day a
new arrival time vector is created, the model steps through each second of the day and the

waiting times are calculated.

Table 4.4  Finish times and waiting times for each of the five EVs

EV Projected Finish Time | Actual Finish Time Waiting Time
#1 15:17:26 15:21:49 00:04:23
#2 15:11:48 15:11:48 00:00:00
#3 18:20:30 18:20:30 00:00:00
#4 15:20:06 15:31:50 00:11:44
#5 12:15:27 12:15:27 00:00:00
Total 00:16:07
4.1.2 Determining the Energy Capacity of the Stationary Energy Store (Model 2)

The method in Section 4.1.1 was conducted without using the grid connection power and a similar
method is now used to size the stationary energy store. The output from model 1, the number of
charging points, is used along with the user defined value for the maximum power available from
the grid at the fast charging station location, in this case 720 kW. In the previous model it was
assumed that there was always enough power from the grid to charge the EVs, irrespective of the
number of charging points. In the model for this section an EV arriving at the fast charging station
may have to wait either because there are not enough charging points or because there is not
sufficient power or energy available to charge the EV. For the case described in this method there
are four charging points, requiring 1,440 kW (360 kW x 4), however at the fast charger location

only 720 kW can be taken from the electricity grid.

A stationary energy store can be used to charge EV’s at the fast charging station if there is not
sufficient power capacity available from the grid. For example, if there are four EVs charging and
the grid connection can only support two EVs charging, two of the EVs could be charged using the
stationary energy storage. The stationary energy store is incorporated into the model using a

variable for the SoC of the stationary energy storage. As the model steps through each second the
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SoC of the stationary energy store is calculated by adding or removing the energy taken from the
stationary energy store in the current second to the energy in stationary energy store in the

previous second.

The EV waiting time due to insufficient power capacity therefore only occurs if the stationary
energy store runs out of energy or cannot deliver the necessary charging power. The priority of
the model is that EVs are charged first using the grid connection and then using the stationary
energy store if the grid connection is not sufficient. Any spare grid capacity is ultimately used to
recharge the stationary energy store. A Monte Carlo simulation is then run, similar to model 1,
but using the specified number of charging points from the previous model and varying the

capacity of the stationary energy store.

The results then include the capacity of stationary energy storage versus the EV waiting time and
an example results table is given in Table 4.5. These results are created using the inputs and

assumptions detailed previously.
Table 4.5  Size of stationary energy store versus waiting time

For a four charging point charging station where the grid connection is capable of

providing 720 kW

Size of Stationary Average Waiting Probability of Waiting
Energy Storage Time More than 6 minutes
(kwh) (s) (%)
0 290 28
50 160 16
100 110 11
150 73 7.2
200 43 4.3
250 29 2.7
300 20 1.7
350 15 1.1
10,000 7.5 0.3

An appropriate capacity of stationary energy store can then be chosen based on the acceptable

waiting time. As shown in Table 4.5 to achieve an average waiting time of less than 15 seconds a

84



Chapter 4

stationary energy store with the capacity of 350 kWh is required. Further, for this location, using a
stationary energy store with a capacity of 350 kWh reduces the average waiting time from almost
5 minutes (290 s), with no energy store, to less than 15 seconds. It is clear from the results that
having no stationary energy store produces the same average waiting time (290 s) as having two
charging points in Table 4.1. The last value in Table 4.5 shows the values for a very large
stationary energy store. This average waiting time value (7.5 s) is the same as for the four
charging points case from Table 4.1, this is because for the case of a very large stationary energy
store all of the waiting is as a result of insufficient charging points, as in this scenario there is

always sufficient power to charge the EVs.

4.1.2.1 Queueing Priority

One key aspect to be considered for this model is the queuing priority and how the available EV
charging power is shared. Simply sharing all available power between all EVs using the fast
charging station is the simplest method, however for the case of the fast charging station it will
not be the most efficient method, as described below. For example, consider the case where
there are two charging points but the grid connection is only capable of providing power to
charge one EV at full power at any instant. If two EVs, which can charge in 10 minutes, arrive at
the same time and they are each given half the power they will each take 20 minutes to charge,
giving an average waiting time of 10 minutes. If however one EV is allowed to charge at full power
and the other EV has to wait until the other EV finishes before charging, the first EV does not have

to wait and the second EV waits 10 minutes, giving an average waiting time of 5 minutes.

The algorithm used for this model therefore charges EVs that arrive at the fast charging on a first
come first served basis. As the model steps through each second the energy capacity remaining in
the stationary energy store is examined. If there is not sufficient power capacity available from
the grid or in the stationary energy store to charge all the EVs at the fast charging station, the last
EV to arrive is stopped from charging and the energy in the stationary energy store and power

from the grid are given to the first to arrive EVs.

4.1.2.2 Grid Connection Power

The analysis in this section undertakes a sensitivity study for the same fast charging station case
as Section 4.1.2 but at separate locations where the available grid connection powers are
different. The inputs of 100 EVs per day, a charging time for one EV of 10 minutes and an
acceptable average waiting time of 15 seconds are used and the grid connection power capacity is
varied, between a power capable of charging 1 EV (360 kW) and 4 EVs (1,080 kW). This sensitivity

study is conducted to represent different locations on the electricity grid.
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The results are shown in Table 4.6. For each grid connection power seen in Table 4.6, a table
similar to that seen in Table 4.5 was created. The result shown in Table 4.6 is then the smallest

stationary energy store that gives a waiting time less than 15 seconds.

Also included in these results is the required C-Rate of the stationary energy store. The C-Rate has
previously been described in Section 2.1 and is a measure of how quickly the energy store charges
and discharges, with higher C-Rates indicating faster charging and discharging capability. The C-
Rate can be used to help determine the best type of stationary energy store because different
types of energy store are suitable for different C-Rates, as described in Section 2.3.2. The C-Rate
has been calculated using Equation 4.1 and the maximum required power to charge all four EVs
(Pmax = 1,080 kW), the grid connection (Pgriq (kW)) and the energy in the stationary energy store
(Estore (kWh)).

Bnax — Pgria

Crate E
store

Equation 4.1
Table 4.6

Required size of energy store for various grid connection powers

To achieve an average waiting time of less than 15 seconds where each charging

station has four charging points

Grid connection | Size of stationary | Maximum C-Rate
capacity energy store energy store
(kW) (kwh)
360 1,900 0.6
720 350 2.1
1,080 50 7.2
1,440 0 -

It is clear from the results in Table 4.6 that the lower the grid connection capacity, the larger the
required stationary energy storage capacity. In other words, in a location where the electricity
grid has very little spare capacity a large stationary energy store is required and in areas where
there is plenty of spare grid capacity smaller or no stationary energy storage is required. It should
also be noted that the larger stationary energy stores are required to operate at lower C-Rates
than the locations where there is a higher grid connection power and therefore smaller energy

store.
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4.2 Design of Fast Charging Station with Stationary Energy Store at

Actual Location

In its current state, the author’s method has been described under ideal conditions. For example,
the EV charging power profile for all EVs using the fast charging station is simply constant 360 kW
power for 10 minutes, which takes the battery from 0 to 100% SoC. This will not be the case in
reality because, as stated in the background section and Figure 2.9, EV charging powers decrease
as the SoC of the EV battery increases. The SoC that the EV will arrive at the fast charging station
will also vary based on the preference of the driver of how much buffer energy they want in their
battery, the journey being conducted will also vary and the EVs will also have varying battery

capacities.

4.2.1 Example Location

To demonstrate the method with more realistic inputs an example location is chosen, in this case
the Tesla Supercharger at Elveden Inn in Suffolk, UK, shown in Figure 4.5. The site currently has
eight superchargers, providing up to 120 kW each. The site has a 500 kVA transformer stepping
the voltage down from 11 kV to 480 V [186] and from this transformer size it is assumed that the
maximum grid connection power is 500 kW. The analysis in this section is for a period in the
future when EV charging speeds are higher and more EVs are on the roads, the exact future fast
charging profiles and station usage assumptions are described in Section 4.2.2. The analysis
determines the size of stationary energy storage required at the Elveden Inn charging location to
enable this future higher power and more frequent charging without upgrading the current grid

connection infrastructure, i.e. the grid connection input remains constant at 500 kW.
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Figure 4.5 Location of Elveden Inn Tesla Supercharger in the UK
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4.2.2 Assumptions for Chosen Location

The Tesla charging power profile has previously been illustrated in Figure 2.9, where the charging
power is initially constant until around 25% SoC. After the constant power section the power
follows an exponential decay according to Equation 4.2, relating the charging power (P (W)) to the
SoC (s (%)). This equation was determined by fitting a line to the Tesla Supercharger data seen in
Figure 2.9, the fit can be seen in Figure 4.6. Other variables include the constant charging power
(Pconst (W), the SoC that this constant power can be applied until (sconst (%)) and the rate that the

power decays after the constant power section (k).

p= Peonst —ks
e ~KSconst

Equation 4.2
The SoC with time (t (s)) is defined by Equation 4.3, including the arrival SoC of the EV (sini: (%))

and the energy capacity of the EV battery (E (J)). The charging then finishes once the SoC is
greater than the EV departure SoC (sfin (%)).

> Pt
S =S, +_
init E
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Figure 4.6  Fitting Equation 4.2 to Tesla Supercharger data

The values used for this fit include Peonst = 115 kW, k = 2.0, and Sconst = 25%
The output required for input to the model is a charging profile for one EV, in terms of power
versus time. This charging profile is obtained using Equation 4.2 and Equation 4.3 and six inputs

listed in bullet points below, each EV using the fast charging station will have its own value for

each of the six inputs, the assumptions of which are described below.
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e Initial constant power value (Pconst (W))

e The SoC that this constant power can be applied until (Sconst)
e The exponential decay factor (k)

e The capacity of the EV battery (E (J))

e The SoC that the EV arrives at the fast charging station (sinit)

e The SoC that the EV leaves the fast charging station (sin)

Once these inputs have been defined for each EV, they can be used to create a charging profile for

each EV, an example of which can be seen in Figure 4.7.

Maximum charging power (P )
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State of charge that constant
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of EV battery (E)
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Figure 4.7 Charging profile with variables required to define the charging profile
The values used to create this EV charging profile include Pconst = 120 kW, Sconst = 25%,
k=2.0, E =100 kWh, sjnit = 5% and sgin = 80%

When defining the inputs, the first four bullet point inputs above are dependent on the future
ability of cells to accept fast charge and the size of the battery that EV manufacturers chose to
give sufficient capabilities at reasonable cost. The final two bullet point inputs above depend on
EV owner behaviour, for example some owners may be comfortable letting their EV battery go to
5% SoC on long distance journeys while others may recharge if the battery starts to go below 30%

SoC.

To account for these variations, probability distributions are used for all variables, for example for
the initial SoCs, a normal probability distribution with an average value of 15% SoC and 95% of
data being between 5% and 25% SoC could be used, seen in Figure 4.8. Random number
generation weighted to the normal distribution can then be used to determine the SoC of each EV
arriving at the fast charging station. In Section 4.1.1.1 it was described how each EV arriving at the
fast charging station was assigned a random arrival time weighted according to Figure 4.2. In the

subsequent section, as well as this arrival time, each EV is also randomly assigned a value for each
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of the six variables, defining the charging profile of each EV. The probability distributions for each

of the six variables are described below and are seen in Table 4.7.
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Figure 4.8 Probability distribution for initial SoC example

For each of the six variables, seen in the above bullet points, assumptions are made for what they
may be in future EV charging profiles. The assumptions state the assumed mean value and for

each variable a normal distribution is created, with the relative standard deviation being taken as
10% for all variables to provide variation from the mean values, the normal distributions for these

variables are shown in Table 4.7.

The initial constant power value (Pconst) is taken as 400 kW as in Section 3.7.2 this was found to be
a charging power capable of satisfying 80% of long distance journeys. The SoC that this constant
power can be applied until (sconst) and the exponential decay factor (k) are dependent on the
future battery chemistry, hence the values are taken from the current values for the Tesla EVs
seen in Section 2.2.2.2, being 25% and 2 respectively. The future capacity of the EV battery (E) is
assumed to be 80 kWh, based on current lower cost EVs, such as the Chevrolet Bolt [40], having
battery capacities of 60 kWh and the current trend discussed in Section 2.2.1.1 of EV battery

capacities to increase.

The SoC that the EV arrives and leaves at the fast charging station will depend on the EV owner
behaviour. For this analysis it is assumed that the normal distribution means for the arrival (sinit)
and leaving (ssin) SoC will be 20% and 80% respectively with 95% of the data being between 0-40%
and 60-100% respectively.

The final variable required for the analysis is the number of cars (ncars) that will use the fast
charging station each day. This is also hard to estimate and depends on the future penetration
level of EVs and their range capabilities as well as the number of nearby fast charging stations. At
the Elveden Inn site, 23,000 cars drove on the 10 miles stretch of road in a day during a 2016

survey [187]. A simple calculation shows that this is about the average for UK roads of 27,000 cars
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on a 10 mile stretch of road (244.4 billion miles travelled per year in the UK x 10 miles / 245,800
miles of road in the UK / 365 days per year [185]). Therefore, the average value of 100 cars per
day calculated in Section 4.1 is assumed. Again, a normal distribution is used for the number of

EVs charging and 95% of the days have between 80 and 120 cars per day.

Assumptions regarding efficiencies include that all power electronic converters shown in
Figure 1.1 are 95% efficient, the EV battery is assumed to charge at 95% efficiency and the

stationary energy store charges at 95% efficiency and discharges at 95% efficiency [188].

Table 4.7  Assumed values for variables for the location chosen

Variable Mean 95% of data
Prmax 400 kW 320 -480 kW
E 80 kWh 64 — 96 kWh
Sconst 25% 20-30%
k 2 1.6-2.4
Sinit 20% 0-40%
Sfin 80% 60 — 100%
Nears 100 80-120
4.2.3 Results for Chosen Location

The same analysis described in Section 4.1 is conducted using these inputs, including:
e Allvariables defined in Table 4.7
e The probability of an EV arriving at a fast charging station during each hour of the day as
shown in Figure 4.2
e The average acceptable waiting time is 15 seconds
e The available grid connection power at the Elveden Inn fast charging station location is

500 kW

Similar results tables to that shown in Table 4.1 and Table 4.5 were created and it was found that
the result to achieve an average waiting time of under 15 seconds requires a charging station with
five charging points and a stationary energy storage with a capacity of 1,000 kWh. In the model
the stationary energy storage was evaluated in steps of 100 kWh, so the optimum size is between
900 and 1,000 kWh. Using the stationary energy storage at this location reduces the average

waiting time from 20 minutes to 13 seconds. To accommodate 400 kW charging at this location
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therefore requires a 1,000 kWh energy store and an economic assessment could be conducted
and the cost of this energy storage could be compared to the cost of upgrading the electricity grid

infrastructure at the charging station location to determine the optimum solution.

For this case the power from the grid and the SoC of the stationary energy store is shown in
Figure 4.9. Figure 4.9a shows the case for a day when the stationary energy store is completely
depleted while Figure 4.9b shows a day when the stationary energy storage is used less and
always has above 70% of energy available. The fully depleted case occurs because for this
modelled day many EVs arrive within a short period of time, with 54 EVs arriving between 3 pm
and 7 pm. For the day when the energy store is always above 70% SoC the EV arrival times are

more spread out throughout the day and only 24 EVs arrive between 3 pm and 7 pm.
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Figure 4.9 Results for two days at the example location

Individual EV waiting times (top), power flows from stationary energy storage
(negative is discharge), the grid and to the EVs (middle) and the SoC of the stationary
energy storage (bottom) for a day when the stationary energy storage is heavily used

(left) and lightly used (right)

As can be seen in Figure 4.9, for these days, the maximum power that the charging EVs need is
1,800 kW, however the use of the stationary energy store means that the grid connection power

is never more than 500 kW. It can be seen that when the power required by the EVs is above
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500 kW the energy store discharges while when the power required by the EVs is less than

500 kW the grid recharges the energy store.

Also from Figure 4.9 the waiting times for all EVs using the fast charging station are illustrated. For
the day when the stationary energy store is completely depleted, 16 cars have to wait with the
longest waiting time being 9 minutes, while for the day when the energy store is used little only 3
cars need to wait, with the longest wait being 3 minutes. The average waiting time during the day

from Figure 4.9ais 30 s, while for Figure 4.9b the average waiting time is 3.3 s.

4.3 Discussion Regarding the Stationary Energy Store Results

The decision whether to use stationary energy storage at a fast EV charging station will likely be
driven by whole system economics, capital and operating costs. This will vary from location to
location and will be a function of how many EVs require to be charged each day, the power
capacity of the electricity grid connection used and the cost to upgrade the electricity grid
connection. The example location demonstrated in Section 4.2 illustrates how the method
proposed can be used in an actual location to size the stationary energy store. The method
requires assumptions that have been justified in Section 4.2.2, however future work could look in

more detail at any of these assumptions.

For example, the acceptable waiting time could be made longer resulting in the use of a smaller,
cheaper stationary energy store, however to encourage EV uptake short waiting times are critical.
The length of time people are willing to wait is a psychological question and could be investigated
in future work. Another assumption, namely the EV charging power profiles, are likely to change
in the future as the batteries change and EVs are able to charge at higher powers. All the model
parameters described in this chapter can be easily modified to produce relevant results for any EV

charging power profiles, waiting times or location.

One of the most interesting results from this work is the queuing priority. It has been discussed
how, when the constraint is the amount of power available to charge the EVs, it is better to
charge the EVs using a first come first served algorithm rather than sharing all the power equally.
This may be counterintuitive to think that curtailing power to some users can reduce average
waiting times, however the first come first served algorithm results in a lower average waiting
time. This is a key consideration that people installing fast charging stations with limited power

must understand, that it is not always optimal to simply share the power equally.

The results from Table 4.6 show how the capacity and C-Rate of the stationary energy store can

vary significantly depending on the available grid connection power. This means that there is not
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simply one energy storage technology that can be used for all fast charging stations. For example,
from the results of Table 4.6, when the grid connection is capable of charging one EV a very large
stationary energy store that operates at low C-Rates is required. This may mean lead acid or flow
batteries are used for the stationary energy storage device, while for the case when the grid
connection is capable of charging three EVs a small stationary energy storage device that operates
at high C-Rates is required and so supercapacitors or flywheels may be chosen due to their good

rate ability [188].

4.4 Conclusions from the Requirements of the Stationary Energy Store

If a fast charging station is required at a certain location where there is insufficient grid
connection power available there are two options, either upgrade the power rating of the
electricity grid connection or use a stationary energy store to buffer the energy between the
electricity grid and the EV. In this chapter a novel method to size the stationary energy store at
fast EV charging stations has been proposed based on the acceptable waiting time of EVs arriving
at the fast EV charging station. The results can be used in an economic assessment comparing the
cost of the stationary energy storage to the costs of upgrading the electricity grid infrastructure at

the fast EV charging station location to determine the ultimate most cost effective solution.

The method proposed has been demonstrated for an actual charging station location where the
grid connection infrastructure is rated at 500 kVA and the charging points rated at 120 kW. It has
been shown how this site could be upgraded to support future 400 kW charging without
upgrading the current grid connection infrastructure. The results are that a 1,000 kWh stationary
energy store is required, and this reduces the average waiting time from 20 minutes to 13
seconds. In future work, the cost of a 1,000 kWh energy store can be compared to the cost of
upgrading the electricity grid infrastructure at the charging station location to determine the

optimum solution.

In the Section 2.2.2.1 it was identified that one of the future limitations to the fast charging of EVs
is the ability to draw the required power from the electricity grid. The method proposed in this
chapter can be used to size a stationary energy store at a fast charging station to overcome this
limitation and allow fast charging stations to be installed at locations where previously the grid
could not accommodate them. Future work could look at improving the initial modelling
assumptions, namely regarding future fast charging power profiles, acceptable waiting times and
finding ways to accurately estimate the number of EVs that will use a fast charging station at a
given location. Even if these assumptions are improved the method presented in this Chapter can

be used in its current form.
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Chapter 5 Energy Storage Thermal Modelling

To overcome the challenge of dealing with the additional heat generated in the EV battery during
fast charging, thermal modelling can be used to design the EV battery cooling system. As
described in this chapter, obtaining the parameters required for battery thermal modelling is not
straightforward and the parameters are not usually available on cell datasheets or from cell
manufacturers. One of the novel outputs of this thesis is a method to obtain the thermal
parameters of cells using equipment commonly found in battery laboratories, as detailed in this
chapter. It is envisaged that simplifying the cell thermal parameterisation will enable more
researchers to undertake modelling of EV batteries, which in turn will lead to novel cooling
systems being designed to deal with the excess heat generated during fast charging. There is a
published journal paper by the author associated with this chapter: Thomas S. Bryden, Borislav
Dimitrov, George Hilton, Carlos Ponce de Ledn, Peter Bugryniec, Solomon Brown, Denis Cumming,
Andrew Cruden, Methodology to determine the heat capacity of lithium-ion cells, Journal of

Power Sources, Volume 395, August 2018, Pages 369-378, 10.1016/j.jpowsour.2018.05.084 [27].

Once the thermal parameters are obtained, it is demonstrated that the temperature of the cells
can be modelled at high rates, defined as being over 1C, and the modelled results are then
verified experimentally. The model predicts the cell surface temperature well, generally within
2°C, and the temperature is also predicted well when the cell is placed in a different environment
by wrapping the cell in insulation. These results indicate that the cell thermal parameters

obtained by the method could be used in 3D models of battery packs to design cooling systems.

As seen in the previous chapter, the stationary energy storage may have to operate at high rates
and the thermal model demonstrated may therefore also be useful for design of the stationary
energy store cooling system. The chapter therefore ends by demonstrating how it is possible to
extend the author’s thermal model for use with other energy storage types, including lead-acid

batteries and supercapacitors.

The first part of the chapter, Section 5.1, discusses why the particular thermal model is chosen
and details the theory behind the thermal model. Section 5.2 then discusses the two most
important thermal parameters for the thermal modelling of cells and battery packs, the heat
capacity and thermal conductivity, and details why they are hard to obtain for cells. To obtain
these parameters and verify the model, experiments are conducted in the laboratory and

Section 5.3 details the experimental setup. The main novel output from this chapter is the robust,
simple method to obtain the thermal parameters, which is detailed in Section 5.4. The heat

capacity of the cells is then verified by performing comparative experiments in a calorimeter and
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these experiments are detailed in Section 5.5. The heat capacity results, comparing the novel
method proposed in this PhD to the standard method of calorimetry, are shown in Section 5.6. It
is then demonstrated how the model can be used to model the surface temperature of the cells in
Section 5.7. The results are discussed in Section 5.8 before the model is extended to address lead-

acid cells and supercapacitor cells in Section 5.9.

5.1 Description of the Thermal Model

The first step is to choose the thermal model to use. To keep the thermal model as general as
possible, initially the simplest thermal model was considered, being a cell model similar to that
shown in Figure 2.14a, where the entire cell is treated as single point with uniform temperature
and heat is transferred to and from the cell. To determine whether this type of thermal model,
where the cell has a uniform temperature, is appropriate the Biot number can be used [189]. The
Biot number (B) is the ratio of the internal thermal resistance (Ri, (K W)) divided by the external
thermal resistance (Rou: (K W), as defined in Equation 5.1. If the Biot number is less than 0.1 the

simple model with uniform cell temperature may be appropriate.

Equation 5.1

Values for the internal and external thermal conductivity found by other researchers [137], were
3.3 KWand 8.9 K W respectively. The Biot number, calculated using Equation 5.1, is therefore

calculated as 0.37, thereby indicating that the uniform cell temperature model is not appropriate.

The next simplest model is therefore used for thermal modelling of the cell. In this model heat is
generated at a point inside the cell where this point has a specific heat capacity and a mass. The
heat is then transferred from the inside of the cell to the cell surface where it is assumed there is
no mass or specific heat capacity. Finally, the heat is transferred from the cell surface to the
ambient environment as shown in Figure 5.1. The internal and external heat transfer coefficients
include all heat transfer modes, namely conduction, convection and radiation. If heat is consumed
within the cell or the ambient temperature is higher than the cell temperature then the heat will
flow in the opposite direction to that illustrated in Figure 5.1, the model has previously been

reported in [137].

96



Chapter 5

1
1

1 _Ce_II ael Ambient
| inside surface

1 1

1 1

1 1

| ® > | >

: T T T

1 1 S a

1 o 1

1 Qgen 1

1 1

| C |

1 P 1

Figure 5.1 Overview of cell thermal model

In the following section the equations describing the thermal model are derived. By applying
Equation 2.5 to the point on the cell inside, the result is shown in Equation 5.2. The change in
internal energy is related to the heat capacity (C,,; (/ K?)) and the rate of internal temperature
(T: (K)) change with time (t (s)), as per the equation on the left hand side of Equation 5.2. Q; (W)
and Qgen,i (W) are the heat transferred to and the heat generated at the cell inside point

respectively.

daT; . .
Cp,i (d_tl> =0Q;— Qgen,i
Equation 5.2

Heat transfer has previously been described in Equation 2.4, and can be a result of any of the
three modes, conduction, convection or radiation. For this model, all heat transport modes are
lumped together and a single internal heat transfer coefficient (h; (W m™ K2)) is used. The rate
heat is transferred from the cell inside to the cell surface is given on the right hand side of

Equation 5.3, with the internal cell area (A; (m?)) and the cell surface temperature (Ts (K)).

Q; = hA(Ts — Ty)

Equation 5.3

The internal heat transfer coefficient and the internal cell area do not change and so to use
standard terms these are substituted for the inverse of the internal thermal resistance as shown

in Equation 5.4.

hiA; = !
LL_Rin

Equation 5.4

Substituting Equation 5.4 into Equation 5.3 and then substituting the combined equation in

Equation 5.2 gives Equation 5.5.
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ar; 1

pigy = R—m(Ts — T)—Qgen,i

Equation 5.5

Measuring the internal temperature of a cell is not possible with basic laboratory equipment as to
place a thermocouple inside the cell to determinate internal temperature would require a glove
box to provide an inert atmosphere in which the cell can be modified without internal cell
components reacting with oxygen and or water. To eliminate the internal cell temperature from
Equation 5.5, Equation 2.4 is again applied but this time at the cell surface point, giving
Equation 5.6. C,s (J K?) is the surface heat capacity, Qs (W) and Qgen s (W) are the heat transferred
to and the heat generated at the cell surface point respectively
dT . .
Cos (5) = 0 = Ogens

Equation 5.6

At the cell surface there is assumed no mass so the heat capacity is zero and internal energy does
not change, giving Equation 5.7. It is also assumed that there is no heat generation at the cell

surface, giving Equation 5.8.

dTs
Cps (E) =0

Equation 5.7

Qgen,s =0

Equation 5.8

The heat transferred to the cell surface is equal to the heat transfer from the cell inside to the cell
surface plus the heat transfer from the ambient to the cell surface, as shown in Equation 5.9. The

heat transfer from the cell inside to the cell surface is the negative of Equation 5.3 and is shown in
the middle of Equation 5.9. The heat transfer from the ambient to the cell surface is related to the
external heat transfer coefficient (h, (W m™? K)), the external area (A, (m?)), the surface

temperature and the ambient temperature (T, (K)) and is shown on the right of Equation 5.9.

Qs = hiAi(Ti - Ts) + hvo(Ta - Ts)

Equation 5.9

Similar to above, the singular heat transfer term accounts for all modes of heat transfer and the

external area will not change so the product of hyA, is exchanged for the inverse of the external
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thermal resistance. Making this substitution and substituting Equation 5.7, Equation 5.8, and
Equation 5.9 into Equation 5.6 gives Equation 5.10. The physical meaning of Equation 5.10 is that
the heat transferred to the surface point is equal to the heat transferred away from the surface

point.

1 1
0=—-(T;—T) +5—(Ta — T)

R in Rout

Equation 5.10

Equation 5.10 can then be solved for the internal cell temperature, as stated in Equation 5.11.

Rin
Ti:R (Ts_Ta)+Ts
out

Equation 5.11

The internal cell temperature from Equation 5.11 can then be substituted into Equation 5.5 to

give Equation 5.12, which simplifies to that seen in Equation 5.13.

R:
d (RJZL To—T)+T) 4 R, .
Cp,i dt = R_m T, — (m (Ts — Ty + Ts) _Qgen,i

Equation 5.12

dT, dT, .
Cp,i (E (Rin + Rout) - Ry E) =T, — Ts_Qgen,iRout

Equation 5.13
The experiments conducted in this chapter are on individual cells and so the ambient temperature

is the air surrounding the cell. The ambient temperature is therefore assumed to be constant,

giving Equation 5.14. Equation 5.14 is then substituted into Equation 5.13 to give Equation 5.15.

dT,
—2_-9
dt
Equation 5.14
dT, .
Cp,i E(Rin + Rout) =Ty — Ts_Qgen,iRout

Equation 5.15

The output to the model is the surface temperature of the cell, which is obtained by using a time
step (At (s)), i.e. using an explicit Euler to discretise the ordinary differential equation. The

substitutions seen in Equation 5.16, Equation 5.17 and Equation 5.18 can therefore be used.
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ﬂ _ Ts(t) - Ts(t—l)

at tey = te-n

Equation 5.16
T; = Ts(t—l)

Equation 5.17

Qgen,i = Qgen,i(t)

Equation 5.18

Substituting these equations into Equation 5.15, gives Equation 5.19, which can be rearranged to
give Equation 5.20. It is assumed that the heat capacity, internal thermal resistance and external
thermal resistance are constant and do not vary during the experiments.

Ts(t) - Ts

(t-1) .
i to — et (Rin + Rout) =Ty — Ts(t—l)_Qgen,i(t)Rout
t t-1

Equation 5.19

Ta - Ts(t—l)_Qgen i(t)Rout
T = - teey — Lo Tocr—
s(®) Cpi(Rin + Rout) (tey = tee-1) + Toe-1)

Equation 5.20

As stated in the background section there are two commonly used terms for the heat generation
in a lithium-ion battery, ohmic heat generation, proportional to the current squared, and entropic
heat generation or consumption, proportional to the current. The method in the following
sections involves charging and discharging the cells at the manufacturers quoted maximum
charge and discharge rates. The model is also used in fast charging at high rates, over 1C. At these
high rates the ohmic heating is dominant as the ohmic heating is proportional to the current

squared.

The entropic heat generation term (Qgen,ent (W)) can be seen below in Equation 5.21. Other
researchers [137] found that including the entropic term produced only a small reduction of the
maximum temperature error from 2.3°C to 1.8°C. In this study by other reserachers the cell was
cycled at 10 A (4C), the heat generation from ohmic heating was found to be around 3.1 W. The
value for dVoc/dT varies with SoC, the researchers found a value of -0.3 mV K at 0% SoC
however between 20% and 100% SoC the absolute value was always less than 0.1 mV K.
Assuming a worst case scenario with the cell at 60°C, the entropic heat generation is found to be

1.0 W at 0% SoC (10 A x (60°C + 273) x 0.3 x 10 V K1) however over 20% SoC the entropic heat
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generation is less than 0.33 W. For this high rate thermal modelling study the entropic heat

generation term is therefore ignored.

dVocv
dt

Qgen,ent =1IT
Equation 5.21

Only considering ohmic heat generation means that the heat generation term is as per
Equation 5.22 and is related to the cell current (/ (A)) and the cell resistance (R (Q)), which varies
with time throughout the model. The modulus brackets and the negative sign indicate that heat is

always generated at the point.

Qgenicy = ~|liy* R

Equation 5.22

The cell resistance has previously been described in Equation 2.7 and this equation is repeated in

Equation 5.23 and is reliant on the cell voltage (V (V)), cell OCV (Vocv (V)) and cell current.

Vi =V,
R = ® = Yoov@®

Ity

Equation 5.23

Substituting Equation 5.23 into Equation 5.22 gives Equation 5.24.

Qgenicy = ~|(Viy = Vocvy) |

Equation 5.24

For this research, the voltage and current are obtained from experiments. In the future, if the
model is to be made truly predictive, the thermal model demonstrated in the following sections
would need to be combined with a model to predict the voltage of the cell based on a current
profile [190]. These models are widely available such as the equivalent circuit models described in

Section 2.4.2.2.

The OCV of the cell is obtained from a look up table for the cell, where the look up table contains
data relating the SoC of the cell to the OCV, where an example of this characteristic is shown in

Figure 5.2.
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Figure 5.2 Determining the OCV using the SoC

The SoC (SoC) of the cell is obtained using the coulomb counting method using Equation 5.25, the
cell current and cell nominal capacity (Capnom (Ah)). The initial SoC can be found by leaving the cell

to rest and using the lookup table, from Figure 5.2, to relate the voltage to the SoC.

Iy (tw = te-n)

SOC(t) = SOC(t_l) + Capnom

Equation 5.25

For example, if a 10 Ah cell initially at 20% SoC is charged at 3 A for 1.5 hours, the SoC is 65%, as
seen in Equation 5.26. Although this demonstration shows a 1.5 hour time, later on in the

chapter, 0.1 seconds is used as the time step and so a new SoC is calculated every 0.1 seconds.

3x(15-0
L 3x05-0)

S0C; shours = 0.2 10

= 0.65
Equation 5.26

The underlying thermal equation for this chapter can therefore be seen in Equation 5.27, which is

found by substituting Equation 5.24 into Equation 5.20.

Ty = Tse—1) + |(V(t) - VOCV(t))I(t)|R0ut (t _, ) iy
Cp,i(Rl'n + Rout) ® t-1 s(t-1)

Ts) =

Equation 5.27

To use Equation 5.27 to predict surface temperature the model steps through time and at each
time calculates a new value for the surface temperature. The initial conditions are therefore the
surface temperature (T5q) and SoC (SoGCy) at the initial time (to). The known constant values are
the cell nominal capacity (Capnom), the ambient temperature (T,), the heat capacity (C,,), the
internal thermal resistance (Ri») and the external thermal resistance (Rout). The method for each

time step is as follows:
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1. Determine the cell voltage (Vi) and cell current (/y), this could be done with an
equivalent circuit model but in this chapter the cell voltage and current are measured
during the experiments

2. Calculate the SoC of the cell using Equation 5.25

3. Lookup the value for the cell OCV (Vocvy) in the SoC versus OCV table, i.e. Figure 5.2

4. Calculate the surface temperature using Equation 5.27

5.2 Heat Capacity and Internal Thermal Resistance

Of the five known constant values, the cell nominal capacity is easily found on cell datasheets and
the ambient temperature is recorded during each experiment. There are three unknown terms,
which are related to the thermal parameters: the heat capacity, the internal thermal resistance
and the external thermal resistance. The heat capacity and internal thermal resistance are the
two most important thermal parameters as they are specific to the cell and, once known, the cell
could be placed in a more complex scenario, such as a battery pack, and the heat capacity and
internal thermal resistance would remain the same. In this case of placing the cell in a model of a
battery pack, the external thermal resistance would change depending on the placement within in
the battery pack. The external thermal resistance therefore changes depending on where the cell
is placed while the heat capacity and internal thermal resistance remain constant. If the cell is
placed in a 3D finite element thermal model, the heat capacity and internal thermal resistance
would need to be input by the user while the 3D model would calculate the external thermal

resistance.

5.2.1 Heat Capacity

The heat capacity of the cells is a critical thermal parameter that is required for all cell thermal
models, irrespective of the thermal model employed. The heat capacity of an object is a measure
of how easy it is to change the temperature of the object by transfer of heat. Depending on the
required model complexity there may be one value for the heat capacity of the entire cell [137,
151, 191-197] or multiple values at different locations within the cell [148, 198, 199], representing
the different materials that the cell is constructed from. From the review of thermal models, the
method of using one value for the heat capacity of the cell is currently the most popular method

for researchers.

An intermediate example is shown in Figure 5.3 where there are two values used for the heat
capacity in the thermal model, one for the cell inside and one for the cell casing. This model could

be made more complicated by including the individual geometries and associated heat capacities
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of all the components inside the cell, i.e. the current collectors, electrodes, electrolyte and
separator. In contrast, the model could be made more simplistic by lumping the heat capacity of
the cell inside and cell casing together to obtain one value for the heat capacity of the cell. The
choice of complexity, as with all modelling, is a trade-off between accuracy, complexity and time.

For the model described in Figure 5.1 there is only one value used for the heat capacity of the cell.

Positive terminal

Cell inside casing
(current Co =
collectors, 500
electrodes, Jkg' KT
electrolyte,
separator)
C, =
1400
Jkg' K1

\/\/

Negative terminal

Figure 5.3  Cylindrical cell with different heat capacities for the cell inside and casing

When using a single value for the heat capacity of the cell it is often difficult to determine the
heat capacity. The heat capacity of cells is generally not stated on cell datasheets and
manufacturers often do not provide data on the specific heat capacity of their cells. Later in this
chapter experiments are conducted on four lithium-ion cells, for each cell the manufacturer was

contacted but in all cases could not provide data regarding the heat capacity of the cell.

The most popular method to determine the heat capacity of an entire cell (Cy,cen) involves a
weighted sum of the heat capacities of the materials inside the cell [151, 192, 193, 195, 197]. This
can be performed using Equation 5.28, where the masses (mi;, m;, etc) and heat capacities

(Cp,1, Cp,2, etc) of each material in the cell are known.

mle_l + mch,z + -+ mnCp_n
m;+my+--+my

Cp,cell =

Equation 5.28

This method can be seen in use for the cell seen in Figure 5.3 in Equation 5.29, where the mass of
steel casing is 0.01 kg and the mass of the cell inside is 0.06 kg. The problem with this method is

that detailed information regarding the materials inside cells is rarely available. The cell can be
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deconstructed and the materials inside determined chemically however taking apart a cell

requires specialist equipment and is not trivial.

0.01 x 500 + 0.06 x 1400

Coo = = 1270 kg~ K1
p.cell 0.01 + 0.06 J kg

Equation 5.29

A second common but less popular method is to use calorimetry [191, 200], this involves placing
the cell in a calorimeter, applying heating to the cell and measuring the temperature response.
During calorimetry the inside of the calorimeter is kept at the same temperature as the cell
surface by measuring the cell surface temperature and heating the calorimeter walls. This means
that there is zero heat transferred away from the cell in the calorimeter during the experiment
and so all heating energy goes into raising the cell temperature meaning the heat capacity can be
calculated, this is described in detail in Section 5.5. The problem with this method is that
calorimeters are expensive, often costing more than £100,000 and not commonly available in

many laboratories.

This inability to easily and accurately determine the heat capacity of lithium-ion cells is therefore
a barrier to research into thermal modelling. A new method to determine the specific heat
capacity of cells using common equipment found in most battery laboratories is therefore
proposed by the author in the subsequent sections, where this method requires only a battery
analyser, temperature sensors and a fan. This method is one of the novel outputs of the PhD and
the results from the method are verified by determining the heat capacities of the cells using

calorimetry.

5.2.2 Internal Thermal Resistance

As well as the specific heat capacity of a cell, a second parameter required for many thermal
models is the internal thermal resistance of the cells [201]. As described in Section 2.4.2 there are
three types of heat transfer: conduction, convection and radiation. Convection heat transfer
occurs in fluids and so is possible inside the cell in the electrolyte, this may be taken into account
in very detailed cell models however generally is ignored due to the limited mobility of the fluid
[202]. The internal thermal resistance is therefore as a result of conduction heat transfer and the
equation relating the internal thermal resistance to the thermal conductivity (k (W m™ K2)) of the

cell is shown in Equation 5.30, with a distance (x (m)) and an area (A (m?)).

Equation 5.30
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The thermal conductivity of the cell is a measure of how easily heat is transferred through the cell
by conduction. The thermal conductivity varies within a cell depending on the direction of heat
transfer [203]. Take for example a spirally wound cylindrical cell, an example of which is shown in
Figure 5.4, the thermal conductivity will be different longitudinally and radially. Longitudinally, the
heat is travelling through the same material while radially the heat is travelling through many
layers of different materials. The thermal conductivity is much higher longitudinally because the
heat may travel through one material with a high thermal conductivity, for example metallic
current collectors with thermal conductivities in the range 237-397 W m™! K [204], while radially
the heat must travel through materials with low thermal conductivity, for example electrodes and
separators with thermal conductivities in the range 0.6-3.9 W m™ K [204]. Overall for an 18650
cell other researchers found values for the thermal conductivity of 0.25 W m? K*and 30 W m? K?

in the radial and longitudinal directions respectively [205].

Positive electrode

Cell casing

Cell inside (layers of negative
electrode, positive electrode
and separator

Heat transfer in radial
direction
- Heat travels through many

layers of different materials

Heat transfer in longitudinal
direction

- Heat travels through the
same material

Negative electrode

Figure 5.4 Inside of an 18650 cell with conduction heat transfer shown

The thermal conductivity is slightly less important than the heat capacity in large scale models,
such as those of whole battery packs [206], which may use the heat capacity of the cells but
assume they are a uniform temperature and therefore not include an internal thermal resistance.
As an approximation, the model used in this chapter does not differentiate between the thermal
conductivity in different directions and uses a single value for the internal thermal resistance. As
the model is for high rate applications the temperature changes are large, in the region of 10°C

and so an approximation for the thermal conductivity should be appropriate. This approximation
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is justified in the results section as the method to determine the heat capacity is shown to work

well and the surface temperature is accurately predicted by the model.

5.3 Experimental Setup

The author’s aim therefore is to develop a novel method to determine the cell heat capacity and
the cell internal thermal resistance that uses laboratory equipment commonly available in battery
laboratories. The method is detailed in the subsequent Section 5.4, while in this section the

experimental setup to test the method is described.

The experiments conducted in this chapter involve charging and discharging cells at various rates

and measuring the surface temperature. A cell being tested is illustrated in Figure 5.5 and the

laboratory equipment is described in detail in the following sections and includes:

Figure 5.5 Pictures of the experimental equipment

e Battery analyser and associated wires

e Thermocouples, which connect directly to the battery analyser

e Other equipment:
o Fans
o Freezer

o Safety enclosure

(a)

Current
carrying
cables to
cell being
tested

Voltage
sense
wires to
cell being
tested

Current carrying
cables from
MACCOR

Wooden divider
to stop short

| circuit

Voltage sense
wires from
MACCOR

» Cell

) | Thermocouple
A Thermo- -l from MACCOR
couples | attached using

to cell
g~ being
tested

Kapton tape

Ammo box safety
enclosure

Battery analyser (left) and a cell being connected to the battery analyser (right)
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5.3.1 Battery Analyser and Associated Wires

The key piece of equipment is the battery analyser, the battery analyser is manufactured by
MACCOR and can be used for experiments where the voltage and current are below 6 V and 240 A

respectively, the battery analyser is shown in Figure 5.5a and the technical specifications of the

battery analyser are given in Table 5.1.

Table 5.1  Specifications of the battery analyser

Battery Analyser
Manufacturer MACCOR
Equipment Number Model 4200
Channels 8
Thermocouples 32
Maximum Power 2.4 kw
Maximum Voltage 6 | \
Voltage Accuracy 0.0012 | \
Maximum Channel Current 30 | A
Current Accuracy 0.015 | A

The battery analyser includes software for setting up charging and discharging experiments,
namely MacTest32 software. A schematic of the setup of the cell being tested and the battery
analyser are shown in Figure 5.6, where all wires and thermocouples connect directly to the
battery analyser. All data, voltage, current and temperature, are also recorded automatically by

the computer.

Computer
MacTest32

Battery Analyser

—— Current carrying wires
---- Remote sense wires
--=-= Thermocouple

------------ Two Way Communication

Energy Storage
Device being  |———
tested

Figure 5.6  Schematic of all connections for battery cycling using the battery analyser
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5.3.1.1 Remote Sensing Wires

As shown in Figure 5.5 and Figure 5.6, there are four wires connected to the terminals of the cell
being tested, these wires include two current carrying wires and two remote sense wires. The two
current carrying wires deliver the current to or from the cell and therefore need to be of an
appropriate wire gauge to carry the required current. The two remote sense wires can be thin and
only measure the voltage at the cell terminals. This voltage is then fed back to the battery
analyser charging and discharging the cell, which can then compensate for any voltage drop that
may occur between the charging and discharging equipment and the cell to ensure the voltage at
the cell terminals is correct. This unwanted voltage drop could be caused for example by
resistance in the current carrying wires, in this case the voltage drop would be equal to the

current multiplied by the resistance of the wire.

5.3.1.2 Connection of Wires to Energy Storage Device

A common problem encountered throughout the PhD is how to make a good reliable connection
between the wires and the cell under test. This issue was amplified in this PhD work as high rate,
meaning high current, charging and discharging is often undertaken. At high currents a poor
connection with high resistance (Ren (©2)) increases the connection voltage drop (Varop (V)), as
shown in Equation 5.31, along with the current (/ (A)). If the remote sensing wires are directly
connected to the cell terminal this voltage drop is taken into account in the recorded voltage
however for the case of the cylindrical cells the remote sensing wires could not be connected

directly to the cell terminal. This means that the connection resistance needs to be minimised.

Vdrop = IRcon

Equation 5.31

Also, at high currents heat can be generated (Qcon (W)) from the connection resistance, as seen in
Equation 5.32. This means the cell may be subject to additional heating and elevated
temperatures, reinforcing that a good connection between the wires and the cell is therefore

critical.

Qcon = Ichon

Equation 5.32

There are three types of possible connections for cells: mechanical connection, soldering
connection, or welding connection [207]. The advantages and disadvantages of each connection
techniques are detailed in Table 5.2. A mechanical connection can consist simply of a spring

creating pressure between the cell terminal and the connector or could simply be a nut and bolt.
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Table 5.2  Advantages and Disadvantages of different connection techniques

Connection | Advantages Disadvantages

Mechanical |Simple High contact resistance

Easily replace cell being tested

Soldering Low contact resistance Intense heat while soldering may damage cell

Welding Less heating than soldering Specialist equipment required

Connection not as good as soldering

The choice of connection for the experiments conducted depends on the cell being tested and
whether a simple connection slot is available on the device. The connections for each of the three
types of cell tested are shown in Figure 5.7. For the prismatic cell the current carrying wire could
simply be bolted to the cells, while for the pouch cell copper clamps were constructed and the
current carrying wire clamped to the cell terminals. For the cylindrical cells no simple mechanical
connection could be created that would give a good connection. Soldering is therefore used as it
will give the best connection quality, which, as described above, is crucial for the high currents
involved in the experiments. With soldering there is however debate as to whether the
connection causes additional degradation to the cell being tested. Degradation is not a focus of
this thermal modelling chapter. Whenever a cell is soldered, a charge and discharge of the device
at rated conditions is undertaken to ensure the charge and discharge curves look the same before

and after soldering.

@ ®) ©

Use nut to bolt current carrying : Clamp current carrying wire to ! Solder current carrying wire to

wire to prismatic cell i pouch cell tabs using copper bars ! cylindrical cell flat surface
(mechanical connection) i (mechanical connection) i (solder connection)

Figure 5.7 Three types of cell tab connections

Screw connection (left), clamped connection (middle) and soldered connection

(right)
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5.3.2 Thermocouples

Thermocouples are used in the experiments to record the temperature but also for safety reasons
as the thermocouples enable automatic shut down of experiments if a certain temperature is
exceeded. The thermocouples connect directly to the battery analyser and are type T class 1

thermocouples.

5.3.2.1 Attachment of Thermocouples to Energy Storage Device

The thermocouples are attached to the energy storage devices using kapton tape. It should be
noted when setting safety cut off temperatures that the temperature being measured by the
thermocouple is the surface temperature of the cell. The temperature inside the cell may be
different to that recorded on the surface. For high rate charging and discharging the internal
temperature is likely to be higher than that measured on the surface. In a previous study [137] it
was found that the internal temperature was 10°C hotter than the surface temperature when a

cell was charged and discharged at 8C.

The positioning of the thermocouples on the energy storage device must also be considered. It
has been suggested that for safety reasons the thermocouples are placed near the negative
electrode as the negative electrode has a higher thermal conductivity and dangerous overcharge
reactions at high temperature may occur initially at the negative electrode [208]. The positioning
of the thermocouple is important as there can be temperature variations across the surfaces of
energy storage devices, as shown in Figure 5.8. From the experiments conducted in this PhD there
is not simply one place on the cells that will always be the hottest point as the temperature
variations depend on the geometry of cell, the chemistry of the cell and the charging and
discharging profile applied. The solution adopted in this thesis is therefore to put as many
thermocouples as possible on the energy storage device being tested with an average cell
temperature then derived and used, the locations of the thermocouples are detailed for each

experiment individually.
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Bx1 Max 28.1 oC
Min 21.8
Average 23.7
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Figure 5.8 Surface temperature variations across a lithium-ion cell during discharge

Showing the hottest temperature in the middle of the cell

To test whether the negative electrode is hotter than the cell surface a NMC 26650 cell was setup
for testing with one thermocouple attached to the negative electrode and one thermocouple
attached to the cell surface. The cell was charged from 0% SoC to 4.2 V at 5 A (1C), rested for 2
minutes, discharged at 15 A (3C) till 2.75 V then rested for 10 minutes and the results are shown
in Figure 5.9. From Figure 5.9 it is clear that the cell surface temperature is always hotter than the

cell electrode temperature.
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Figure 5.9 Measured surface and electrode temperature of lithium-ion cylindrical cell
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5.3.2.2 Calibration of Thermocouples

The accuracy of the thermocouples is +1.5°C, made up of the accuracy from the MACCOR, +1°C,
and the accuracy of the thermocouple, £0.5°C. Figure 5.12a shows the problem with the
thermocouple accuracy, as when reading the same temperature, the thermocouples read

different values.

To account for this inaccuracy the thermocouples are calibrated and the calibration experiment
can be seen in Figure 5.10. All thermocouples are taped together and placed in a beaker of water,
which is placed on a hot plate with a stirrer. A traditional thermometer is also placed in the
beaker of water. The assumption is that all thermocouples and the traditional thermometer are

reading the same temperature.

Thermometer
Thermocouples
Beaker of water

Hot plate and stirrer

Figure 5.10 Picture of thermocouple calibration experiment

The temperature of the hot plate is then changed periodically thereby changing the water
temperature and the temperature results are shown in Figure 5.11a. Temperature measurements
using the traditional thermometer are taken at different temperatures, as indicated in

Figure 5.11a by the crosses. The temperature recorded by the traditional thermometer can then
be plotted versus the temperature recorded by the thermocouples and Figure 5.11b shows the

results for one of the thermocouples.
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Figure 5.11 Thermocouple calibration experiments results

Temperature of all thermocouples and thermometer (left) and results for

thermocouple 1 (right)

Using the line of best fit results from Figure 5.11b, y intercept (c) and gradient (m), the

temperature recorded by the thermocouple (Tikerm (°C)) can be converted to the actual

55

60

temperature (T (°C)), using Equation 5.33 for all recorded temperatures. Each thermocouple has

its own values of c and m. The temperature results before and after calibration are shown in

Figure 5.12.
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Figure 5.12 Thermocouples reading the temperature of water at the same place

Before applying calibration (left) and after calibration (right)
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5.3.3 Other Equipment

In this section additional equipment for the experiments is described, there are three additional

equipment devices, the safety enclosure, fans and the freezer.

5.3.3.1 Safety Enclosure

Thermal runaway can result if the lithium-ion cells become too hot, which can result in fire and
explosion. Safety precautions are therefore taken while performing experiments on the lithium-
ion cells, including having sand buckets and fire extinguishers within easy reach of the cells.
Wooden dividers are also used to ensure that the wires connected to the cell terminals could not
touch and short circuit the cell, as seen in Figure 5.5b. The experiments are all conducted in safety
enclosures. The safety enclosure is shown in Figure 5.13 and consists of an ammunition box that
has been coated with insulation material. Holes are drilled in the ammunition box to ensure if a
fire does occur pressure does not build up in the box and also to allow the wires and

thermocouples to enter the box when the lid is closed.

Hole for wires

Electrical
insulation material

Cell being tested
goes here

P .

Figure 5.13 Ammunition box safety enclosure with lid open

5.3.3.2 Fans

Fans are used for some experiments to increase the heat transfer from the cell to the ambient.
The fans are old computer fans with a fan diameter of 110 mm, the fans operate at 12 V and draw
a current of 0.21 A and one of the fans is illustrated in Figure 5.14. The placement of the fans is

detailed individually for each experiment.
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Figure 5.14 Fan used to increase heat transfer from cell to ambient

5.3.3.3 Freezer

Experiments are conducted in a freezer when lower ambient temperatures are required. The
freezer was modified by drilling a hole for the cables required and using insulating foam to seal
the drilled hole. The freezer acts as the safety enclosure and so an ammo box is not used in the
freezer. A picture of a cell in the freezer before testing is shown in Figure 5.15a. The freezer
temperature with nothing inside when set to the minimum and maximum temperatures can be

seen in Figure 5.15b. The thermal hysteresis is caused by the freezer compressor control kicking in

and out, therefore ambient temperature is not constant.
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Figure 5.15 Details of freezer experiments

Cell before testing in freezer (left) and ambient freezer temperatures when the

freezer is turned on at minute zero (right)

5.3.4 Details of the Cells

Initially the experiments are conducted on four lithium-ion cells, the details of which are shown in
Table 5.3. The cells are chosen to test a variety of chemistries and geometries, each of the three
cell geometries that may be used in an EV are tested: cylindrical, pouch and prismatic cells. For
each of the geometries the cell uses the cathode chemistry NMC, as in the background

Section 2.2.1.1 it is described how this is the most common chemistry for use in EVs. The fourth

cell is a cylindrical cell of a different chemistry, an LFP cell. The prismatic cell is similar to that used

in Honda hybrid EVs.

116



Chapter 5

Table 5.3  Details of the lithium-ion cells tested
NMC 26650 LFP 26650 NMC Pouch NMC Prismatic
Manufacturer | AAPortable Power A123 Systems AAPortable Power GS Yuasa
Geometry Cylindrical 26650 | Cylindrical 26650 Pouch Prismatic
11 mmx 60 mm x | 16 mm x 79 mm x
Dimensions @26 mm x 65mm | B26 mm x 65mm
162 mm 112 mm
Name INR-26650-5000 ANR26650M1-B 10059156-5C LIM5H
Nominal
36V 33V 3.7V 36V
Voltage
Capacity 5 Ah 2.5 Ah 10 Ah 5 Ah
Mass 9 g 76 g 198 g 276 g
Energy
190 Wh kg? 110 Wh kg* 190 Wh kg* 65 Wh kg?
density
Charge cut-off
4.2V 36V 4.2V 4.2V
voltage
Discharge cut-
275V 20V 2.75V 24V
off voltage
Maximum
continuous
5A 10A 10A 50 A
charge
current
Maximum
continuous
15A 70 A 40 A 50 A
discharge
current

One limitation of the experiments conducted in this thesis is that only one cell of each type seen

in Table 5.3 was tested, which may be considered poor experimental planning. Better practice is

to test multiple cells so that results can be analysed across all samples and ensure that results are

as a result of a true physical effect rather than an outlier cell. To make the experiments more

reliable, each cell tested was initially charged and discharged to ensure the capacity was the same
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as the datasheet. If the cell tested was an outlier and had a different internal resistance to most
cells this would be taken into account in the results, as the heat generated in the cell would be
different and the method used in the following section to determine the heat capacity of the cell
would still be valid. One of the main outputs from this Chapter is the method to determine the
heat capacity of cells and later the results are validated using calorimetry, so although only one of
each cell type is tested, the method is tested four times. Despite these efforts to make the
experiments more reliable, there still may be issues with testing an outlier cell, and in future

experiments more cells should be tested, this is included in the further work Chapter 7.

5.4 Method to Determine the Thermal Parameters

In this section the method to determine the heat capacity, the internal thermal resistance and the
external thermal resistance, which are required to solve Equation 5.27, are described. This
method is one of the novel outputs of the author’s PhD. Initially, the experimental setup specific
to these experiments is described in Section 5.4.1. The external thermal resistance is determined
in Section 5.4.2 and the heat capacity and internal thermal resistance determined in Section 5.4.3,

where examples are shown for the NMC 26650 cell.

5.4.1 Specific Details of Experimental Setup

The experimental setup specific to the experiments in the following section includes the addition

of fans to provide cooling and the placement of thermocouples on the cells.

54.1.1 Positions of Fans

Cooling is required for the method in the following section and so fans are used to blow ambient
air across the cells and the use of the fans is illustrated in Figure 5.16. To enhance the air flow
around the cells, in all cases the cells are placed on blu tack to elevate the cells from the floor,
thereby allowing air to flow underneath the cells. From Figure 5.16, two fans are used in order for
the cell to be cooled symmetrically. Although having the fans facing each other may not be the
most efficient cooling method, the experiments demonstrated later in this section show how it is
an effective method to provide cooling. This setup also ensures symmetry of the cell
temperatures because both sides of the cells are subjected to the same cooling. A one fan setup

may cool the cell better but would result in one hot side and one cool side.
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Figure 5.16 Cells under testing with fans

Cylindrical cell (left), pouch cell (middle) and prismatic cell (right)

5.4.1.2 Positions of Thermocouples

The positions of the thermocouples on all cells are illustrated in Figure 5.17. For the cylindrical
cells, 9 thermocouples are placed on the cell surface and two ambient thermocouples are used
while for the pouch and prismatic cells, 10 thermocouples are placed on the cell surface and one
ambient thermocouple used. The ambient temperature is measured in the ammunition box and
the ambient thermocouples can be seen in the top left of Figure 5.16. Although the ambient
thermocouples are placed inside the ammunition box the experiments are conducted with the

ammunition box lid open to allow airflow.

Positions of 9 thermocouples on cylindrical cell Positions of 10 thermocouples on pouch and prismatic
surfaces (positions are 120° apart) cell surfaces (positions are mirrored on front and back)
2 5 )
. - S Positive Negative
Negative [} Positive terminal | S| terminal
terminal i terminal
[ ] 3.
1 4 7
4
J 50

Figure 5.17 Positions of thermocouples on cells

5.4.2 Determining the External Thermal Resistance

Initially the experiments are conducted with the fans turned off. To determine the external
thermal resistance a similar method to that described in [137] is used. The cell is taken to 50% SoC
by discharging to the cell to the lower cut off voltage and then charging the cell until half the
nominal capacity has been added to the cell. The cell is then left overnight and the voltage
recorded the following day is taken as the OCV for the test. The cell is then discharged a small
amount, less than 5% rated capacity, at the maximum discharge rate allowed by the manufacturer

from Table 5.3. The cell is then charged by the same amount of capacity as just removed at the
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manufacturers maximum charge rate. This discharge/charge cycle is then repeated until the
surface temperature remains constant, dTs / dt then equals zero and Equation 5.15 then simplifies

to Equation 5.34, where Qe is defined by Equation 5.24.

0=T, - Ts_Qgen,iRout

Equation 5.34

For the lithium-ion NMC 26650 cell the results are shown in Figure 5.18. The cell is discharged at
its maximum discharge current from the datasheet of 15 A until 0.021 Ah are removed, taking 5 s,
and then the cell is charged at its maximum charge current of 5 A until 0.021 Ah are added, taking
15 s, as shown in Figure 5.18a. The OCV is recorded before the test as 3.726 V. Figure 5.18b and
Figure 5.18c show the heat generated, which is calculated using Equation 5.24, and Figure 5.18d
shows the cell surface and ambient temperatures during the experiment. As is clear from

Figure 5.18d, after one hour the surface temperature has stabilised and is no longer increasing

and the test then continues in a stable fashion for a further hour.

To obtain the variables in Equation 5.34 average values over the final 30 minutes of the test are
used (Section_fin in Figure 5.18d), the average heat generation is 1.62 W, the average ambient
temperature (T, sin) is 23.7°C and the average surface temperature (T; fn) is 34.6°C. The external

thermal resistance is therefore calculated using Equation 5.34 as 6.7 K W,
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Figure 5.18 Experiment on NMC 26650 cell

Current applied to cell and voltage response for first 200 s (top), heat generation

calculated using Equation 5.24 (middle), temperature response of cell (bottom)

5.4.3 Determining the Specific Heat Capacity and Internal Thermal Resistance

To determine the remaining parameters, the same experiment as in Section 5.4.2 is used,
however only the period when the surface temperature is increasing is considered. The time
period considered runs from 0 minutes until the time when the surface temperature is 95% of the
way to the final average surface temperature (Section_init in Figure 5.18d). For the case
demonstrated in Section 5.4.2, 95% of the way between the final ambient and surface

temperatures (23.7°C and 34.6°C respectively) is 34.1°C, which occurs after 1950 s.

Least squares regression of Equation 5.27 is used to fit the surface temperature, with the pre-
established value for Rou, to find a value for Cyi (Rin + Rout), this is the denominator of

Equation 5.27. When performing the least squares regression the ambient temperature in the
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initial section (T, init) is used. The least squares regression is programmed manually in a MATLAB
model and the script is available in Appendix B. The model steps through values of Cyi (Rin + Rout)
between 1 s and 3000 s, increasing each step by 1 s. For each value of G, (Rin + Rout) the model
calculates the surface temperature with time using Equation 5.27, this modelled temperature
(Tmod (K)) is then compared to the experimentally measured temperature (Tey (K)) and the least
squares error calculated using Equation 5.35. The least squares errors for each value of

Cp,i (Rin + Rout) are then examined and the minimum error used for the final value of Cy; (Rin + Rout).

Error = z:(Texp2 - Tmodz)

Equation 5.35

This is demonstrated for the NMC 26650 cell in Figure 5.19, where the time step used is 0.1 s and
the value for Cpi (Rin + Rout) found using the least squares regression model as 750 s. Using the

previous value found for Roy: of 6.7 K W, this can be written as in Equation 5.36.
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Figure 5.19 Fitting the model to the NMC 26650 cell experiment

Figure shows Section_init from Figure 5.18, where the fitted temperature curve has

been created using Equation 5.27 and a value of Cy; (Rin + Rout) of 750 s determined

using least squares regression
Cp,i(Rl-n + 6.7) =750
Equation 5.36

The fans are then turned on to blow air over the cell thereby increasing the heat transfer from the
cell to ambient and lowering the external thermal resistance. The heat capacity and internal
thermal resistance however are assumed to remain the same. The same experiment from

Section 5.4.2 is then conducted to find the value of the external thermal resistance with the fans

on, although the experiment is only conducted for one hour as the temperature stabilises faster in

122



Chapter 5

this instance. A comparison of the temperature response with and without the fans is illustrated

in Figure 5.20.
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Figure 5.20 Comparison of the NMC 26650 cell temperature response with and without fans

The least squares regression described above is also repeated to find a value for Cp,i (Rin + Rout)
with the fan. For the case with the fan, the values of Rou: and Cpi (Rin + Rout) for the NMC 26650 cell

are 1.8 K W and 300 s respectively, this gives Equation 5.37.

Cp,i(Rin + 18) = 300
Equation 5.37

The two simultaneous equations, Equation 5.36 and Equation 5.37, can then be solved to find
values for the heat capacity and internal thermal resistance. Solving these equations gives a heat
capacity of 93 J K and an internal thermal resistance of 1.4 K W™, The specific heat capacity

(cp (J kg* K2)) is found by dividing the heat capacity by the mass of the cell, listed in Table 5.3. For
the NMC 26650 cell the specific heat capacity is found to be 980 J kg K.

The results for all the cells from the author’s new method are given in Section 5.6. The author’s
novel method is validated initially using the method described in Section 5.2.1 of using a

calorimeter and later in Section 5.7 using the surface temperature results.

5.5 Calorimeter Experiments

To verify the specific heat capacity results produced by the new method, experiments were also
performed in a calorimeter. The usefulness of the new method is demonstrated as there is not a
suitable calorimeter at the University of Southampton and so the experiments are performed at
the University of Sheffield. The calorimeter is the Thermal Hazards Technology ARC EV+

calorimeter and the method employed was a method suggested by the manufacturer [209].
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The method involves grouping multiple cells together using aluminium tape, with a heater placed
in between the cells, as shown in Figure 5.21. The heater is a Kapton heat mat, which is used
because the resistance of the heat mat does not change with temperature so the power supplied
to the heater is constant throughout the test. This setup means that all the heat generated from
the heater is absorbed by the cells. A thermocouple is attached to the outside of the cells with

aluminium tape to measure the temperature rise at the surface of the cells.

Cells
Aluminium tape

Wires connected to heater, the heater
is sandwiched in between the cells

Figure 5.21 Picture of cells being prepared for calorimetry

The example in Figure 5.21 shows six 18650 cells though all the cells actually used for the
experiments in this chapter are larger than 18650 cells so less cells were actually used. For the
calorimeter experiments, two cells are used for the pouch and prismatic cell calorimetry and
three cells for the cylindrical 26650 cell calorimetry. The cells are each weighed individually and
then again when combined together with the heater and aluminium tape. The cells with the
heater are then hung from string in the calorimeter, such that the cells are suspended away from
the calorimeter walls to prevent direct heating and to avoid any possible heat loss by conduction

as any heat conduction through the string would be negligible, as shown in Figure 5.22b.

The calorimeter is then sealed and the temperature is set to 25°C and left to rest to allow the cells
to equilibrate with the calorimeter, during the ‘Temperature equalisation’ period between 0 and
100 minutes as shown in Figure 5.22a. The calorimeter is then put in exotherm mode, in which
near adiabatic conditions are created within the calorimeter, by setting the temperature to follow
the cell surface temperature. This is done by the calorimeter using the cell surface thermocouple
to record the temperature. As the surface temperature increases because of heat from the
heater, heating is applied to the calorimeter walls to ensure the temperature in the calorimeter is
the same as the surface temperature. The inside of the calorimeter being the same temperature
as the cell surface means there is no heat transfer from the cell and all the energy from the heater

goes into increasing the cell surface temperature.

The power to the heater is applied using a constant voltage power supply. The region of adiabatic
temperature rise can be seen during the ‘Testing period’ between 100 and 250 minutes in

Figure 5.22a. Once the temperature of the cells reaches 55°C, the experiment is over and the
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calorimeter stops tracking the cell temperature, the heater is switched off to conclude the

experiment. A temperature of 55°C is chosen to allow a safety margin before the cell maximum

temperature of 60°C, taken from the

cell datasheet.

(a)

80
{Temperature] Testing : Cool down
__ 70 qequalisation! period i after test
g 60 ] ' l
el  dT/dt= Heater
2 50
g —— 10.2357 K mi turned off
g 40 4 turned on
2 30 -
201 ; cZ?:rTn?;ir' Cell Surface
{W Lid closed and 1 d off | Calorimeter Top
10 calorimeter urnedo Calorimeter Side
0 1 turned on (— Calorimeter Bottom
I 1 I 1 1 I 1 I
0 50 100 150 200 250 300 350 400 450

Figure 5.22 Calorimeter experiment

Results from the experiment (above) and picture of the experiment (below)

Time (min)

(b)

Calorimeter
(without lid)

Heater wires

B Cell surface
thermocouple

Cells x3
wrapped in
aluminium tape
with heater in
middle of cells,
dangling from
frame using
string

for NMC 26650 cell

The heat capacity of the entire sample placed in the calorimeter (Cpror (J K*)) is found using

Equation 5.38. The rate of change of temperature with time (dT / dt (K s%)) is taken from

Figure 5.22a, namely the slope of the adiabatic temperature rise, and the power (P (W)) is

calculated as the voltage across the heater multiplied by the current through the heater (for these

experiments being 11.97 V and 0.09563 A respectively). The specific heat capacity of the cells is

then found by removing the heat capacity of the aluminium tape from the sample by weight using

Equation 5.39. The equation uses total sample mass (mror (kg)) the individual cell mass (mcen (kg)),

the number of cells (ncis) and the specific heat capacity of aluminium (cpa (J kg K*)) and for the
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NMC 26650 cells these values are 0.298 kg, 0.096 kg, 3 cells and 913 J kg* K'* respectively. The
specific heat capacity of the NMC 26650 cell is therefore calculated from the calorimetry as
980 J kgt K.

aT
P = CpTOTE

Equation 5.38

CpTOT = (Mror — mcellncells)CpAl + MeeyNeetrsCp

Equation 5.39

To determine the accuracy of the calorimeter experiment in determining heat capacity values, a
test run is conducted on a sample of three rods of Aluminium, with the same geometry as a 26650
cell. A value for the specific heat capacity of 939 J kg K is obtained from the experiments, which

is within 3% of the value quoted in data books for aluminium of 913 J kg K.

5.6 Thermal Modelling Results

In this section the results obtained from the author’s method are compared to those obtained
through calorimetry. The experiments using the author’s method are conducted three times
without the fans and three times with the fans. The results for the specific heat capacities,
internal resistances and external resistances are given in the following sections. As stated
previously, the specific heat capacity and internal thermal resistance results of the cells are
important, the results obtained using the method proposed could be used in a model of a battery
module or pack. The external thermal resistance results are less important because they are
specific to the testing conditions described in this section. In a thermal model of a battery module
or pack the specific heat capacity and internal thermal resistance would stay the same while the
heat transfer away from the cell will depend on the cell location in the module or pack. The
external thermal results are presented for reference and are also used in the validation of the

model in section 5.7.1.2.

5.6.1 Specific Heat Capacity and Internal Thermal Resistance Results

The results for the specific heat capacity and internal thermal resistance of the cells are given in

Table 5.4.
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Table 5.4  Results for specific heat capacities and the internal thermal resistances

The values shown for the author’s method are the mean values obtained

NMC 26650 LFP 26650 NMC Pouch NMC Prismatic
¢, — Author’s method 978 J kgt K | 1169 ) kgt K? 1182 J kgt K? 1012 J kgt K1
¢, — Calorimetry 981'J kgtk? 1127IJ kgtk? 1138IJ kgt K? 1037IJ kgtk?
Difference - 0.3I% + 3.8I% + 3.9I% - 2.3I%
Rin 1.4IK wt 1.4IK wt 0.26IK wt 0.42IK wt

5.6.1.1 Specific Heat Capacity Results

A graphical comparison of the specific heat capacities is illustrated in Figure 5.23. For each cell,

three experiments are conducted without the fans and three experiments conducted with the

fans, giving a total of nine calculated specific heat capacities for each cell. In Figure 5.23 the error

bars show the highest and lowest of these nine specific heat capacities calculated using the

author’s method.
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Figure 5.23 Graphical comparison of results obtained using the author’s method and results

obtained using calorimetry

The reason for variation in results obtained using the author’s method is the variation in ambient

temperature. All experiments except the NMC prismatic cells had ambient temperature changes

of less than 1°C in the section_init and section_fin stages seen in Figure 5.18d. For the NMC

prismatic cell, 50 A is the current continuously applied to the cell and as such the ambient

surroundings heated up more. For these experiments the ambient change is kept to under 2.5°C.
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The largest percentage difference between the specific heat capacity found for the repeated
experiments using the author’s method and the calorimeter value is less than 10% in all cases,
with the worst case differences for the NMC 26650, LFP 26650, NMC Pouch and NMC prismatic
cells being 6.2%, 6.6%, 6.9% and 8.1% respectively.

The results obtained using the author’s method evidence good correlation with the results
obtained using the calorimeter. The calorimeter results show the LFP 26650 and NMC Pouch cells
have higher specific heat capacities than the NMC 26650 and NMC Prismatic cells and the new
method correctly predicts this. The order, from the NMC 26650 with the lowest to the NMC
Pouch cell with the highest specific heat capacity, is also correctly predicted by the author’s

method.

5.6.1.2 Internal Thermal Resistance Results

The internal resistance results represent the thermal resistance, mainly due to conduction, from
the centre of the cell to the cell surface. It is difficult to validate the internal thermal resistance
results because the model used in this thesis is one dimensional and it is assumed that the heat is
generated in the cell at a single point. In reality, the heat is generated throughout the cell and the
internal thermal resistance is different in all three dimensions. The internal thermal resistance
from the experiments are shown in Table 5.5. As can be seen in the results, the two cylindrical
cells have similar internal thermal resistance results, which makes sense as they have similar
geometry and construction. The pouch and prismatic cells have lower thermal resistances than
the cylindrical cells indicating that heat is more easily transferred from the cell centre to the

surface in the pouch and prismatic cells than in the cylindrical cells.

Table 5.5 Internal thermal resistance results from experiments

NMC 26650 LFP 26650 NMC Pouch |NMC Prismatic

Rin 1.4 Kw? 1.4 KwW? 0.26 KW 0.42 KW

5.6.2 External Thermal Resistance Results

The external thermal resistance results represent the thermal resistance, mainly due to
convection, from the cell surface to the ambient. The external thermal resistance due to
convection is related to the size of the cell but also dependent on the geometry, i.e. cylinder or
cuboid. The results for the external resistance are shown in Table 5.6. The results are very similar
for both cylindrical 26650 cells, which is logical as they have exactly the same geometry. The
results are also very similar for the pouch and prismatic cells, which is also logical as their

geometry is similar and they have similar surface areas. The external thermal resistance is lower
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for the pouch and prismatic cells than for the cylindrical 26650 cells because of the larger surface
area, which makes heat transfer from the cell surface to the ambient easier. In all cases it can also
be seen that the thermal resistances decrease with the use of fans as heat transfer is being

increased from the cell surface to the ambient.

Table 5.6  External thermal resistance results

NMC 26650 LFP 26650 NMC Pouch | NMC Prismatic

Rout — no fans 6.7 KW? 6.6 KW 3.1 KW? 3.1 Kw!

Rout — fans 1.8 Kw! 1.6 Kwt 0.70 KW 0.73 KW

5.7 High Rate Thermal Modelling

The results have previously been validated using calorimetry in Section 5.6.1.1 and in this section
the results are now validated by measuring the surface temperature of the cells during cycling of
the cells. This section also demonstrates the effectiveness of the model for the cell temperatures
during high rate (>1C) operation. Modelling the cell temperature during operation is often
required to ensure the cell is kept within the required temperature limits and also to calculate the

cooling power required.

5.7.1 Validation of Model

The model defined by Equation 5.27 is demonstrated below. Initially the plots of OCV versus SoC

for each of the cells are obtained.

5.7.1.1 Open Circuit Voltage

The OCV of each cell is found by charging the cell by 5% of the rated capacity and then allowing
the cell to rest for 15 minutes and recording the final voltage, this is repeated for all states of
charge 5%, 10%, ..., 100% [208]. This test is then repeated during discharge and so a plot of
voltage after a 15 minute rest during charge and discharge for a range of SoCs is obtained. The
OCV is then assumed to be the average value between the charge and discharge voltage values, as
demonstrated in Figure 5.24a for the NMC 26650 cell. Before each charge and discharge test the
cell is left overnight, and it is therefore assumed that the values at the start of each charge and
discharge test are the OCV at 0% and 100% states of charge. The OCV versus SoC for each cell are

shown in Figure 5.24b.
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Figure 5.24 Experimental results to determine the OCV

For the NMC 26650 cell (left) and OCV for all cells (right)

5.7.1.2 Demonstration of Model

To demonstrate the effective behaviour of the cell model the cells are tested under charge and
discharge at different C-rates, using the constant current method for both charge and discharge
between the cell cut off voltages shown in Table 5.3. The cells are charged at 1C and then
discharged at 3C, 2C and 1C with a 10 minute rest between each step with the results being
shown in Figure 5.25. All graphs in Figure 5.25 have been created using the values for ¢, and R,

given in Table 5.4 and modelled using Equation 5.27.

The tests shown in Figure 5.25a and Figure 5.25b are conducted in the same conditions as the
experiments to determine the heat capacity and so the values of R,,: shown in Table 5.6 are used.
The test shown in Figure 5.25c is conducted in a freezer meaning the ambient temperature is
lowered however the value of R is also taken from Table 5.6 as the heat transfer from the cell to
ambient is still the same as previous experiments because the cell is simply resting on blu tack on
the floor of the freezer. The heat transfer from the cell to the ambient has been changed for
Figure 5.25d by wrapping the cell in 25 mm Armaflex insulation. A value of 15 K W1 is obtained for

Rout for the cell wrapped in insulation using the same methodology described in Section 5.4.2.

The method to create the figures in Figure 5.25 is described in detail below Equation 5.27. In
summary, at each second, the measured voltage and current are taken from the battery analyser,
the SoC of the cell is then calculated using Equation 5.25. This SoC is then used to look up the OCV
in Figure 5.24b. The surface temperature at that instant is then calculated using Equation 5.27 and
the model then moves to the next second and the process is repeated. The MATALB model used

to calculate the temperature can be seen in Appendix B.
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Figure 5.25 Modelled versus measured temperatures for the cells tested
NMC 26650 cell (top left), NMC Pouch cell (top right), NMC 26650 cell in freezer

(bottom left) and NMC 26650 cell wrapped in insulation (bottom right)

It is clear from the results in Figure 5.25 that the modelled temperature closely matches that of
the temperature obtained during the thermal experiments hence providing further evidence of

the modelling methodology and the accuracy of the approach described in this chapter. For the
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conditions tested the maximum error is 3.1°C after the 3C discharge of the NMC 26650 in the

freezer.

Figure 5.25d is perhaps the most interesting result as it shows that once the methodology
described in this chapter has been utilised to obtain the specific heat capacity and internal
thermal resistance of the cells, the values obtained can be used to model the cell under
significantly different conditions. For this case the cell has been wrapped in insulation, however
the cell could also be placed in a model of a battery module or pack. If the cell is modelled in a
battery module, finite element modelling would likely be required as the heat transfer to and
from the cell becomes more complicated due to heat generated by nearby cells. The thermal
model of the module or pack could however use the specific heat capacity and internal thermal

resistance of the cells determined using the method described in Section 5.4 as inputs.

5.8 Discussion of Thermal Modelling Results

In general, the modelled surface temperatures match the measured temperatures well, for all
cases within 3.1 °C. Differences between the measured and modelled temperatures may arise as a
result of variations in temperature and heat transfer within the cell, for example the different
materials within the cell which are lumped together in this model. Differences could also arise as a
result of other modes of heat generation or consumption not included in this model, such as the
entropic heat generation or consumption. It can be seen that even though only three points (cell
inside, cell surface and ambient) and only one mode of heat generation are considered, the model

accurately predicts the surface temperature with a maximum error of 3.1 °C.

5.8.1 Heat Generation Discussion

Considering only ohmic heat generation is a valid assumption in this work because the examples
given are at high rates, over 1C, and so the ohmic heating generation is the dominant mode of
heat generation. If the temperature response at lower rates is required it is likely additional
modes of heat generation would need to be considered. At lower rates however, less heat will be

generated and so the thermal response of the cell is less critical.

All the heat generation being a result of ohmic heat generation means that it is possible to relate
the energy lost during charging and discharging to the heat energy leaving the cell calculated
using the model. The energy lost during charge and discharge (Eoss) is calculated as per

Equation 5.40, netting the energy supplied to charge the cell (Echarge) With the energy delivered

whilst discharging the cell (Egischarge), both of which are recorded by the battery analyser.

132



Chapter 5

Eloss = Lcharge — Edischarge

Equation 5.40

The heating power (P.oo (W)) calculated using the model is equal to the rate heat flows away from
the cell, which is defined as the right hand side of Equation 5.10, and is defined in Equation 5.41.
1

Peoor(t) = R
out

(Ts(t) - Ta)
Equation 5.41

To calculate the heat energy leaving the cell this power is integrated over the required time

period as per Equation 5.42.

1
Freas = | 70— (150 ~ Ty de

out

Equation 5.42

To test the hypothesis, the cycles shown in Figure 5.25a are used, with an initial 1C charge also
included to ensure three charge and three discharge steps are used. The test started and finished
with the cell at ambient temperature after a rest period. Using Equation 5.40 and Equation 5.42,
Ejoss and Epeqt are calculated as 23,800 J and 23,000)J respectively. This good match means that
Equation 5.42 could be used to estimate the energy to be removed by a battery cooling system if
the cell was in a battery module or pack. The calculation is only an estimate as, if a cooling system
kept the cell temperature lower or higher, the internal cell resistance would change, thereby

changing the heat generation and cooling required.

If the NMC 26650 cell is placed in a battery pack and cycled as per Figure 5.25a, the cooling power
required to keep the cell at the same temperature as Figure 5.25a can be seen in Figure 5.26,
calculated using Equation 5.41. This is the cooling power for one cell and so could be multiplied by
the number of cells in the battery pack to obtain the total cooling power required for the battery
pack. In reality however this is oversimplified as the battery pack will consist of other items such
as metal enclosures, connecting wires, coolant and other items, which will all have heat capacities

that will change the cooling power required.
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Figure 5.26 Cooling power for the NMC 26650 cell

Calculated using Equation 5.41 and the same experiment seen in Figure 5.25a

5.8.2 Variations in Temperature Across the Cells

The author’s model described in this chapter does not take into account variations of temperature
across the surface of the cells. The variation in temperature across cells can be significant,
especially on larger cells and other researchers [210], found variations across a Lithium-ion 20 Ah
pouch cell of 3.8°C after a 5C discharge. In the work in this thesis, the close match of the results
obtained using the model and the results obtained from separate calorimeter tests indicate that
not taking into account temperature variations is a reasonable assumption in this case. During the
experiments to determine the specific heat capacity the maximum variation in temperature
across the surface of the cells is observed to be 2.7°C, when a surface thermocouple at the centre

of the NMC Prismatic cell is hotter than a thermocouple near the corner of the cell.

To examine the effect of surface temperature variations further, the same experiments to
determine the specific heat capacity were repeated with only one thermocouple (thermocouple
5) for the cylindrical cells and two thermocouples (thermocouples 3 and 8) for the pouch and
prismatic cells. Thermocouple placement is shown in Figure 5.17 and these thermocouples are
chosen such that they are in the centre of the cells. The mean results for specific heat capacity are
within 1.8%, 2.9%, 2.6% and 3.6% respectively different to those obtained from the calorimeter
experiments for the NMC 26650, LFP 26650, NMC Pouch and NMC Prismatic respectively. This
result indicates that in future the author’s method could be conducted with only one or two
surface thermocouples and one ambient thermocouple if a small error, <4%, in heat capacity is

acceptable.

The cell surface temperature variations are greater during the charging and discharging of the

cells at various C-rates as shown in Figure 5.25. In these experiments the NMC 26650 cell in the
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freezer had a maximum surface temperature variation of 6.7°C, when a surface thermocouple at
the centre of cell was reading 38.4°C and a thermocouple near the negative electrode reading
31.7°C. Although, the maximum temperature difference across the surface is 6.7°C, when average
values are used it is clear from Figure 5.25c that the maximum difference between the modelled

and average surface temperature is less than 2°C.

Not taking into account surface variations is a limitation of the model described in this chapter.
However, as described in Section 5.2.1, other thermal models that do take into account
temperature variations across cell surfaces often still only use a single value for the specific heat
capacity for the entire cell. This means that even if a more complicated thermal model involving
surface temperature variations is required, the author’s method to determine the specific heat

capacity described in this chapter is still useful.

5.9 Other Energy Storage Thermal Modelling

With the success of the author’s thermal model for lithium-ion cells the model was then extended
to lead-acid and supercapacitor cells. The principles are the same for lead-acid and supercapacitor
cells, which are both also electrochemical devices and may be used as the stationary energy store,
which may also be required to operate at high rates. At the time of writing a journal paper
associated with this section is currently under preparation: Thomas S. Bryden, Borislav Dimitrov,
George Hilton, Carlos Ponce de Ledn, Peter Bugryniec, Solomon Brown, Denis Cumming, Andrew

Cruden, “Generic Thermal Model Applicable to Lithium-ion, Lead-acid and Supercapacitor Cells”.

5.9.1 Details of Lead-acid and Supercapacitor Cells Tested

One lead-acid cell and one supercapacitor cell were tested using the author’s method and details
of the cells are shown in Table 5.7. The lead-acid cell is a cell which is specifically designed for high
rate applications, as shown in the table it can be charged at 11.25 A or 2.5C. This is a high value
for lead-acid cells, which can often take 20 hours to charge. The lead-acid cell is also a cylindrical
geometry, which is unusual for lead-acid cells, which are often a cuboid geometry. Pictures of the

devices under testing are shown in Figure 5.27.

The thermocouple placement for each of the cells is the same as that shown for the cylindrical
cells in Figure 5.17, for the vertically oriented lead-acid cell, thermocouples 1, 2 and 3 are at the
cell base. The cell tab connections include soldering for the lead-acid cell and a mechanical

connection for the supercapacitor, shown in Figure 5.28.
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Table 5.7  Details of the lead-acid and supercapacitor cells

Lead acid Supercapacitor
Manufacturer Enersys Maxwell
Geometry Cylindrical Cylindrical
Dimensions @34.3 mm x 96 mm | @60.7 mm x 51.5 mm
Name Cyclon DT BCAP0O650
Nominal Voltage 2V 2.7 V (Rated)
Capacity 4.5'Ah 650IF
Mass 274.4Ig 220‘g
Energy density 33IWh kg? 4.1IWh kg?
Charge cut-off voltage 2.5IV 2.7IV
Discharge cut-off voltage 1.67'V OIV
Maximum continuous charge current 11.25IA 680‘A
Maximum continuous discharge current 22.5IA 680‘A

(a)

Figure 5.27 Picture of other energy store cells under testing

Lead-acid cell (left) and supercapacitor cell (right)
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(b)
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connection carrying wire here : connection carrying wire here

Figure 5.28 Connections of other energy store cells

Lead-acid cell (left) and supercapacitor cell (right)

Although most of the principles are the same when modelling the lead-acid and supercapacitor

cells, the required variations are detailed in the following section.

5.9.1.1 Variations Required for Lead-acid Cell

The main difference when operating a lead-acid cell compared to a lithium-ion cell is that the
coulombic efficiency of lead-acid cells is much lower, often around 80-90% [109]. This means that
the simple coulomb counting seen in Equation 5.25 cannot be used to estimate the SoC. For this
work, where electrical modelling is not the focus, the SoC is estimated from the recorded voltage.
After a constant current charge or discharge step the cell is left to relax and the relaxation voltage
used to estimate the SoC, as shown in Figure 5.29. The manufacturer provides this plot of SoC
versus OCV. As constant current is used, the SoC throughout the experiment is estimated simply

by interpolating between the initial and final SoC.

Similar to the previously described lithium-ion model, if the model is to be made truly predictive it
would need to be combined with an electrical model, which models the voltage and current

profile for a given input charge and discharge regime.
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Figure 5.29 Lead-acid cell variations in OCV

Lead-acid OCV [211] (left) and estimating the SoC of the lead-acid cell during

discharge (right)
5.9.1.2 Variations Required for Supercapacitor Cell

The challenge when using the method to determine the heat capacity of the supercapacitor cells
is that the supercapacitors have a low internal resistance (<0.001 Q), while for the Lithium-ion
NMC tested previously the average internal resistance calculated during the experiment seen in
Figure 5.25a is 0.035 Q, calculated using Equation 2.7. This means that high currents (around 60 A)
are required to heat the supercapacitor cell up sufficiently to be able to use the method shown in
Figure 5.18. If lower currents are used, the cell heats up less meaning that variations in ambient

temperature create errors in the results.

As the supercapacitors have a small energy capacity (0.7 Wh), applying a current of 60 A at 50%
SoC for 6 seconds, as per the previously described method, changes the SoC of the supercapacitor
by around 14%. This results in a change in OCV of 0.6 V, which is significant compared to the OCV
at 50% SoC of 1.35 V. Therefore, the assumption used in the method that during the rapid charge
and discharge cycles, shown in Figure 5.18a, the OCV is constant, is therefore not valid for the

supercapacitor cells.

Instead, during the rapid charge and discharge cycles the heat generated (Qgen (W)) is calculated
using Equation 5.43, along with the current (/ (A)), the average voltage during the 6 seconds of
charge (Vav,che (V) and the average voltage during the 6 seconds of discharge (Vay,qis (V). Using this
equation assumes that the coulombic efficiency of the supercapacitor is 100% and also that the

OCV lies in the middle of the charge and discharge curves, as illustrated in Figure 5.30.
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Figure 5.30 Supercapacitor charging and discharging

Plotted versus time (left) and capacity (right)

A second difference when operating the supercapacitor cell is that supercapacitors have
significantly more self discharge than lithium-ion cells. Figure 5.31 shows a plot of the OCV versus
time for the supercapacitor, it can be seen that the OCV does not level off and continues towards

zero, indicating that self discharge is occurring.
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Figure 5.31 Supercapacitor OCV while at rest

Adding the low internal resistance to this self discharge it is very hard to obtain the OCV versus
time required for the supercapacitor. For the supercapacitor cells therefore a single value is used
for the internal resistance (Rsuy (Q2)) at all times and the heat generation simply calculated using

Equation 5.44 and the current (/ (A)). The internal resistance of the supercapacitor cell is
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calculated by dividing the heat generation, calculated in Equation 5.43, by the current squared,
giving an average internal resistance of 0.00069 Q. This value is reasonable as the datasheet gives

a maximum equivalent series resistance of 0.0008 Q.

Qgen(t) = I(t) stup

Equation 5.44

It should be noted that using a single value for the internal resistance was attempted for the
lithium-ion cells shown earlier in this chapter however the temperature errors increased
significantly. For the Lithium-ion NMC cell seen in Figure 5.25a the maximum temperature error

increased from 1.7°C to 5.8°C when using a single value for the internal resistance.

5.9.2 Specific Heat Capacity and Internal Thermal Resistance Results for Other Energy

Stores

The same method described in Section 5.4 was applied to both the lead-acid and supercapacitor
cells. Again, calorimetry was conducted at the University of Sheffield for both cells and the results

as shown in Table 5.8.

Table 5.8  Results for specific heat capacities and the internal thermal resistances of the other
energy store cells

The values shown for the author’s method are the mean values obtained

Lead-acid Supercapacitor

¢, — New method 783 J kgt K? 783 J kgt K?

¢, — Calorimetry 839 kg Kl 1473 ) kg'K?

Difference -9.0% -36.3%

Rin 1.6 KWt 0.80 KW

From Table 5.8 it is clear that the heat capacity results for the lead-acid cell match the calorimetry
within 10% however for the supercapacitor cell there is a large discrepancy between the results
found using the new method and the calorimetry, which is discussed in more detail below. The
external thermal resistances for the lead-acid and supercapacitor cells are found to be 5.0 K W1

and 5.9 K W1 respectively.

Similar to the lithium-ion cells, the thermal model is verified by cycling the cells. The results are
obtained using the same method as the lithium-ion cells along with the variations described in

Section 5.9.1.1 and 5.9.1.2 and are shown in Figure 5.32. The lead-acid cell is discharged at 22.5 A
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(5C), 18 A (4C), 13.5 A (3C), 9A (2C) and 4.5 A (1C) with 40 minute CC — CV charges in between at
11.25 A (2.5C). The supercapacitor is charged and discharged at 100 A, 80 A, 60 A, 40 Aand 20 A

each for 40 cycles.
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Figure 5.32 Cycling results for the other energy store cells

Lead-acid cell (left) and supercapacitor cell (right)

It is clear from Figure 5.32a the lead-acid cell temperature modelled results match the measured
results fairly well although the modelled results are continually lower than the measured results,
often between 1°C and 2°C lower. The supercapacitor cell modelled results appear to match the

measured results well.

5.9.3 Discussion of Other Energy Storage Thermal Modelling Results

The largest issue with the results is the discrepancy between the supercapacitor heat capacity
found using the new method and the measured value during calorimetry. The potential reasons

for the discrepancy include:

e A more complicated thermal model is required to model supercapacitors, for example
heat transfer in different directions or the different heat capacities within the cell need to
be modelled.

e Additional heat generation terms may need to be considered for supercapacitor cells, as

currently only the ohmic heat generation term is considered and this term is proportional
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to the internal resistance, which as stated above is much smaller than in the lithium-ion
cells, therefore other heat generation terms may need to be considered.

e The supercapacitor has large bolts to connect high current wires and as shown in
Figure 5.28b metal connectors were used, these large bolts and metal connectors may act
as cooling fins and increase transfer heat away from the supercapacitor cells.

e Something may have gone wrong with the calorimetry, unlike for the lithium-ion cells the
author of this thesis was not present for the calorimetry experiments for the lead-acid
and supercapacitor cells. Further investigation in the University of Sheffield found that
during the lead-acid and supercapacitor calorimetry the calorimeter thermocouple was
placed in the incorrect position and it was placed on the same cell that the heater was
attached to when it should have been placed on one of the other two cells involved in the
test. A literature review found some variation between the reported values for the
specific heat capacity of supercapacitor cells with values varying between 730 -

1259 J1 kg K [212-214]. It therefore appears that the Sheffield calorimetry value for

specific heat capacity of the supercapacitor is too high.

These results indicate that the thermal model has the potential to be used for energy storage
devices other than lithium-ion. Future work could be conducted to determine why the
supercapacitor heat capacity does not match that from the calorimetry. The thermal model being
extended to lead-acid cells relies on the lead-acid cells being the type that can operate at high
rates, the lead-acid cell tested can fully recharge in 40 minutes while often lead-acid acid recharge

in over 10 hours.

5.10 Conclusions from Thermal Modelling

The two main conclusions from this chapter are:

e A novel method to determine the heat capacity and internal thermal resistance of lithium-
ion cells has been proposed by the author and validated

e The simple thermal model developed by the author, including only one mode of heat
generation and two points on the cell (cell inside and cell surface) may be sufficient for

thermal modelling of cells at high rates over 1C

When 3D finite element models of battery packs are created to design cooling systems, the key
thermal parameters are the heat capacity and the thermal conductivity, or internal thermal
resistance, of all objects and materials in the battery pack. The battery pack may consist of metal
enclosures, connecting wires, coolant and other objects all of which have known heat capacities

and internal thermal resistances from data books. The heat capacity and internal thermal
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resistances of the cells in the battery pack however are often not known, as they are not given on
cell datasheets and the materials that make up the cell likely will not be known. The novel
contribution from this chapter is a new method to determine the heat capacity and internal
thermal resistance of cells. The equipment required is common to most battery laboratories and

no expensive environment chambers or calorimeters are required.

The method has been validated for cylindrical, pouch and prismatic lithium-ion cell types, with
capacities between 2.5 Ah and 10 Ah, by comparing the specific heat capacity results obtained
from the model to results obtained using a calorimeter. For the cells tested the maximum error in
determined specific heat capacity is 8.1% however when the mean values are used, the maximum

error reduces to 3.9%.

It has also been shown that, once the method described in this chapter has been used to obtain
the thermal parameters, these thermal parameters can be used to model the surface
temperature of the cells at C-rates over 1C. For modelling lower current rates or for more detail
regarding the temperature variation in and on the surface of the cell, the model may not be
sufficient. However, for many cases, this simple model will be sufficient. Even if a more
complicated thermal model is required, the method to determine the cell heat capacity and

internal thermal resistance will provide useful inputs for these more complicated models.

The motivation for the thermal modelling is to design the cooling system to deal with excess heat
generation during fast charging of EVs. This chapter has demonstrated progress towards this final
goal. It has been shown how a thermal model, which is relatively easy to parameterise, can be
used to model the temperature of cells during high rate applications similar to what would be
seen by an EV while fast charging. This easy to parameterise model will enable further work,
which could use the method and model proposed in this chapter, to design innovative EV cooling

systems to enable the faster charging of EVs.
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Chapter 6 Conclusions

EVs have the potential to help in the fight against climate change, by providing transportation
without combusting fuels, also providing health benefits to all people living in cities, by not
emitting pollution at the point of use. EVs currently however make up a small proportional of cars
on the road and one concern preventing the sale of more EVs is the lack of fast charging. Potential
EV owners worry that on long distance journeys they will run out of energy in the EV battery and
have to wait for hours while the EV recharges. In this thesis the three key limitations to fast

charging of EVs have been identified:

1. Cell current and voltage limits: fast charging requires high currents, which if applied to the
cell will exceed the manufacturer current limit and degrade the cell,

2. Electricity grid infrastructure: fast charging requires a high power grid connection, which
may not be available at the required fast charging station location,

3. Thermal management of the EV battery pack: additional heat is generated in the EV
battery during fast charging, this heat must be removed from the EV battery to keep the

cells within the required thermal limits.

Improving the cell current and voltage limits is achieved by changing the material and chemical
make up of the EV battery cells. This is important for enabling the future fast charging of EVs
however it was decided that changing the material and chemical make up of cells was outside the
scope of this PhD. Instead, this PhD research focuses on the other two limitations to fast charging,

which will remain limitations once the cell current and voltage limitation is overcome.

To overcome the electricity grid infrastructure limitation to fast charging it has been proposed
that stationary energy storage be used at the fast charging station. The stationary energy storage
buffers the electricity between the grid and the EV, thereby reducing the grid connection power
capacity and meaning expensive electricity grid infrastructure costs can be minimised. From the
literature review it was determined that, although this is a popular research topic, the majority of
prior research focuses on power flow analysis or design of the power electronics, and little of the
prior research is focused on optimising the capacity of the stationary energy storage. Optimising
the capacity of the stationary energy storage is key, it must be large enough to ensure there is

sufficient power available to charge the EVs but as small as possible to reduce costs.

While developing the method to optimise the capacity of the stationary energy storage it was
determined that an important parameter is the time of day that EVs use fast charging stations.

Other studies simply used gas station usage or questionnaires to estimate fast charging station
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usage so a research gap was identified to provide a better estimate of future fast charging station
usage. The first novel contribution of this thesis is therefore the estimation of future fast charging
station usage in Chapter 3. The future fast charging station usage is estimated using gasoline
vehicle GPS journey data and assuming that all the gasoline vehicles are replaced by EVs that can
be charged overnight. The outcome is a distribution of forecasted fast charging station usage
versus time of day. As well as designing stationary energy storage at fast charging stations, this
novel output is also useful to people planning the rollout of fast charging stations and to

electricity grid operators to know when power demand from fast charging stations may peak.

Using this forecasted fast charging station daily usage, a method to optimise the capacity of a
stationary energy store at a fast charging station based on user waiting times is proposed. This is
the second novel contribution of this thesis. The method detailed in Chapter 4 involves
statistically modelling when users will arrive at the fast charging station and then relating the
capacity of stationary energy storage to average waiting times. An appropriate capacity energy
store can then be chosen based on the acceptable waiting time of EVs arriving at the fast charging
station. Once the required capacity of the stationary energy store is known, the cost of this energy
store can be compared to the grid infrastructure upgrade costs to determine the optimum

solution.

To overcome the thermal management limitation to fast charging, new and larger EV battery
cooling systems need to be designed. A more radical solution may even involve stationary cooling
whereby, during fast charging, coolant is pumped from the fast charging station to the EV,
thereby reducing the size of the on-board cooling system. Whatever the chosen solution, thermal
modelling is critical to designing future EV cooling systems during fast charging. Thermal
modelling has been shown in the thesis to be a fairly well understood topic with all battery
thermal models using the first law of thermodynamics, whereby the change in internal energy at a
point is equal to the heat generation minus the heat transferred away from the point. Although
thermal models of batteries use the same underlying principles they vary greatly in complexity,
including different modes of heat generation and varying levels of complexity regarding cell and

battery geometries.

The third novel contribution of this thesis is the method to parameterise cells for use in a high
rate thermal model, such as a thermal model of fast charging. The method is described in Chapter
5 and involves determining the heat capacity and internal thermal resistance of cells. The method
is validated by performing experiments in a calorimeter and by comparing the modelled results to
experimental results. The thermal model and parameterisation method proposed in this thesis

have the advantage over other thermal models that the model is simpler and requires only
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common, inexpensive equipment found in most battery laboratories to parameterise. This simpler
thermal model is appropriate because it is primarily for use in high rate applications, such as fast

charging, where heat generation is dominated by one term, the ohmic heat generation.

The model provides a relatively simple method to determine the specific heat capacity and the
internal thermal resistance. It should be noted that many more complicated thermal models, for
example models looking at surface temperature variations, still only use one value for the heat
capacity across the entire cell. This means that even if a more complicated thermal model is used

the method proposed in this thesis will still be useful to determine the heat capacity of the cell.

Because the thermal model and the parameterisation method proposed in this thesis are simpler
than other thermal models it is envisaged that they will enable more people to work on the
designing of future EV cooling systems. This in turn will lead to innovative new EV battery cooling

systems being designed to overcome the thermal management limitation to fast EV charging.

This thesis has resulted in two journal publications already published, one regarding lithium-ion
thermal modelling [27] and one regarding the fast charging station usage [28]. At the time of
submission, one further journal paper has been submitted regarding the method to size the
stationary energy storage and one journal paper is being prepared for submission regarding the

thermal modelling of lead-acid and supercapacitor cells. These are detailed in Section 1.3.

Two conference papers have also been published and presented at conferences, one regarding
the analysis of the Tesla supercharger charging profile [85], and one regarding degradation of
lithium-ion cells [215]. In addition the author is co-author on three published journal papers [216-

218] and one conference paper.

Through these papers and the research detailed in this thesis significant contributions to
knowledge of future fast charging of EVs have been achieved. It is clear how the two fast charging
limitations that were the focus of this thesis can be overcome in the future. First using stationary
energy storage can overcome the electricity grid infrastructure limitation and the method
described in this thesis can be used to optimise the capacity of the stationary energy storage. The
next steps will be to use the method in an actual location where the costs of grid infrastructure
upgrade are known and determine whether using the stationary energy storage makes sense
economically. Secondly the thermal modelling developed in this thesis can be used to design
innovative EV battery cooling systems and the method described in this thesis can be used to
obtain the required thermal parameters of the cells and also model the cell thermally at high
rates, such as fast charging. The next steps will be to use the thermal model to design innovative

cooling systems for EVs.
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Chapter 7  Further Work

Throughout the work conducted in the thesis several areas of further work have been identified

and these are discussed in the following chapter.

7.1 Further work arising from Chapter 3

The analysis in Chapter 3 was conducted using one GPS driving survey from the Northwest USA. It
would be interesting to conduct the same analysis with GPS driving surveys from other parts of
the world. For example, people from the USA have the reputation of driving longer distances than
people living in the UK or Japan and it would be interesting to see how this would affect the

results of the analysis.

One limitation of the analysis in Chapter 3 was that the exact GPS traces were not available due to
privacy constraints and so the only data available was the vehicle identifier, trip time, trip distance
and some basic data regarding whether the trip started or ended at home or work. If instead
similar data with the GPS traces of every vehicle were available the analysis could be improved.
Having a GPS trace would give additional confidence that the driver was on a long distance
journey and therefore required a fast charge. GPS traces would also enable analysis of potential
fast charging station locations, for example knowing how the potential usage of fast charging
would vary with location. GPS traces would also be useful when estimating the required fast
charger power as instances where the driver actually stopped at a service station could be found.
The distance travelled after the service station and length of time could then be examined in a

similar fashion to that demonstrated in Chapter 3.

There are also other potential applications for the GPS driving data that could be examined in
further work. For example for slow charging overnight at home, the GPS driving data could be
used to determine what time people park the vehicles at home overnight and how far they drive
in the subsequent day. This data could be used to estimate grid electricity requirements from
slow charging EVs and design smart charge algorithms that ensure drivers are supplied with
enough energy with the minimum impact on the electricity grid. A similar study could be

conducted for slow charging at work locations.

7.2 Further work arising from Chapter 4

The model developed in Chapter 4 was a good starting point for a of a fast charging station and

the underlying structure could be used for more detailed models of fast charging stations with
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stationary energy storage in further work. To develop a detailed model of a fast charging station
requires many model modules, which are listed below. These modules were included in simplified
form in the model in Chapter 4, for example simply assuming the power electronic convertors

were 95% efficient, however in future work any of these modules could be improved in accuracy:

e Model of how long EVs using the fast charging station will have to wait, which was
created in detail in Chapter 4
e Forecasting future EV fast charging station usage, which was conducted in detail
in Chapter 3
e Model of the local grid infrastructure
e Power electronic models for the AC/DC and DC/DC convertors
e Model for the stationary energy store, including operation and degradation
e Models of the EV batteries charging profiles
o Forecasts of how EV battery capacities and charging profiles will change in the
future
e Model of electricity prices varying at different times
o Forecasts of how future electricity prices will vary with time

e Economic model of the entire system

7.3 Further work arising from Chapter 5

In Chapter 5, it was mentioned that testing only one of each type of cell could be considered poor
experimental planning and so in further work more cells could be tested to ensure that the results

are representative of the cells as a whole.

In terms of the method proposed in Chapter 5, the next step in further work would be to take the
parameters determined using the method and put them in a 3D CAD model of a battery module
or battery pack. The battery module or pack could then be charged and discharged and it could be
determined how accurate the model was at predicting the battery module or pack temperature.
In further work the 3D CAD model created using the characterisation method proposed in this
thesis could then be used to design innovative cooling systems to deal with the excess heat

generated during fast charging of the EVs.

The thermal modelling of lead-acid and supercapacitor cells produced promising initial results
however more tests are required to validate the model. The calorimetry of the lead-acid and
supercapacitor cells had errors and so the calorimetry should be repeated in further work along

with the testing of more lead-acid and supercapacitor cells. If this further work produced positive

150



Chapter 7

results the next steps could be to thermally model a hybrid energy storage device during

operation using the thermal model proposed in this thesis.

The final proposed further work comes about as a result of ideas generated during the literature
review in Chapter 2 and the thermal modelling in Chapter 5. It is proposed that a fast charging
station with off-board stationary cooling is investigated. Currently, on-board cooling systems
designed to cool the EV during driving are suitable to cool the battery during fast charging events.
If however fast charging powers increase, the cooling requirements for fast charging may become
larger than the cooling requirements for driving. As fast charges may only be required a few times
a year the EV will be driving around with an oversized cooling system. To save space and weight
on-board the EV the additional cooling to deal with fast charge events could be placed off-board
at the fast charging station and cooled coolant transferred to the EV during the fast charge
events. This idea is still in its infancy and so further work could include a feasibility study to
determine if the idea is possible, looking at various cooling configurations, types of coolant to use

and the economics of the system.
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Appendix A  Conference and Co-author Papers

The following additional novel contributions and associated journal and conference papers are

included in the thesis:

e Applying the same generic thermal model to lead-acid, supercapacitor and lithium-ion
cells, Section 5.9 page 135
o Journal paper, in preparation
o Thomas S. Bryden, Borislav Dimitrov, George Hilton, Carlos Ponce de Ledn, Peter
Bugryniec, Solomon Brown, Denis Cumming, Andrew Cruden, “Generic Thermal
Model Applicable to Lithium-ion, Lead-acid and Supercapacitor Cells”
e Analysis of Tesla EV fast charging profiles, Section 2.2.2.2 page 24
o Conference paper
o T.S.Bryden, A. J. Cruden, G. Hilton, B. H. Dimitrov, C. P. de Ledn and A. Mortimer,
"Off-vehicle energy store selection for high rate EV charging station”, 6th Hybrid
and Electric Vehicles Conference (HEVC 2016), London, 2016,
10.1049/cp.2016.0986 [85]
o Alsoincluded an oral presentation at the IET 6th Hybrid and Electric Vehicles
Conference (HEVC 2016) in London, UK, November 2016
e Results from lithium-ion cell cycling at standard and high discharge rates
o Conference paper
o T.S.Bryden, A. Holland, G. Hilton, B. Dimitrov, C. Ponce de Ledn Albarran, A.
Cruden “Lithium-ion degradation at varying discharge rates”, 3rd Annual
Conference in Energy Storage and Its Applications, 3rd CDT-ESA-AC, 11-12
September 2018, Sheffield UK [215]
o Alsoincluded an oral presentation at the 3rd Annual Conference in Energy

Storage and Its Applications in Sheffield, UK, September 2018
Additional novel contributions are included in co-authored papers include:

e A method to predict the power demand of fast charging stations, complementing the
work in Chapter 3
o Journal paper
o G. Hilton, M. Kiaee, T. Bryden, B. Dimitrov, A. Cruden, A. Mortimer “A stochastic
method for prediction of the power demand at high rate EV chargers”, IEEE
Transactions on Transportation Electrification, 10.1109/TTE.2018.2831003 [216]
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e Assessing the economic case for using stationary energy storage with renewable
electricity generation and fast charging stations, complementing the work in Chapter 4
o Journal paper
o G. Hilton, M. Kiaee, T. Bryden, A. Cruden, A. Mortimer “The case for energy
storage installations at high rate EV chargers to enable renewable energy
integration in the UK — an optimised approach”, Journal of Energy Storage, [218]
e Investigating the control strategy of a stationary energy store at a fast charging station
with renewable solar energy, complementing the work in Chapter 4
o Conference paper
o G. Hilton, T. S. Bryden, C. Ponce de Ledn Albarran, A. Cruden “Dynamic energy
store charging of for integration of solar energy with high rate EV demand”, 3rd
Annual Conference in Energy Storage and Its Applications, 3rd CDT-ESA-AC, 11-12
September 2018, Sheffield UK [219]
e Designing the power electronics at a charging station, complementing the work
in Chapter 2
o Journal paper
o B. Dimitrov, A. Cruden, S. Sharkh, C. Ponce-de-Leon, T. Bryden, G. Hilton, “Design
Process for a Parallel LLC Resonant Converter for Powered Electric Vehicle
Charging Systems”, International Journal of Science and Research (lJSR),

10.21275/ART20172296 [217]
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Appendix B MATLAB Scripts

MATLAB scripts for all chapters can be found at the following location:

Bryden, Thomas, Samuel (2019) MATLAB codes for predicting fast charging station usage, user

waiting times and a battery thermal model. University of Southampton

doi:10.5258/SOTON/D0768 [Dataset]
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