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Abstract

Electric vehicles (EVs) are thought to have the potential to contribute to more sustain-
able transport systems. However, the efficacy of the EV transition in Scotland to meet
governmental emission reduction targets is unclear. Additionally, to support an equi-
table transition to EVs, it is pertinent to understand the current state and utilisation
of public EV charging in Scotland, and the subsequent implications for development
of an inclusive public charging network. Investigating the public charger population
required by 2030 that will enable equitable geographic access to chargers will also be

important.

Therefore, this thesis develops, validates and applies a system dynamics model of the
Scottish road passenger transport sector to interrogate the efficacy of the following in-
terventions up to 2030: modal shifting of sub-10km car journeys to active travel, modal
shifting of medium-length car journeys to buses, achieving a majority electrification of
the bus fleet, and replacing 50% of petrol/diesel cars with EVs. An extensive, nation-
ally representative dataset of Scottish public EV charging sessions is then developed
and analysed to gain insights into charger location and utilisation. Finally, the charger
population required by 2030 under the modelling scenarios which achieved government

targets is estimated.

Results indicate that the EV transition is predicted to be the most effective emission
reducing intervention of those considered, although multiple interventions are likely
needed to meet government targets. Analysis of the developed public charging dataset

resulted in insights including quantified utilisation disparities between charger tech-
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Chapter 0. Abstract

nologies, with 35% of slower chargers being used at least once daily compared to 86%
of rapid/ultra-rapid chargers, and demonstration that charging tariff introductions re-
sulted in a 51.3% average decrease in sessions. The charger population required by
2030 to ensure equitable access ranged between 7,546 and 46,606 chargers depending
on the scenario, with charger technology being particularly impactful on the charger

population required.
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Chapter 1

Introduction

1.1 Climate Change and Scottish Government Response

The United Nations describes climate change as a ‘global emergency’ with devastating
consequences for human health, infrastructure, development and delicate ecosystems
[1,2]. The World Meteorological Organisation confirmed that 2024 was the hottest
year since records began at 1.55 degrees centigrade hotter compared to pre-industrial
benchmarks [3]. This acts as a stark warning that immediate and careful action must
be taken to reduce global emissions and mitigate impacts of climate change to benefit

the international community.

The biggest emitting sector of greenhouse gases in Scotland is domestic transport [4],
with road travel being a significant contributor to this and accounting for 66% of all
transport-related emissions [5]. Therefore, transport poses a significant barrier to the
achievement of net zero, the legally binding deadline for which is 2045 in Scotland [6].
Furthermore, the reduction of emissions is crucial to improving air quality, public health

and fostering social equity among other positive externalities [7-9].

In response to the environmental challenges posed by travel, the Scottish Government
set a transport-specific target to reduce emissions associated with transit by 56% by
2030, comparative to a 1990 baseline [10]. As a mechanism through which to achieve

this, the Scottish Government also outlined a further target to achieve a 20% reduction
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Sustainable Mobility Hierarchy

Active Travel (i.e. walking, wheeling, cycling)
A & 3o

Public Transport (e.g. bus, train, tram)

Shared Transit (e.g. taxi, coach)

Private Mobility (e.g.
private car)

G
Figure 1.1: ’Sustainable Mobility Hierarchy’, adapted from [16]

in car kilometres travelled by 2030 compared to 2019 levels [11] and a commitment
to end the sale of new petrol and diesel cars by 2032 [12]. In January 2025, it was
highlighted by Audit Scotland [13] that the 20% car kilometre reduction target was
likely unachievable by 2030, primarily due to government inaction. Other government
commissioned research [14] from December 2024, however, found that the target was
potentially achievable via travel demand management strategies which featured road
pricing, where drivers are charged to drive a car in certain regions or across certain
distances. In March 2025, the Scottish Government announced their decision to place
the target under review [15], meaning this target has a somewhat uncertain future and
it is currently unclear if the target will be discarded, if the target deadline will be

updated, or if the proportion of car kilometres to be reduced by 2030 will be changed.

Scottish Government published strategies, including the Car Kilometre Reduction Route

Map [11], Roadmap to Widespread Electric Vehicle (EV) Adoption [17] and National
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Transport Strategy [16, 18], provide an overview of interventions planned to achieve
key transport emission reduction targets. Generally, visions of a modal shift away
from private car usage and towards active travel (i.e. walking, wheeling if referring to
wheelchair users, cycling, and the possible inclusion of electric micromobility modes
such as electric bicycles or scooters [19,20]) and public transport are set out in these
policy documents. Figure 1.1 summarises this idea and shows the Sustainable Mobility
Hierarchy which communicates that active travel modes should be most highly pri-
oritised. Public transport closely follows active travel in the hierarchy, which in turn
should be prioritised over shared transit, such as taxis or private coaches, and private

mobility such as the private car.

Alongside a reduced car dependency, a transition away from petrol and diesel cars
and towards EVs is also targeted by the Scottish Government. The transition to EVs
poses significant potential for reducing the environmental impact of transport and ef-
fectively contributing to cleaner transport systems [21,22]. However, the efficacy of the
EV transition in the Scottish context, particularly in comparison with other planned

sustainable transport interventions, is relatively unexplored.

Overall, the National Transport Strategy Delivery Plan [18] stipulates that shorter
journeys should ideally be made by active travel; shorter to medium journeys should
ideally be made via public transport; longer journeys should ideally be made by public
transport and low-emission vehicles; and that most buses will be zero-emission by 2024.
Meanwhile, the Roadmap to Widespread Adoption of EVs [17] sets out the aspiration
that there should be a 50% reduction in the number of petrol and diesel cars by 2030,

with many of these being replaced by EVs.

With governmental target deadlines rapidly approaching, and with the cumulative effect
of emissions making prompt action imperative [23], it is pertinent that pathways to
achieving these pressing targets are evaluated. It is vital to assess the likely impacts of
the planned interventions on transport emissions in the Scottish context and to explore

the relative importance of the EV transition with respect to other planned interventions.
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Gaining an understanding of the efficacy of the interventions in terms of achieving key
governmental targets will give important insights for policy and transport planning to

enable critical transport emission reductions.

1.2 Electric Vehicles and their Charging Infrastructure

In this thesis, the term EV relates specifically to a passenger car powered by an electric
rechargeable battery. As mentioned, the transition to EVs is generally highlighted as
having the potential to reduce transport-related emissions and facilitate the achieve-
ment of a more sustainable transport network [21]. The realisation of a transition to
EVs of the scale envisioned by the Scottish Government (as outlined in Section 1.1)

requires that EV charging infrastructure be available and accessible.

Although home charging will play a significant role, with 84% of surveyed UK EV
owners possessing a residential charger [24], the public EV charging network will have
an undeniably important role. For instance, 90% of survey respondents reported regular
use of public chargers [24]. Furthermore, the public network will be crucial for those
requiring access to a charger to complete a journey or for those without access to
residential or workplace charging facilities [25]. Therefore, the public charging network
will play a key role in enabling the equitable transition to EVs, ensuring EV use is not
reserved only for those with adequate finances and parking conditions to host a home
charger, or for those who only tend to complete shorter journeys. Additionally, the
Scottish Government set out their commitment and key aim of achieving an equitably
accessible and inclusive public charging network in their vision for Scotland’s public

EV charging network [26].

Equity is a key concept in this thesis. In general, the term equity is closely related
to the term equality — where all groups are treated equally and provided the same
resources to meet an end. Equity on the other hand, considers the different needs
and circumstances of different groups and adjusts the provision of resources to address

imbalances and disparities in the different situations that different individuals may face.
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Equity therefore entails that all groups are given fair, impartial treatment that is in
line with their specific needs [27,28]. In the context of this thesis, the term equity is
specifically used in relation to an equitable EV transition and equitable provision of
public EV charging. These concepts refer to ensuring that no groups are left behind
as Scotland transitions away from petrol/diesel cars and towards EVs, that all groups
are able to take part in this transition, and that all groups have sufficient access to EV

charging according to their needs.

Moreover, there is evidence from other geographical contexts that public EV charging
infrastructure tends to be disproportionately distributed in higher income, more advan-
taged areas [25,29]. Specifically, a study of New York City [29] found that prevalence
of public charging did not share a correlation with population density but did share a
correlation with median household income, meaning that high income neighbourhoods
were more likely to have access to charging infrastructure. Those on low incomes may
also experience further barriers to the use of public EV charging including the financial
cost of subscriptions to public charging networks; the financial cost of charging pub-
licly which is generally more expensive than charging residentially; and limited access
to smartphones which are often required to use public charging (e.g. via a mobile ap-
plication) [25]. Additionally, the positioning of charging infrastructure can influence
local EV adoption, meaning that a chicken-versus-egg feedback effect can exist between
installation of chargers and EV adoption [30-32], and there is evidence that charger
installation and availability supports EV adoption [33,34]. These factors highlight the
importance of careful planning of chargers so that no groups are left behind or unable

to access sufficient public charging infrastructure.

Additionally, an important consideration regarding public EV charging infrastructure
is charger power rating. A higher charger power-rating commonly indicates a faster
speed of charge and the power rating of chargers can generally be categorised into
three charger speeds: AC (up to 22kW), Rapid (50kW) or Ultra-Rapid (150kW). AC
chargers can take between three and ten hours to completely charge an EV, while rapid

and ultra-rapid chargers can completely charge an EV in as little as half an hour [35].
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Charger power rating not only has implications for the speed of charge but can also
have implications for battery health and the cost of the infrastructure. Frequent rapid
charging has can cause more extensive battery degradation compared to use of slower
charging speeds [36]. This effect may be more prominent for those charging in warmer
climates [37]. There can also be disparities in the cost of charging equipment for
chargers of different speeds, specifically it has been reported that AC chargers can
cost up to £5,000 for one charging unit while rapid/ultra-rapid chargers can cost up
to £26,000 for one charging unit [38]. Other costs will also be associated with charger
installation, over and above the cost of the actual charger unit (e.g. for grid connection,
signage, turfing, cabling, placement of safety barriers) and these vary depending on
the number and speed of chargers being installed. For example, it is estimated that
connection costs for one rapid charger could be up to £3,000, and this cost would be
roughly equivalent to the connection cost for up to three AC chargers [39]. However,

there is evidence that the costs relating to charger installation are decreasing [40,41].

1.3 Public Electric Vehicles Charging in Scotland

The rollout strategy of public EV charging in Scotland took a relatively uncommon
form. While many other countries opted for private sector driven rollout [42], the Scot-
tish Government instigated their own public network called ChargePlace Scotland [43].
Government funding was awarded to public and private bodies to facilitate their own-
ership and operation of public EV chargers [44] on the ChargePlace Scotland network,
with local authorities making up a significant proportion of charger owners [42]. There-
fore, ChargePlace Scotland themselves do not own or operate the chargers but they do
hold other responsibilities such as customer service, implementing simple remote fixes

for some faults and data reporting.

A key advantage of this rollout approach is the far-reaching nature of this single net-
work, meaning there is ease of use for EV drivers as only one network membership
and access card is needed to charge across the country. Additionally, this means that

data from the ChargePlace Scotland network can give insights into EV charging for the
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whole of Scotland, rather than for only selected regions or area types [42]. The Charge-
Place Scotland network remains dominant in the Scottish public charging landscape
with just under 3,000 of Scotland’s 6,000 public chargers being hosted on this network
at the time of writing [43,45]. The distribution of chargers across Scotland hosted on
the ChargePlace Scotland network as of March 2024 is shown in Figure 1.2.

To support the transition to EVs in Scotland, the Scottish Government has pledged to
supplement the existing 6,000 public chargers in Scotland by installing a further 24,000
public EV chargers by 2030 [46]. The location of these chargers, along with further
considerations such as charging tariffs and the power rating of charging infrastructure,
will be important. Given the importance of ensuring this infrastructure is planned
equitably, while effectively meeting the needs of both current and future users, it is
essential to understand how the existing public network is currently distributed and
utilised. These insights can inform strategies to support EV adoption and have broader

implications for energy systems policy and management.

Additionally, it is pertinent to understand the likely charger population required in 2030
to support an equitable EV transition and enable an inclusive realisation of emission
reduction targets. The Scottish Government’s commitment to installing 24,000 charg-
ers was adopted from a recommendation by the Climate Change Committee which
was based upon ‘relative car and van kilometres’ travelled [49]. Alongside this, and as
mentioned in Section 1.2, the Scottish Government have highlighted their commitment
to develop a public network that is equitably accessible to all [26]. Using an approach
based only on car kilometres travelled to quantify demand for public charging sum-
marises car travel across the country into a singular value and assumes all activity
takes place at one central point, meaning the distribution of people and places in not
considered. Not accounting for the dispersion of the population likely means that some
communities, particularly remote and rural ones, will be left behind. Therefore, it
is vital to also explore the differences between methods that do and do not account
for population dispersion to accurately understand the charger population required to

enable an equitable transition of this scale.
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Figure 1.2: The number of chargers [43] (left) and number of chargers per 100,000
people [43,47] (right) on the ChargePlace Scotland public EV charging network as of
March 2024, including thematic layer representing local authority boundaries [48]

1.4 Research Questions

This thesis seeks to explore policy interventions and infrastructure required to support
an equitable transition to more sustainable transport in Scotland. It aims to understand
the efficacy of the transition to EVs in reducing emissions and achieving governmen-
tal targets in the Scottish context; the current state of public charging deployment
in Scotland and the resulting implications for achieving an inclusive public charging
network; and the EV charger population required by 2030 to have realised an equitable
transition to EVs in Scotland. The latter aim is very broad, and so will be considered
in the context of the spatial distribution of Scotland’s population across high-density
and low-density areas. Specifically, this thesis therefore seeks to answer the following

research questions:

Research Question 1: How critical is the transition to EVs in Scotland, compared to

other policy interventions, in the context of achieving the 2030 Scottish Government
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sustainable transport targets?

Research Question 2: What is the current state of Scotland’s public EV charging
network in terms of location and utilisation of chargers, and what are the related

implications for realising an equitable transition to EVs?

Research Question 3: What scale of EV charger deployment is required by 2030 to

ensure equitable geographic access to Scotland’s public EV charging network?

1.5 Overview of Chapters
The remainder of this thesis is structured as follows:

Chapter 2 provides a background to the work and reviews relevant literature. The
transition to EVs within the wider policy landscape is explored first, including an
overview of previous works seeking to model impacts of similar sustainable transport
interventions. Public EV charging behaviour trends are then explored, followed by an
overview of public charging in Scotland and its socio-economic context. The focus then
shifts to exploring literature relating to development of public charging infrastructure

provision.

Chapter 3 aims to address Research Question 1 (how critical is the transition to EVs in
Scotland, compared to other policy interventions, in the context of achieving the 2030
Scottish Government sustainable transport targets?) via the following sub-questions: a)
What is the likelihood that the transition to EVs and other planned sustainable trans-
port interventions will be sufficient to meet government mandated emission reduction
targets? b) What is the likely efficacy of the transition to EVs compared with other
planned interventions in reducing emissions in the Scottish context? To address these
questions, this chapter develops, validates and applies a System Dynamics model of
the Scottish road passenger transport system. Specifically, the impact of the following
interventions on emissions and car kilometres travelled by 2030 is modelled: modal

shifting of car journeys under 10km to active travel; modal shifting of car journeys be-
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tween 10km and 40km to bus travel; the proportion of buses that are electric reaching
60% by 2024; and a 50% reduction in the number of petrol and diesel cars, with these
cars being replaced by EVs. The results allow for an understanding of the contribution
that the EV transition can make to the achievement of Scottish Government sustain-
able transport targets to be gained. Wider implications that the results have for policy

and transport planning are also discussed.

Chapter 4 aims to address Research Question 2 (what is the current state of Scotland’s
public EV charging network in terms of location and utilisation of chargers, and what
are the related implications for realising an equitable transition to EVs?) via the follow-
ing sub-questions: a) Where are Scotland’s public EV chargers currently located? b)
When are Scotland’s public EV chargers typically used? ¢) What evident impact does
the introduction of tariffs have on Scottish public EV charger usage? d) What charac-
teristics do the most utilised public EV chargers in Scotland have? To address these
questions, this chapter develops and analyses an extensive, nationally representative
dataset of public EV charging sessions taking place on a key network in Scotland. In
addressing the sub-questions, implications for policy and practice regarding achieving

a more equitable public charging network going forward are extrapolated.

Chapter 5 aims to address Research Question 3 (what scale of EV charger deployment is
required by 2030 to ensure equitable geographic access to Scotland’s public EV charging
network?) via the following sub-questions: a) What is the impact of population distri-
bution on the charger population required by 2030 in Scotland? b) How does charger
technology impact the number of chargers required and what split of AC and rapid
chargers will be required by 2030 in Scotland? To address these questions, this chapter
alms to quantify the charger population required by 2030 in Scotland through both
geospatially-agnostic (based on car kilometres travelled) and geospatially-driven (ac-
counting for population dispersion) analyses. The results give insight into the charger
populations required by 2030 in Scotland and provide an evaluation of the current Scot-
tish Government targets for charging provision. Additionally, an understanding of the

impact of the spatial dispersion of population on charging requirements is gained which
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1. How critical is the EV transition in Scotland, in the
context of achieving Scottish Government sustainable
transport targets?

3. What scale of EV charger deployment is
required by 2030 to ensure equitable
geographic access to Scotland’s public EV

Chapter 3 charging network?

l | Chapter 5

2. What is the current state of Scotland’s public EV
charging network and the related implications for realising
an equitable EV transition?

Chapter 4

Figure 1.3: Overview of the thesis structure, highlighting the flow of the chapters and
an abridged version of the research questions outlined in Section 1.4 with the relevant
chapter that addresses them

will be an important consideration in facilitating equitable geographic access to charg-
ers. As with previous chapters, wider implications of results for policy and practice are

also explored.

Overall, key findings of this thesis include that the EV transition is likely the most
critical intervention of those considered in Chapter 3 in terms of contributing to gov-
ernment emissions targets, although multiple interventions are predicted to be required
to achieve targets. The government car kilometre reduction target was identified as
a useful mechanism to reduce emissions although its achievement did not necessarily
guarantee achievement of the government emission reduction target. Chapter 4 found
that the introduction of charging tariffs resulted in a circa 50% reduction in the number
of sessions taking place; that rural charging activity tended to be more concentrated
towards the middle of the day compared to urban areas; that chargers tended to be
less concentrated in the least deprived areas; and that while urban areas had a greater
absolute number of chargers, rural areas had more chargers per head of population.
Key findings from Chapter 5 include that the government target for the charger pop-

ulation by 2030 is likely sufficient to enable equitable geographic access to chargers
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with a rapid charging penetration of between 6% and 15%. The charger technology
mix adopted and the effect of population dispersion were found to be impactful on the
overall number of public chargers required to enable equitable geographic access. The
total number of chargers required was also found to have a strong sensitivity to the
acceptable service range of chargers. Figure 1.3 summarises this section and provides

an overview of the thesis structure.

1.6 Publications and Research Outputs

All research publications and outputs concerning the work of this PhD thesis are out-

lined below.
Journal publications:

Davies K., Hart E., 2025. The required public electric vehicle charger population in
Scotland under different future scenarios. Under review in npj (Nature Partner Journal)

Sustainable Mobility and Transport.

Davies K., Hart E., Galloway S., 2024. Plugging-in Caledonia: Location and utilisation
of public electric vehicle chargers in Scotland. World Electric Vehicle Journal 15(570).
https://doi.org/10.3390/wevj15120570

Davies K., Hart E., Galloway S., 2024. Quantifying impacts of sustainable transport
interventions in Scotland: A system dynamics approach. Transportation Research Part

D: Transport and Environment 133(104311).https://doi.org/10.1016/j.trd.2024.104311
Published conference proceedings:

Davies K., Bayram 1.S., Galloway S., 2022. Challenges and Opportunities for Electric
Vehicle Retail Business. IEEE 3rd International Conference on Smart Grid and Renew-
able Energy (SGRE). Doha, Qatar, 20 — 22 March. https://doi.org/10.1109/SGRE5351
7.2022.9774055

Other published outputs:
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Corbett H., Munoz C.C., Hannon M., Anderson P., Cairns I., Davies K., Galloway S.,
Hawker G., Maclver C., McGarry C., Turner K., Yarr R., 2023. Scottish Draft Energy

Strategy and Just Transition Plan Consultation: University of Strathclyde Response.
https://doi.org/10.17868 /strath.00085444

Conference presentations:

‘How GIS can enable widening access to electric vehicles’, Energy Technology Partner-

ship (ETP) Annual Conference, Online, 2021 (Oral Presentation)

‘A Proposed System Dynamics Methodology for Quantifying the Impact of Sustainable
Transport Policy on Energy Infrastructure and Society’, Manchester Energy and Elec-

trical Power Systems Symposium (MEEPS), Manchester, 2022 (Poster Presentation)

‘A Proposed System Dynamics Methodology for Quantifying the Impact of Sustain-
able Transport Policy on Energy Infrastructure and Society’, ETP Annual Conference,

Edinburgh, 2022 (Oral Presentation)

‘A System Dynamics Approach for Quantifying Wider Impacts of Sustainable Mobility
Policy’, All-Energy Exhibition and Conference, Glasgow, 2023 (Poster Presentation)

‘A System Dynamics Approach to Quantifying the Impacts and Efficacy of Sustainable
Transport Policy in Scotland’, ETP Annual Conference, Glasgow, 2023 (Oral Presen-

tation)
Awards and prizes:

Best Speaker Prize at the ETP Annual Conference 2023 Energy Policy, People and

Society Session
Best Poster at the MEEPS 2022
Research for Industry Award at MEEPS 2022

Best Speaker Prize at the ETP Annual Conference 2022 Transport Session
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Best Speaker Prize at the ETP Annual Conference 2021 Transport Session
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Chapter 2

Background

2.1 Sustainable Mobility Interventions

As established in Chapter 1, the electrification of private cars is a key pillar to transport
decarbonisation plans in Scotland, although this transition to EVs is hoped to happen
alongside a shift away from car travel where possible. Decreased usage of the private car
is thought not only to reduce transport emissions but also to achieve a more equitable
transport network, as a move away from a car-centric system can be facilitated. A
private car orientated transport system can disproportionately disadvantage those less
likely to own a car such as women, the elderly, the disabled, those with lower incomes
and some ethnic minority groups [9,11,50]. Prioritising a mode that some individuals
cannot access may exacerbate inequalities and there is evidence that lack of access to
the private car can contribute to social isolation and make access to key services such as
healthcare problematic [51]. However alternative modes, namely public transport, also
pose barriers to certain groups. Such barriers include cost and availability of services
[52,53], which may disproportionately impact those on lower incomes and those living in
rural areas respectively, and safety concerns [54], which may disproportionately impact
women and girls. Furthermore, and as alluded to above, car ownership tends to be
associated with having a higher income [9]. Therefore, those on lower incomes may are
likely more reliant upon public transport to meet their transport needs. This reinforces

that those with lower incomes are more likely to be disproportionately impacted by
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barriers to public transport.

Although car ownership is more prevalent amongst the more affluent, those on lower
incomes still complete significant travel distances by car. Enforced car ownership, where
owning a car is necessary to access key services and amenities due to a lack of other
options (e.g. public transport), could further disproportionately disadvantage those on
lower incomes as they must meet the costs associated with car ownership because they
cannot access affordable alternatives [55]. These complex dynamics tie into the concept
of transport poverty. Living in transport poverty is generally defined as experiencing
a lack of access to, or affordability of, appropriate public or private transport modes
needed to reach employment, education and fundamental goods and services [56,57].
The concept of transport poverty is highlighted as one which can be challenging to
effectively communicate because it is often related specifically to an individual rather
than a household (unlike similar concepts such as fuel poverty which generally relates
to the affordability of fuel for low income households). Specifically, it is possible that
an individual in a household experiences transport poverty while the others in the
household do not. This can occur, for example, when some members of the household
belong to a protected group (e.g. an elderly member of a household situated in a
region with few public transport options may not have the ability to drive a car and so
experiences transport poverty, while the remaining members of the household are able

to drive and thus do not experience transport poverty) [58].

Unequal distribution of transport resources (encompassing all key aspects of transport
provision including car ownership, public transport services, active travel infrastructure
and home delivery services) has been identified across the UK [57], highlighting that
transport poverty exists and is an important issue. It has been identified that policy-
makers have a weak understanding of the implications of transport emission reduction
policy packages from an equity, transport poverty and social justice perspective. The
lack of available data and standardised methods for quantifying impacts in this regard
are key contributors to this issue [59]. Additionally, it is reported that experience of

transport poverty has an impact on attitudes towards travel and travel behaviours.
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Specifically, some individuals who have experienced transport poverty tended to al-
ter their travel behaviours unexpectedly in response to affordability, unavailability or
overcrowding of transport modes. As a result, the erratic nature of the travel patterns
of those experiencing transport poverty may go undetected by national level trans-
port surveys seeking to understand mode choice and travel time behaviours [60]. Such
surveys are important to transport planning, meaning a vicious cycle can exist where
development of transport provision for those who experience a lack thereof is being
hindered by a lack of understanding of their experiences and needs. Additionally, a
study [61] surveying the impact of the cost of living in Scotland on travel behaviour
found that 26% of respondents altered their usual mode choice to make their travel
more affordable. Those on lower incomes and ethnic minority groups were most likely
to change their mode choice or avoid travel altogether in response to increasing living
costs, with other groups including women, the disabled and rural residents also exhibit-
ing similar behaviours. This highlights that sharp increases in the overall cost of living

can exacerbate existing transport poverty.

To support a reduction in car dependence, the Scottish Government has supported
multiple initiatives including zero-emission car clubs [62] and localised pilot schemes of
Mobility as a Service (MaaS) [63], where generally a singular platform grants access to
live travel information and the ability to plan, book and pay for travel services across
multiple modes of transport. While some extant literature [64—68] explores the impact
and effectiveness of planned policies in Scotland targeting reduced car reliance such as
supports for MaaS and car clubs in other countries, these studies are often single policy
focused, region specific and in many cases reliant on pilot projects as these initiatives

are still in infancy.

Main findings from these works, which span geographical focuses of Ireland, the Nether-
lands, Germany and Sweden, include that car clubs pose the potential for increased use
of more sustainable modes, reduced overall travel emissions and decreased car own-
ership [64] but crucially, a multifaceted approach combining fleet electrification and

reduced car reliance gives the most effective emission reduction [65]. MaaS has been
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found by multiple studies to effectively promote a modal shift towards public transport
and alternatives to the private car [66—68] by increasing the attractiveness, convenience
and connectivity of these other modes. There is also evidence of the possibility that
MaaS could drive a reduction in car ownership [68], however, this is contested by other

literature [69, 70].

In Scotland, upon committing to reaching net zero by 2045, the national transport
agency, Transport Scotland, commissioned a 2021 study [23] aiming to comprehend the
policy outcomes necessary to achieve emission reduction targets in Scotland. This study
considered broad scenarios including passenger and freight travel across road, rail, air
and marine modes which featured ‘rapid introduction’ of low/zero-emission vehicles,
modal shifting, and reduced overall travel demand. The scenarios modelled iteratively
increased the number of features included (e.g. the first scenario featured the intro-
duction of low/zero-emission vehicles, the next scenario featured both the introduction
of low/zero-emission vehicles and modal shifting etc.), however, each feature was not
simulated in isolation and so their individual impact was not explored. Additionally,
the study does not provide detailed pathways to achievement of the scenario features.
It was found that only the scenario including all the features (i.e. low/zero-emission
vehicles, modal shifting and reduced travel) sufficiently met emission reduction targets,
echoing other work [65] that highlighted the necessity for comprehensive approaches in
tackling emissions. A key outcome of this work was the recommendation of instating
a 20% reduction in car kilometres travelled target, which was consequently adopted by

the Scottish Government.

A subsequent study [71] investigated the ability of planned policy packages (e.g. finan-
cial investments, legislative support for programmes) to reduce transport emissions.
This found that legislation supporting a transition to EVs facilitated the most signif-
icant emission reduction, whilst policy packages broadly supporting a car kilometre
reduction and bus fleet electrification also gave notable but less significant emission
reductions. A specific breakdown of the impact of modal shifting policies was not

provided.
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Other work [72] highlights the importance of clean energy generation alongside trans-
port electrification to harness the full potential this has to contribute to achievement of
net zero. This study focused on Australia where only a small proportion of electricity
generation is based on renewable sources. Specifically, it is reported that just 24% of
electricity generation came from renewable sources in 2021 in Australia. It was found
that net zero targets were only achievable where the transition to EVs was supported
by a transition to 100% generation of electricity via renewable sources, highlighting the
key supporting role that clean electricity generation plays in facilitating an effective

EV transition.

The Scottish electricity supply is generated mainly from renewable and low carbon
sources, with approximately 88% of electricity being generated from these sources in
2021. Wind, nuclear and hydropower were the most significant contributors to genera-
tion in this year, contributing circa 41%, 30% and 10% of the total generation respec-
tively [73]. Additionally, the Scottish grid carbon intensity has been maintained below
50 gCO2/kWh since 2017 according to the Scottish Government’s Climate Change
Monitoring Report 2023 [74]. This is a significant drop compared to previous years
and there has been an overall decline in the Scottish grid carbon intensity since 2010,
when there was a carbon intensity of 320 gC'O2/kWh [74]. Based on the average energy
consumption of an EV [75], this translates to charging emissions of 0.062 gC'O2/km in
2010 versus 0.0098 gC'O2/km in 2019 (assuming vehicle energy consumption remains
constant), making EVs over six times less polluting in 2019 due to this reduction in
grid carbon intensity. In comparison to petrol/diesel cars however, which have carbon
emissions factors of 0.17 gC'Oz/km [76], EVs in 2010 would still have been significantly

less polluting.

2.2 Modelling Transport Systems Techniques

Various different techniques and mathematical modelling approaches have been used in
previous literature to model the EV transition and wider transport system problems in-

cluding Bayesian networks, fuzzy cognitive mapping, causal mapping, choice modelling,
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agent-based modelling and system dynamics [77,78]. Some modelling techniques are
termed bottom-up approaches which are based upon the behaviours of individuals [79].
These approaches have been applied in several transport-related previous works, being
used for example to model transport emissions on a street level [80] and to provide
improved estimates of transport emissions in Ireland [81]; to investigate demand for
transport services and energy, and resultant emissions in China and the USA [82];
and to explore the impact that reduced demand for transport can have on transport
emissions and public health in the UK [83]. A key strength of bottom-up modelling is
its ability to capture relevant aspects on a detailed sectoral level [80,84]. Meanwhile,
top-down approaches (which are generally based on aggregated data and operate on
a high-level basis [79,80]) have been identified as more flexible and transparent than
bottom-up approaches, and better equipped to investigate national level transport anal-
yses, particularly in the context of the UK where there are many stakeholders involved

in transport provision including local governments and private operators [85].

Agent-based modelling can be considered an example of a bottom-up modelling ap-
proach [79]. Agent-based modelling techniques can facilitate identification of trends
and behaviours across a given study population through the modelling of autonomous
agents that represent individual people or certain groups. These agents are capable of
decision-making based upon their assigned attributes and relationships they share with
other agents and their environment [86]. This modelling tecnhique has been applied
to different problem contexts, for example considering the impacts of MaaS scheme
attributes on mode choice [66], the effect of access to residential charging on EV pen-
etration [87], and the impact of supplying up-to-date traffic information on driving
behaviour [88]. However, weaknesses of agent-based approaches are that: model val-
idation can be a challenging process [89,90], especially when the model is simulating
less well-documented relationships; a broad range of assumptions must be made at the
discretion of the modeller with limited standardised guidance on these processes which
can significantly impact results; obtaining a balance between comprehensibility of the

overall model and accuracy of agent behaviour can be challenging; and agent-based
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models tend to be highly specific to the aims for which they were developed to address,

limiting their relevance to other related problem contexts [90].

Another bottom-up method of modelling transport systems is choice modelling [79]
which can capture how individuals make decisions. In previous work, the use of choice
modelling in the transport domain has allowed for insights into: the influential factors
in EV drivers’ decision to use public chargers [91,92]; the impact of public charg-
ing availability on EV adoption [93]; and route choice behaviours to inform traffic
volumes [94]. Choice modelling can give valuable insights into how people make trade-
offs between different entities [95]. However, key challenges and limitations of these
methods include availability of data; the assumption that humans take a maximising
approach to decision-making (choosing the best possible option) rather than a sat-
isficing approach (choosing an option that satisfies minimum requirements) which is
contested [96]; and the fact that human behaviour is challenging to accurately capture
(for example, in stated choice surveys, the choice that respondents report they will

make may not translate directly to the choice they may make in real life) [92].

Other modelling techniques feature a more visual underpinning structure which can
enable more effective communication of methods, concepts and results to key stake-
holders. Bayesian networks are one such technique which have been used for various
applications including to model transport demand and behaviour [97,98]. Bayesian
networks are also known as probabilistic causal models [99]. They take the visual for-
mat of connected nodes which are referred to as parent and child nodes and involve a
quantitative approach featuring a robust inference method based on Bayes’ theorem (a
mathematical expression for determining conditional probability [100]). They can ef-
fectively manage uncertainty which makes them attractive for application to real-world
problems. It is possible to create a Bayesian network structure through expert knowl-
edge, machine learning using data or a combination of both, with the latter being the
recommended option [97]. However, they are acyclic in nature and so cannot handle
feedback loops to accommodate temporal aspects to the modelling. Additionally, where

expert knowledge elicitation is concerned, probability concepts can be hard to grasp
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and think in terms of for some experts [101], making this method less comprehensible
for experts to contribute to when creating the model and also less accessible for those
unfamiliar with the concepts to interpret the model’s results. This could be a particular
issue when applied to transport policy and infrastructure problems, as policymakers
and other key stakeholders with diverse backgrounds and expertise who the results are

relevant to, may struggle to fully grasp the implications of results.

Causal mapping approaches involve the visual representation of cause-and-effect re-
lationships between variables. They are qualitative and allow for comprehensive and
time-effective [102] expert knowledge elicitation. They can contain dynamic relation-
ships and support feedback loops, however they cannot effectively represent uncertainty.
Additionally, inferring direct results using them is challenging, not least because there
is no standardised technique for doing so. Eliciting the expert knowledge to create the
map also has no standardised approach [101], with various techniques including struc-
tured (where experts are given a predetermined list of variables and asked to define the
relationship between them) and unstructured (where experts are initially asked a broad
series of questions, followed up with more specific ones to reach conclusions on rela-
tionships between variables) interviews being employed [103]. Being based on expert
knowledge also introduces a degree of subjectivity to this approach and causal maps
give a ‘static’ description [101,102] of variables and their causal relationships as they do
not communicate how expert beliefs can change when presented with new information

surrounding variables in the map.

Similar to causal mapping is fuzzy cognitive mapping. Again, such techniques involve
visual mapping of causal relationships between variables, although fuzzy cognitive map-
ping involves a specific value being assigned to indicate the strength of the relationship
between variables. Although this method is conducive to effectively eliciting expert
opinion and can easily facilitate the breaking down of a larger complex problem into
smaller pieces, the subjectivity of expert opinion in the absence of available data [78]
and the lack of a standardised approach for defining the relationship extents can make

this method problematic. Specifically, different scales for scoring relationship strengths
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are utilised in different works, including scales of 0 to 1, 30 to 31, 0 to 100, 32, -1 to 1
and 33 to 34 [104].

Overall, considering transport systems and future scenarios requires a powerful method.
System dynamics modelling is a top-down approach [79] making it potentially more at-
tractive than bottom-up analyses for conducting transparent, national-level transport
analyses [85] as mentioned above. Its underlying concepts can be effectively commu-
nicated accessibly [78] and it relies on visual diagrams, making the modelling mech-
anisms and results intuitive to explain to wide audiences. System dynamics has also
been identified in previous work as particularly suitable for policy-related scenario
analysis [105,106]. Its ability to effectively manage feedback loops [107] allows for pro-
jections of changes in variables over a set time period to be gained, making it a more
suitable choice for time-based analysis compared to a method like Bayesian networks.
It also supports the use of diverse sources, knowledgebases and datasets [78]. Due to
these strengths making system dynamics modelling an effective approach to scenario-
based future projections, it will be used to undertake the analysis outlined in Chapter
3 of this thesis. System dynamics techniques will be discussed further in Section 2.2.1

below.

2.2.1 Evaluating transport system future scenarios using System Dy-

namics modelling

System dynamics modelling captures cause and effect relationships between variables
within the system and can provide a holistic analysis by combining diverse variables
(e.g. technical, environmental, social and/or economic). This, in turn, allows for
scenario-based analyses which facilitate the interrogation of realistic policy landscapes.
A ‘stock and flow’ diagram acts as the foundation of system dynamics modelling. There
are several different variables included in these diagrams, as demonstrated by Figure
2.1, which gives an example of a ‘stock and flow’ structure that could feature in a
more expansive ‘stock and flow’ diagram. Specifically, stocks (i.e. the variables in

boxes) represent accumulations; flows (i.e. double-lined black arrows) represent rates;
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and limits (i.e. cloud-like structures) signify that what is fed into or out of these
points are outwith the system’s boundaries [107]. Variables that may be outside system
boundaries are deemed of low/negligible relevance to the problem considered. Stock
variables are assigned an initial value. The value of stock variables are then influenced
by flows [108] and are the integral of flows passing into the stock variable minus flows
passing out of the stock variable plus the initial value [107]. While stocks are indicative
of the system’s state, flows are indicative of activity within the system [108]. All
other variables in the model are auxiliary variables and the blue single-line arrows
connecting them to other model features indicate causal relationships. Deterministic
equations describe the relationships between linked variables. However, it is important
to bear in mind that system dynamics techniques do carry limitations, particularly
their inability to handle uncertainty or account for spatial aspects of a problem [109],
and their assumption that the system’s circumstances and causal relationships between

variables do not change over time [110].

Auxiliary

\Flow

Limit

Stock

Figure 2.1: Example of variables and structure that may feature in a system dynamics
stock and flow diagram

Previous work [111] studied the transport network in rural China, using system dy-
namics techniques to understand the impact of sustainable transport policy, namely
the provision of subsidies for low emission vehicles and the electrification of the bus
fleet. The developed system dynamics model concisely encapsulates the makeup of the

transport system and how it operates and emits C'Os, and included core variables cap-
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turing population, economy, modes of transit, road infrastructure, distance travelled
by each mode, C'O2 emissions and legislation. Scenario-based analysis was applied,
forecasting the impact of varying degrees of low-emission vehicle subsidy provision and
electric bus penetration on C'Oy emissions, bus usage and proportion of internal com-
bustion engine vehicles. The model used in this work can be categorised as a small
or mini model, meaning it has a minimum number of variables and feedback loops
needed to accurately capture the most critical insights. Such small models allow for a
balance to be struck between computational efficiency, modelling accuracy and model

comprehensibility [112].

Various other works have used system dynamics to consider the impact of initiatives
targeting reduced travel emissions in various locations and with varying policy designs.
For example, studies have investigated the wider impacts of MaaS provision [113], modal
shifting of long-distance car journeys to rail [114], modal shifting for freight transporta-
tion [115] and public transport electrification [116] in the geographical framework of
Sweden, Germany, Brazil and China respectively. The ability of system dynamics to
handle diverse variable sets and intricate relationships makes it singularly attractive
for the analysis of complex transport network and policy problems. Furthermore, sys-
tem dynamics can effectively manage feedback loops and accommodate scenario-based
analysis, allowing for system variables’ responses to policy intervention and trends over

time to be captured [107] and making this method applicable to this problem context.

2.3 Public Electric Vehicle Charging Utilisation and Be-

haviour

To explore utilisation trends of EV public charging infrastructure, prior research has
undertaken analyses of EV charging session data. Some of these studies consider pub-
lic charging in similar geographic contexts to this thesis (i.e. Scotland [42,117,118]
or the UK [119]), while others focus on different geographical contexts including the
USA [120-122], Germany [32,123], the Netherlands [124,125] and Ireland [126]. Ad-
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ditionally, some other studies use public EV charging data from Scotland and apply
this to technical models to give insight into charging network utilisation [127-129] and
network development [130], and a study of charging behaviour in Norway uses data

from a stated preference survey [91].

Regarding research focused on public EV charging in Scotland, [117] analyses charging
session data from the ChargePlace Scotland public EV charging network, comparing
data for the months of August in 2013 and 2014 to examine growth and utilisation of
the network. Findings showed an increase of 366% in the number of charging sessions
that occurred between August 2013 and August 2014, and that 55% of chargers were
used at least once in August 2014. A further study conducted [118] considered also the
months of August in 2015 and 2016. Similarly, there was an increase of 348% in the
number of sessions between August 2014 and August 2015, and an increase of 102% in
the number of sessions between August 2015 and August 2016. Additionally, 68% of
chargers were used at least once in August 2015 and 75% used at least once in August
2016. No data was available for the number of chargers on the network in August
2013, however, the ratio of ChargePlace Scotland chargers to EVs in 2014, 2015 and
2016 was relatively stable at circa 1 charger for every 2 EVs. It is important to note
that the data used in these analyses are from a time period when EV adoption was in
its infancy (i.e. there were 1,071 licensed EVs [118] in Scotland by the end of 2014,
compared to 38,512 by the end of 2022 [76]) and there were very few chargers on the
network so little data available (i.e. August 2013 had 619 recorded sessions and August
2014 had 2,885 recorded sessions [117] while August 2015 had 12,939 recorded sessions
and August 2016 had 26,119 [118]).

Looking to 2022, the ratio of ChargePlace Scotland chargers to licensed EVs in Scotland
has regressed to approximately 1 charger to 16 EVs [76,131] (although public chargers
on other networks are now more prevalent). In 2014, the European Union Alternative
Fuel Infrastructure Directive set out a target for member states to achieve a ratio of
1 public charger per 10 EVs, although this target was updated to a goal of providing

1kW of power via public chargers per EV as the ratio of chargers to EVs differs between
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countries [132]. For example, the Netherlands has a particularly high ratio of public
chargers to EVs, with 1 charger per 5 EVs. Meanwhile, Spain and Sweden have a ratio
of 1 charger per 15 and 17 EVs respectively. Additionally, Norway has a relatively low
ratio of chargers to EVs with 1 charger per 34 EVs [133]. Although it is likely that
there are interactions between the ratio of public chargers to EVs and EV adoption, the
relationship between these two entities is not obvious. Specifically, despite Spain and
Sweden having similar ratios, the number of EVs per 100,000 people varies, with Spain
having 372 EVs per 100,000 people and Sweden having over eight times as many with
3,105 EVs per 100,000 people. The Netherlands with its low ratio of chargers to EVs has
2,637 EVs per 100,000 people (relatively similar to Sweden), meanwhile Norway with
its high ratio has a significantly higher EV penetration with 13,381 EVs per 100,000
people [134]. Additionally, the ratio of chargers to EVs may disguise strategic decisions
to invest more significantly in faster chargers [133,135]. For example, although the
Netherlands has a more favourable public charger to EV ratio, the average power of

chargers in the Netherlands is 19kW compared to 81kW in Norway [134].

Other previous work [42] introduced a method informing siting of EV chargers in rural
Scotland. The processes involve identifying areas far from existing chargers and identi-
fying demand for chargers by conducting a ‘queuing analysis’ where the time between
sessions is considered to identify the likelihood of chargers experiencing demand at
difficult to cope with levels. Not only was the queuing analysis able to identify how in-
demand chargers were, it was also designed to highlight chargers possibly experiencing
technical issues and chargers that may experience problematic demand in future. Inter-
estingly, this study found that the likelihood a charger would experience queuing was
linked to ferry schedules. This analysis focuses on rural areas only, in particular mainly
just three Scottish local authorities, and provides a specific site selection method for

remote areas rather than a comprehensive view of public charging across Scotland.

Expanding focus slightly to include other nations of the UK, [119] considers data from
EV chargers included on a UK-wide public network. It was found that on weekdays,

peaks in session start time occurred at 8 a.m. and 5:15 p.m., while on weekends the peak
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session start time was 10 a.m. A case study was also conducted to explore the impact
of ‘time-of-use’ tariffs where charging fees are reflective of energy cost and demand to
encourage users to charge at off-peak times instead of times of high demand. It was
found that these have potential to facilitate a shift in peak utilisation to times of lower
energy demand. However, the chargers located in Scotland in this analysis appear to be
mostly focused in the two major cities, Glasgow and Edinburgh, meaning this analysis
is less able to provide a holistic understanding of charging in Scotland. Additionally,
the chargers considered do not exceed a power rating of 22kW, EV adoption was still
in early stages at the time of writing and the dataset explored is relatively small,

containing only three months of data.

As mentioned, other works also use Scottish public EV charging data to propose
methodologies for facilitating network expansion and estimate charger utilisation through
application to technical models. For example, [127] applies a Monte Carlo simulation
to a small dataset of public EV charging sessions in Perth and Kinross covering a sin-
gle day time period. In doing so, charging profiles are modelled and it was predicted
that, in the case where charging is not controlled via time-of-use tariffs or similar
schemes, weekdays would see peak charging session start times of 1 p.m., 4 p.m. and 6
p.m., while weekends would see peak session start times at 12 noon and 2 p.m. Other
work [130] proposes a methodology for efficiently expanding the public EV charging
network, applying their method to a case study of Dundee City and using data on the
energy transferred by chargers across that area. The case study allows for an evalua-
tion of infrastructure development strategies to be made. Additionally, [129] proposes
a methodology for projecting public EV charging demand in the medium-term future
and validate their method using charging session data from eleven public chargers in
Scotland. Meanwhile, [128] proposes a model for forecasting the occupancy of public
EV chargers to facilitate greater user convenience. To compare their proposed model

to existing techniques, public EV charging data from Dundee was used.

Concerning work from different geographical focuses, [121] considers public EV charging

session data from the USA exploring chargers of lower (i.e. between 3kW and 19.2kW)
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and higher (i.e. between 50kW and 350kW) power-ratings at different location types
(e.g. offices, shops, leisure centres). Key findings of this work include that 50% of
chargers considered in the analysis were responsible for meeting 90% of charging de-
mand, that utilisation of lower-power chargers tends to reduce as the quantity of local
lower-power chargers increases (while this effect was not observed to the same extent
for higher-power chargers), and that free charging is associated with greater utilisation.
It was also found that lower-power chargers were more likely to experience higher levels
of overstay behaviour (when a vehicle remains plugged in but is no longer charging)
than higher-power chargers. Specifically, it was found that charging sessions taking
place on lower-power chargers experienced between 30% and 76% of session duration
(depending on charger location type) not actively charging, compared to between 5%
and 11% of charger duration for higher-power chargers. It was proposed that the loca-
tion type that lower-power chargers tend to be found in may contribute to this effect
as the types of activities associated with the location types may be the main factor
driving parking duration rather than required charging time. This work also highlights
the need for a better understanding of free and low-cost pricing structures for public

EV charging.

Additionally, [126] explores public EV charging data from Ireland aiming to understand
the uncertainties surrounding user behaviour, particularly in terms of charging session
start times and energy consumption, to inform infrastructure development. Again,
chargers in this study are categorised by their location type (e.g. car parks, petrol
stations, on-street areas) and power-rating. It was found that higher-power chargers
saw a relatively high amount of variation in average daily sessions between chargers
and found that utilisation of chargers was similar across the different location types
considered, although petrol stations tended to have shorter charging sessions compared
to the other locations. This work also discusses economic viability of public chargers,
pointing to reports that higher-power chargers may require up to six daily charging
sessions to be commercially feasible, while lower-power chargers may require at least

two daily charging sessions.
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In general, the literature from other geographical contexts finds that utilisation of the
public network is relatively low [32,121,123,126], that faster chargers tend to be pre-
ferred and experience higher utilisation [91,119,121,126] and that different types of
areas will generally have unique charging infrastructure requirements [125,126]. Fur-
thermore, the presence of facilities (e.g. cafes and shops) near chargers has been identi-
fied as an important factor contributing to users’ decisions to charge [91]. Additionally,
some studies [32,120,124,125] focus on charge session duration to inform public charg-
ing utilisation. Although this can be an important factor in understanding charging
behaviours and quantifying charging infrastructure needs, it can be misleading due to
potential overstay behaviour which can be particularly impactful when it is not dis-
couraged (e.g. situations where users pay per kWh rather than per time unit [124] with

little or no penalty for staying over a specified time duration).

The studies from different geographical contexts provide valuable insights into public
EV charging utilisation and much can be learned and applied from their findings.
However, there may be limitations on their relevance to the Scottish public charging
landscape for a plethora of reasons (e.g. different complex geographies, socio-economic
factors and types of urban and rural communities) but particularly due to the somewhat
unconventional rollout strategy of public charging in Scotland. Additionally, some
works focus on time periods early on in the context of EV adoption [126] and analyse
relatively small datasets [120, 126]. Therefore, ongoing research efforts considering
public EV charging session data will help consolidate a broader understanding of public

EV charger utilisation to inform charging network development.

2.4 ChargePlace Scotland Public Electric Vehicle Charg-

ing Network

As discussed in Chapter 1, ChargePlace Scotland is a key public EV charging network
in Scotland, and the work outlined in Chapter 4 of this thesis will develop and analyse

an extensive dataset of charging sessions taking place on this network. As was also
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mentioned in Section 1.3, although the overall charging network is government owned,
the individual chargers on the network are owned and operated by various organisa-
tions in both the public and private sectors, with local authorities owning a significant

proportion of chargers.

Government funding for installing chargers was awarded to charger operators on the
condition that the chargers would be free to use for at least one year to promote EV
uptake. Beyond this point, the individual charger owner is free to set their own tariffs
and terms of use for the chargers they own and operate [44] and different charger owners
have therefore introduced tariffs to varying degrees at different times. Specifically, this
means that there are disparities between tariff programmes and when they have been
introduced for chargers across the country. Moreover, some chargers remain free to
use on the ChargePlace Scotland network (e.g. the chargers at Brachead Shopping
Centre in Renfrewshire remained free to use at time of writing [43]). The introduction
of tariffs is thought to be important in encouraging private investment in Scotland’s
public charging landscape and enticing this private investment has been challenging
as a result of the inclusion of free charging in the market. As mentioned in Section
1.3, approximately half of all Scotland’s public chargers are hosted on the ChargePlace
Scotland network, meaning that there is currently a circa 50/50 split of public versus
private investment in Scotland’s charging infrastructure. Private investment is thought
to be crucial to the effective development of the public EV charging network, as it is

infeasible for public funds alone to bear the financial burden of network expansion [44].

For local authority owned chargers, the local council sets the charging tariff and any
other terms of use such as overstay fees or limits on times of use/charge duration.
During the time period concerning the dataset used in this thesis, twelve local councils
introduced charging tariffs for their chargers. Notably, three local authorities still
offered free charging throughout the dataset time period, namely North Ayrshire, East
Ayrshire and South Ayrshire [137,138]. Additionally, East Lothian Council introduced
a time-of-use tariff for a small number of chargers on the ChargePlace Scotland network.

This time-of-use tariff specifies that, for the chargers included in the trial, charging
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Figure 2.2: Map of Scotland’s local authority areas (adapted from [136]), including
thematic layer representing local authority boundaries [48]

between the hours of 4 p.m. and 8 p.m. will incur an increased fee by ten pence per
kilowatt hour to attempt to shift charging demand away from times of peak energy
demand [139]. For context, Figure 2.2 provides an overview of the local authorities in

Scotland.

However, the ChargePlace Scotland network has an uncertain future. As of Spring
2025, no more funding will be provided to any local authorities or public and private
organisations to own and operate chargers on the ChargePlace Scotland network [140)].
Although the Scottish government will continue to support public charging deployment
through an Electric Vehicle Infrastructure Fund, the decision to end further Charge-
Place Scotland funding marks a significant shift in infrastructure development strategy

in Scotland.
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2.5 Scottish Public Charging Socioeconomic Context

For spatial distribution of public chargers in Scotland to be equitable, it will be impor-
tant that the needs of all diverse groups are met. Particularly, both urban and rural,
accessible and less accessible, and deprived and less deprived communities should have
sufficient public EV charging infrastructure. Valuable sources of information about
deprivation and accessibility, with the latter providing a standardised categorisation of
how urban or rural an area is in Scotland, are the Scottish Index of Multiple Depriva-

tion [141] and the Urban Rural Classification [142].

The Scottish Index of Multiple Deprivation is a holistic indicator accounting for de-
privation across various categories, namely income, employment, education, health,
geographical accessibility, crime and housing [141]. The index gives each area a value
between 1 and 6,976, with 1 being the most deprived and 6,967 being the least deprived.
Each segment of the Scottish Index of Multiple Deprivation is weighted differently so
that some categories contribute more to the final index than others. Specifically, income
and employment categories each make up 28% of the overall score, health and education
each contribute 14% and the remaining categories of geographical accessibility, crime

and housing contribute 9%, 5% and 2% respectively [143].

Although the Scottish Index of Multiple Deprivation can give an overall understand-
ing of deprivation in an area, it is also possible to isolate each element of the index
and consider its score individually. The Geographical Accessibility Index element of
the Scottish Index of Multiple Deprivation will be particularly relevant to transport
planning. This indicator itself can give a holistic indication of how accessible an area
is, accounting for access to public and private transportation, access to key services
(e.g. GPs, schools, post offices, shops) and access to digital services (i.e. broadband
connection) [143]. Both the Scottish Index of Multiple Deprivation and the Geograph-
ical Accessibility Index can be split into quintiles, where the first quintile represents
the 20% most deprived/least accessible areas, the second quintile represents the 40%

most deprived/least accessible areas and so on. On the other end of the scale, the fifth
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quintile represents the 20% least deprived/most accessible regions.

There are multiple forms of the Urban Rural Classification, however the eight-fold
indicator is used in this work as it gives the most detailed representation particularly
of the most remote areas [144]. The eight-fold Urban Rural Classification assigns
a value between 1 and 8 to each area, where 1 is the most urban category and 8
is the most rural. Specifically, the classifications are: 1 — ‘large urban areas’; 2 —
‘other urban areas’; 3 — ‘accessible small towns’; 4 — ‘remote small towns’; 5 — ‘very
remote small towns’; 6 — ‘accessible rural areas’; 7 — ‘remote rural areas’; and 8 — ‘very
remote rural areas’. For classifications 1 and 2, ‘large urban areas’ have populations
of over 125,000 people while ‘other urban areas’ have populations between 10,000 and
124,999 people. For classifications that feature the terms ‘small towns’ and ‘rural
areas’, these have populations ranging from 3,000 to 9,999 people and less than 3,000
people respectively. Classifications that are categorised as ‘accessible’ are within a half
hour drive of a community of at least 10,000 people, while classifications categorised as
‘remote’ are between a half hour and hour drive of a community of at least 10,000 people,
and ‘very remote’ classifications are over an hour drive from such a community [142].
The Urban Rural Classification, in combination with the Scottish Index of Multiple
Deprivation and its Geographical Accessibility element can give valuable context to

the socioeconomic landscape of individual areas in Scotland.

Different transportation trends can be seen across the different Urban Rural Classifi-
cations and Scottish Index of Multiple Deprivation quintiles. The Scottish Household
Survey [145] is conducted annually via in person interviews to provide official statis-
tics on a plethora of issues and is used by the Scottish Government to inform policy.
Regarding transportation, respondents are asked about their travel habits and in some
cases asked about their previous days’ travel specifically. Transportation trends in Scot-
land are reported nationally and some data is also available on the basis of the Urban
Rural Classifications and Scottish Index of Multiple Deprivation quintiles. For exam-
ple, according to the 2022 Scottish Household Survey [145], 55.2% of journeys made

in Scotland were completed by driving a car. It was also reported that, overall across
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Scotland, most journeys (specifically 15.9% of journeys) occur on a Friday. The lowest
proportion of journeys occur on a Monday (specifically 12.8% of journeys), which is

closely followed by Sunday when 13.1% of journeys tend to be made.

Considering differences between urban and rural travel, it was reported that rural
dwellers tended to make more journeys by car and fewer by active travel and public
transport compared to their urban counterparts. Specifically, 44% of journeys were
completed by driving a car in the most urban areas compared to 69% of journeys in the
most rural areas. Additionally, rural people tended to travel greater distances, were
more likely to own a private car, and rural commuters who drive were less likely to
have access to public transport alternatives to complete these trips compared to urban
residents. Furthermore, considering differences between the most and least deprived
areas, respondents in the least deprived regions were more likely to drive a car to
complete a journey than those living in more deprived areas, and a higher proportion
of those living in the least deprived areas reported travelling the previous day compared
to those in more deprived areas. There was also more awareness of EVs reported in
the less deprived areas. Specifically, awareness of EVs as a mechanism to achieve more
sustainable transport ranged from 74% of respondents in the most deprived regions
compared to 90% of respondents in the least deprived regions. Therefore, there are clear

interactions between these key socioeconomic indicators and transport in Scotland.

2.6 Developing Public Electric Vehicle Charging Provi-
sion

As described in Chapter 1, the Scottish Government has adopted the Climate Change
Committee’s car and van kilometre based recommendation to install an additional
24,000 public chargers by 2030 [49,146]. A car kilometres based approach for un-
derstanding future public charging requirements has also been used by previous work
considering the United Kingdom [147]. This report from the International Council on

Clean Transportation considered two scenarios for EV adoption by 2030, one where
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50% of new car sales are EVs and one where 70% of new car sales are EVs, and as-
sumed that 80% of drivers have access to private charging options. Key findings of this
study include that Scotland is projected to require a total of 8,948 public chargers by
2030 when 50% of new car sales are EVs and a total of 11,180 chargers when 70% of

new car sales are EVs.

Additionally, [148] uses car distance travelled in their method to quantify charging
demand on both a city and national level in Denmark, also considering car ownership
and residential and workplace parking circumstances. The public charging demand in
a scenario where all cars are EVs is determined using data from the Danish national
transport survey. Comparing the findings for Denmark overall and only its capital
city of Copenhagen reveals that although Copenhageners travel shorter car distances
than the national average, they have a larger public charging demand due to the much
lower availability of private residential parking. This highlights the importance of
accounting for access to residential charging options when considering public charging
needs. According to the Scottish House Condition Survey [149], 44% of households in
Scotland do not have access to private, off-street residential parking, indicating this will
be a significant element of public charging requirement quantification in the Scottish

context.

However, as also mentioned in Chapter 1, a car kilometres based approach for quanti-
fying charging demand assumes all activity occurs in one place and the dispersion of
population is not accounted for, meaning some communities will likely be left behind.
Approaches that account for the spatial distribution of people, places and other aspects
often use geographic information systems (GIS) software. Previous works undertake
analyses using GIS to understand public charging requirements across various inter-
national contexts including the USA [150], Thailand [151], India [152], United Arab
Emirates [153], Canada [154], the UK [155] and Ireland [156].

A previous study [150] uses GIS to understand if siting rapid public EV chargers at

existing petrol stations could adequately meet demands for public charging in five
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cities in the USA — Los Angeles, Denver, Raleigh, Salt Lake City and Santa Clara. A
maximum covering location problem approach is taken, where the aim is to locate the
minimum number of chargers such that the maximum amount of demand for charging
is met. The charging demand is represented by a set of demand points which in this
case are the centroids of census data zones and these are weighted by population and
traffic data. A demand point is defined as being serviced if a charger is located within
a certain distance of it, with this study modelling two simulations of this distance as
5km and 10km. The coverage of demand points achieved by existing rapid chargers was
compared with the projected coverage achieved if rapid chargers were sited at existing
petrol stations. It was found that across all five cities considered, locating rapid chargers
at petrol stations achieved a higher coverage of demand compared to the existing rapid
chargers. However, key limitations of this approach include that demand can only be
represented by the centroid of a data zone and census data zones such as that used
in this study have varying land areas. Additionally, the method cannot accommodate

partial coverage of a demand point (and therefore of a census data zone) by a charger.

Another study [151] uses a similar maximum covering location problem approach and
considers Thailand on a national level. A square 5km x bkm grid is applied across the
land area of Thailand and the grid cells are used as the data zones in this work. This
study provides a comprehensive overview of optimal locations for chargers across the
entire country and calculates the number of chargers required across the nation by di-
viding it into six sub-areas. However, this study bases demand for public infrastructure
in a certain sub-area on current EV adoption rates within that specific sub-area, assum-
ing that these will remain constant going forward. This leads to results which generally
project a higher number of recommended chargers in areas of higher EV penetration
compared to areas of lower EV penetration. Although it is important to ensure there is
adequate charging provision in areas of high EV adoption, as mentioned in Section 1.2,
not positioning sufficient chargers in areas of lower adoption can hinder the transition

to EVs in these areas as part of the chicken-egg feedback effect.

Other work [152] aims to site slower EV chargers in the city of New Delhi, India,
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particularly accounting for traffic flows. This study also divides the area of interest
into a square grid where in the modelling framework chargers would theoretically be
situated at the centroid of a grid cell and therefore the dimensions of the grid act as
the service range of chargers. Grid square dimensions of 3km x 3km were chosen in
line with local governmental targets that set out that chargers should not be more than
3km apart. It is assumed that 60% of drivers charge residentially with the remaining
40% relying on the public network, and projections for EV penetration in 2030 and
origin-destination data which gives information on traffic flows are used to project the
demand for public charging in each grid cell. However, hexagonal grids are generally
identified as a more appropriate shape compared to square grids for these kind of
applications [153,157]. Hexagons are more similar in shape to circles than squares are,
and points along edges and vertices are closer to the centroid. The distance between
the centroid of a hexagon and the centroid of all six of its neighbours is also the same
in a hexagonal grid, which is not the case for a square grid. This is important in these
kinds of studies involving grid partitioning of a study area as generally chargers are
taken to be sited at the centroid of data zones and the data zone dimensions act as
the service radius of the chargers. Additionally, hexagons tend to have a better fit to
curves compared to squares, meaning that generally they can provide a better fit to

land borders.

Other previous works [153-156] combine the use of GIS and multi-criteria decision
analysis techniques to identify specific optimal charger locations in cities. Using multi-
criteria decision analysis to explore suitability or extent of charging requirement of
potential sites for chargers can give a holistic understanding of these issues by incorpo-
rating diverse important factors. However, such analyses often involve the use of expert
surveys, interviews and/or similar techniques which can be subjective. Some of these
studies [155,156] include residential on-street chargers within their scope that, although
they may be considered as being sited publicly, aim to act as home charging facilities
for those without access to a driveway or other private off-street parking. Provision of

such chargers, whether made available publicly or semi-privately, will be important to
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an equitable transition to EVs.

2.7 Background Summary

In summary, previous literature [64-68| explores some of the impacts of sustainable
transport policies that are planned in Scotland. However, these works are often focused
on solitary initiatives and are localised, considering different territories and regions,
which may possess different complex geographies, varying cultural attitudes and mind-
sets (regarding transport), and different climates and socio-economic characteristics
compared to Scotland. While previous work has considered future transport emission
reduction scenarios in Scotland including modal shifting and the transition to EVs [23],
the efficacy of individual interventions is not explored meaning a comprehensive com-
parison between interventions cannot be made and specified pathways to achievement
of the modelled scenario features are not provided. Other work [111,113-116] consider-
ing the impact of interventions on transport systems uses system dynamics techniques
which have been shown to be an effective method for this application, especially for
simulation of scenarios. Chapter 3 will therefore develop, validate and apply a system
dynamics model of the Scottish road passenger transport system to provide a deeper
understanding of the efficacy of the planned transition to EVs and other sustainable
interventions to reduce emissions and car kilometres in line with Scottish Government

targets.

Previous literature also explores and discusses public EV charger utilisation, consid-
ering charging session data from various international contexts. These works pro-
vide valuable insight into how public EV chargers are used to inform development
of public charging infrastructure. However, these studies often use relatively small
datasets [117,119,120, 126], consider data from relatively early on in the transition to
EVs [117,119, 126], and/or are specific to different geographic focuses [32, 120-126],
meaning their relevance to Scotland can be limited due to differing public charging
rollout strategies or geophysical and socio-economic factors. Additionally, the need for

further exploration of free and low-cost pricing structures for public EV charging was
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highlighted by previous literature [121]. This indicates a need to conduct analysis of
charging data specific to the Scottish context to better understand utilisation trends
and to make specific recommendations for the expansion of the network here, account-
ing for its unique socioeconomic landscape, and its relatively uncommon charging tariff
structure. Chapter 4 therefore will develop and analyse an extensive, nationally rep-
resentative dataset of public EV charging sessions taking place on the ChargePlace
Scotland network enriched by additional external socioeconomic indicators. In doing
S0, insights into the unusual rollout strategy of public charging driven by public funding
and provision of free charging are gained and aspects of public charging in the Scottish
context are definitively quantified, consolidating the broader understanding of public

charging utilisation in the international context.

In terms of projecting the charger population required, previous works have used dif-
ferent methods including those that have taken a car kilometres travelled based ap-
proach [147,148], similar to the report that informed the Scottish Government’s com-
mitment to install a further 24,000 public chargers by 2030 [49, 146], and others that
take a more geospatially based approach [150-156] capturing dispersion of people, places
and other aspects. Some works incorporate techniques such as multi-criteria decision
analyses [153-156] and maximum covering location problem approaches [150,151] to
their geospatial analyses to identify charging needs. However, multi-criteria decision
techniques can introduce a level of subjectivity due to the inclusion of expert opinion
and maximum covering location problem approaches generally cannot accommodate
partial coverage of demand by chargers. Meanwhile, other works take a grid partition-
ing approach [151-153], dividing the area of interest into a grid of repeating geometric
shapes with hexagonal grids having been identified as a particularly effective grid pat-
tern [153,157]. This approach takes the dimension of each grid cell as the service
radius of chargers. Again, the previous studies conducted give valuable insight into fu-
ture public charger populations required and regions likely to face the highest demand,
however, these studies are country or city specific limiting their applicability to the

Scottish context. Furthermore, the use of the different approaches (i.e. car kilometre

40



Chapter 2. Background

based and geospatial analyses) warrants exploration of the impact of the distribution
of people and places on the charger population required by 2030 in Scotland. Chap-
ter 5 will therefore estimate the number of public chargers required in Scotland by
2030 using two different methods - one based on car kilometres travelled in line with
previous work informing Scottish Government infrastructure targets [49], and another
incorporating hexagonal grid partitioning in GIS to account for population dispersion
and therefore to estimate the charger population that can enable equitable geographic
access to chargers. In doing so, future Scottish charging requirements and the gap-risk

of a non-spatial charger population estimation are quantified.
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Chapter 3

Quantifying the Impact of the
Electric Vehicle Transition on

Transport Emissions

3.1 Introduction

As discussed in Section 1.1, to mitigate the negative impacts of travel on the environ-
ment, the Scottish Government has set a target to reduce emissions associated with
transport by 56% by 2030, comparative to a 1990 baseline [10], and a further target
to achieve a 20% reduction in car kilometres travelled by 2030, compared to 2019 lev-
els [11]. As has been outlined, Scottish Government policy [17, 18] sets out a vision
to achieve these targets where shorter journeys are made by active travel; shorter to
medium journeys are made via public transport; longer journeys are made by public
transport and low-emission vehicles; most buses will be zero-emission by 2024; and
that there will be a 50% reduction in the number of petrol and diesel cars by 2030,
with many of these being replaced by EVs. However, with deadlines for reaching tar-
geted emission reductions quickly approaching, understanding the efficacy of planned

interventions is pertinent.
This chapter addresses the need to rigorously quantify the likely ability of planned
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interventions to reduce car kilometres travelled and, in turn, the emissions resultant
from transport. In particular, the relative efficacy of the EV transition to reduce
transport emissions with respect to other planned interventions in the Scottish context
will be explored. With other international governments acknowledging the significant
obstacle that transport poses to their own emission reduction plans and adopting similar
strategies to Scotland (e.g. the Irish Government has also outlined a similar target
to reduce car distance travelled by 20% by 2030 in their Climate Action Plan for
Transport [158]), the case for thoroughly investigating such interventions is further
strengthened. This chapter therefore aims to evaluate the implications of scenarios

relevant to the Scottish Government vision for a sustainable transport network.

Specifically, this will focus on the modal shifting of car journeys under 10km to active
travel by 2030; the modal shifting of car journeys between 10km and 40km to bus
travel by 2030; the proportion of buses that are electric reaches 60% by 2024; and a
50% reduction in the number of petrol and diesel cars by 2030, with these cars being
replaced by EVs, in line with government aspirations [16,17]. The presented analysis
utilises system dynamics modelling, motivated by its successful application to other
research problems in the transport sphere as discussed in Section 2.2 [111,113-116].
System dynamics is a powerful, time-based modelling technique that can effectively
manage feedback loops and non-linear relationships, aspects which are essential for the
exploration of policy impacts and possible future scenarios associated with the Scottish

road passenger transport sector.

In summary, the presented analysis models the impact of the following interventions,
based upon Scottish Government ambitions, on the road passenger transport system

in Scotland:
e Modal shifting of car journeys under 10km to active travel
e Modal shifting of car journeys between 10km and 40km to bus

e Proportion of buses that are electric reaches 60% by 2024
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e The total car stock in 2030 will contain no more than 50% of the number of

petrol/diesel cars in 2022, with these cars being replaced by EVs

In doing so, this chapter seeks to address Research Question 1 as outlined in Chapter 1 -
How critical is the transition to EVs in Scotland, compared to other policy interventions,
in the context of achieving the 2030 Scottish Government sustainable transport targets?

Additionally, the following sub-questions are explored:

a) What is the likelihood that the transition to EVs and other planned sustainable
transport interventions will be sufficient to meet government mandated emission

reduction targets?

b) What is the likely efficacy of the transition to EVs compared with other planned

interventions in reducing emissions in the Scottish context?

The remainder of this chapter is structured as follows: Section 3.2 details the meth-
ods used, namely system dynamics modelling and scenario-based analysis; Section 3.3
details the results and provides a discussion of the findings; Section 3.4 explores the
implications that these results have for policy, transport planning and future work, and

Section 3.5 gives a conclusion.

3.2 Methodology

To interrogate the efficacy and likely ability of planned interventions to reduce transport
emissions in Scotland, a system dynamics model was developed using Simantics System
Dynamics Version 1.35.0 open-source software [159]. As discussed, system dynamics
techniques were utilised for their suitability when conducting scenario-based and policy

related analyses in the transport sphere [111,113-116].

The high-level structure of the developed system dynamics model was informed by
previous work [111]. The model captures socioeconomic variables; the composition of

the road passenger transport fleet; the vehicle kilometres travelled by the relevant modes
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and their emissions, and is used to make forecasts of trends of these variables under
different scenarios. The following subsections detail the overall research methodology,

including model development, validation and scenario specification.

3.2.1 Model Development

The model developed in this chapter was heavily adapted from that in [111] in order to
be applicable to Scotland’s road passenger transport system. The structure of the stock
and flow diagram in [111] was considered as a high-level starting point, and Scotland
equivalent data on variables within the system was collected. The collected data was
interrogated through application of regression techniques to understand the nature
of relationships present between variables in the Scottish context. Some subsequent
structural adaptations were made to the stock and flow structure in [111], informed
by the nature of the relationships explored via regression analysis of Scottish data, to
ensure the model was appropriate for to application the Scottish context. For example,
the inclusion of buses in the model was significantly adapted due to the relatively
stable nature of bus activity in Scotland, described in more detail below. ‘Under the
hood’ of the model, deterministic equations describing interactions between variables
were derived, also via regression analyses of Scottish transport and socioeconomic data,
which will be outlined in more detail in Section 3.2.2. Although some logical equations
(e.g. the total distance travelled is equal to the sum of the distance travelled by each
mode) from [111] were retained (as indicated in Table 3.1), the equations developed to
project Scottish passenger transport trends were generally the result of the application
of a numerical procedure to Scottish data and equations were fitted to provide a low

error (further described in Section 3.2.2).

Figure 3.1 illustrates the model ‘stock and flow’ structure which underpins the mod-
elling framework, showing all model variables and outlining the modules contained,
namely a socioeconomic module, vehicle fleet and infrastructure module, vehicle kilo-
metre module and emissions module. These modules feed into each other in this order

from left to right. Details of the model configuration are provided below, followed by
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details of the derivation of the deterministic equations that define the relationships

between linked variables in the system.
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Figure 3.1: Stock and flow diagram developed and validated to capture the Scottish
road passenger transport system, high level structure adapted from [111]

Socioeconomic Module: The socioeconomic module captures population and gross
domestic product (GDP), which are key variables used to drive the modelling. It should
be noted that GDP accounts for Scottish onshore GDP only. The socioeconomic module
feeds into the vehicle fleet and infrastructure module and informs the forecasting of

variables contained there.

Vehicle Fleet and Infrastructure Module: The vehicle fleet and infrastructure
module projects the share of each vehicle type, namely motorcycles, EVs, and petrol/
diesel cars, in the road passenger transport system. Vans, hybrid cars, range extended
EVs, and diesel and electric motorcycles were not included. The values for each vehicle
type were based on the number of licensed vehicles in Scotland. It should be noted that
it is possible that there may be vehicles licensed here that are operated elsewhere (e.g.
in other nations in the UK) and vice versa. There are two scenario variables in this
module, ‘petrol/diesel car shift’ and ‘electric vehicle shift’. These variables ultimately
influence the number of petrol/diesel cars and the number of electric vehicles, in line

with the applied scenarios detailed in Section 3.2.3. The composition of the vehicle

fleet is used to predict the distance travelled by each vehicle type.
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It is noteworthy that although buses are not featured in this module, they are included
in the model, however, due to the relatively stable nature of bus vehicle kilometres
travelled in Scotland (i.e. the bus distance travelled has steadily decreased from 346
to 336 million vehicle kilometres between 2010 and 2019 [160]), this variable is treated
as a constant. In this time frame (i.e. 2010 to 2019), bus passenger journeys also
decreased from 430 to 363 million journeys [160]. Multiple factors are thought to
contribute to the decrease in bus passenger journeys in Scotland including changes
in bus fares and service provision; increased competition from the private car due to
increases in ownership rates; and increased competition from online options for shopping
and working [161]. As bus service provision (i.e. bus distance travelled) decreased by
approximately 2.9%, the bus usage (i.e. number of passenger journeys) saw a greater
decrease of circa 15.6%. Therefore, it was assumed that there is spare capacity on
existing buses and the variable was assigned the average value of bus vehicle kilometres
travelled across the time period 2010 to 2019 [5]. The bus mode is therefore represented

in the vehicle kilometres module instead.

Vehicle Kilometre Module: The vehicle kilometre module uses the composition of
the vehicle fleet to forecast the vehicle kilometres travelled by each vehicle type. It is
assumed that the proportion of each car fuel type translates directly to the proportion
of all car kilometres travelled that the fuel type is responsible for (i.e. if 90% of all
cars are petrol/diesel cars, then petrol/diesel cars are responsible for 90% of all car
kilometres travelled). There are two scenario variables in this module, ‘active travel
modal shift’ and ‘bus modal shift’. These variables influence the distance travelled by
cars and buses respectively. The distance travelled by cars (petrol/diesel and EVs) is

a key output of this module.

Emissions Module: The emissions module uses the predicted vehicle kilometres of
each vehicle type to forecast the resultant emissions of each category using vehicle-
specific carbon emission factors. The carbon emission factors [162] used in all simula-
tions for petrol/diesel cars and motorcycles were the values provided for 2023, therefore

it was assumed that vehicle efficiency was constant throughout the simulation period.
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Average vehicle size (according to the UK Government greenhouse gas reporting con-
ventions [162]) was also assumed. Additionally, for ‘petrol/diesel cars’, the carbon
emission factor for petrol was used as this was the slightly larger of the two by a very
small margin. Carbon emission factors of electric buses and EVs were included to
capture emissions associated with charging, and were calculated [163] by multiplying
the average efficiency of the vehicle (car [75]; bus [164]) by the maximum Scottish grid
carbon intensity between 2017 and 2020 according to the Scotland Climate Change
Monitoring Report, 2023 [74]. It should be noted that the efficiency of electric buses
was informed by a study [164] featuring a relatively small sample size, short time frame
and a geographical location different from that of this work. There is one scenario
variable in this module, ‘proportion of electric buses’. This variable influences the CO4
emissions of buses. The total C'Oy emissions of the Scottish road passenger transport

system is a key output in this module.

3.2.2 Modelling Deterministic Relationships

The deterministic equations that describe the relationship between linked variables in
the model were formulated through regression modelling using MATLAB [165] and
Scottish socioeconomic and transport data. Different forms of regression (e.g. linear,
polynomial, exponential) were trialled to find the most appropriate expression for each
variable. In trialling these different forms of regression for each variable, the model
was calibrated to give a mean absolute percentage error of less than 10% during model
validation which is discussed further in Section 3.2.4. The regression type that gave the
lowest mean absolute percentage error for each variable was selected. Multiple linear
regression was used for all variables with the exception of ‘change in number of EVs’,
which used exponential regression. Table 3.1 details the equations, resulting from this
regression analysis, utilised in the system dynamics model. Regression data sources are
also provided. Note that not all deterministic equations were the result of regression
analysis. Equations in the socioeconomic and emissions modules (according to Figure
3) and the ‘total distance travelled’ equation were informed by previous literature [111]

and logical reasoning (e.g. the equation for the total emissions from all modes is the

48



Chapter 3. Quantifying the Impact of the Electric Vehicle Transition on Transport

Emissions

sum of the emissions from each individual mode).

Table 3.1: Deterministic equations used in the model. Numerical parameters within
the equations are the result of the outlined regression analysis using Scottish transport
and socioeconomic data, the sources of which have been provided

Variable (units)

Deterministic Equation

Source

Changes in population

(people)

GDP growth rate

(dimensionless)
Changes in GDP (£million)

GDP per capita (£)

Changes in number of

motorcycles (vehicles)

Population x (population
raw growth rate + 0.02 x
GDP growth rate)

raw GDP growth rate + 0.01

X population raw growth rate
GDP x GDP growth rate

(GDP x
1000000) /Population

(-0.01966597396) x
Population + 2.244465309 x
GDP per capita +
0.314697936 x Road network
+ 21847.70266

[111]

[111]

[111]

[111]

(76,166
168]

Continued on next page...
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Variable (units) Deterministic Equation Source
Changes in number of Population x [76,166—
petrol/diesel cars (vehicles) (-0.2197432104) + GDP per 168]

Changes in number of electric

vehicles (vehicles)

Changes in road network

(km)

Distance travelled by

motorcycles (km)

capitax 21.86963814 - Road
network x 4.741946148 +
830053.8732 + petrol/diesel

car shift
EXP(-97.493) x (76,166
EXP(Population x 168]

(-4.6103E-07)) x EXP(GDP
per capita x 0.00039271) x
EXP(Road network x
0.0016843) + electric vehicle
shift

0.001637x GDP - 139.271 [5,167]

IFTHENELSE(Number of [5,76,168]
motorcycles>=0, Population
X (-70.1756) + Number of
motorcycles x 2749.243 +
4.7E+08, 0)

Continued on next page...
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Variable (units) Deterministic Equation Source
Distance travelled by IFTHENELSE(Number of [5,76,168]
petrol/diesel cars (km) petrol/diesel cars>=0,

(Number of petrol/diesel cars
x 11390.44997 + Population
X 2453.347274 +
(-5566156817)) x (1 - (active
travel modal shift + bus
modal shift)), 0)

Distance travelled by electric IFTHENELSE(Number of [5,76,168]
vehicles (km) electric
vehicles>=0,(14444.19276 x
Number of electric vehicles +
2.748522506 x Population +
(-14560376.24)) x (1 - (active
travel modal shift + bus
modal shift)), 0)

CO3 emissions from carbon emission factor [111,162]
motorcycles (kgCO2) motorcycle x distance

travelled by motorcycles

C' Oz emissions from carbon emission factor [111,162]
petrol/diesel cars (kgCO2) petrol/diesel car x distance
travelled by petrol/diesel cars

Continued on next page...
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Variable (units) Deterministic Equation Source
CO9 emissions from electric  distance travelled by electric ~ [74,75,111]
vehicles (kgCO3) vehicles x carbon emission
factor EVs
CO9 emissions from buses (carbon emission factor bus [111]
(kgCO3) x distance travelled by buses
X (1-proportion of electric
buses)) + (proportion of
electric buses X carbon
emission factor electric bus x
distance travelled by buses)
Total COy emissions CO; emissions from [111]
(kgCO3) petrol/diesel cars + COq
emissions from motorcycles +
CO+ emissions from electric
vehicles + CO9 emissions
from buses
Total distance travelled (km) distance travelled by buses + [111]

distance travelled by electric
vehicles + distance travelled
by petrol/diesel cars +
distance travelled by

motorcycles
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SCENARIO VARIABLES

bus modal
shift
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Figure 3.2: Bullseye diagram separating the model variables into categories of scenario,
exogenous and endogenous variables

Figure 3.2 shows the categorisation (i.e. exogeneous, endogenous, and scenario vari-
ables) of the variables contained within the developed system dynamics model. The
scenario variables control the application of the scenario-based analysis, further de-
scribed in Section 3.2.3. The exogenous variables are externally determined and have
the ability to impact the system but are not themselves impacted by the rest of the
system. In contrast, the endogenous variables are determined within and impacted by
the system [108]. Table 3.2 provides the initial conditions for stock variables for both
the validation and scenario analyses, and Table 3.3 provides the exogenous variables’
inputs for both the validation and scenario analyses. Where applicable, data was gen-
erally taken for the fourth quarter of each given year. Note that in Table 3.3, for the
‘distance travelled by buses’, the value excluded from the parenthesis is the average
bus vehicle kilometres travelled for the period 2010 to 2019 [5], while the expression in

parenthesis which adds the modal shifted vehicle kilometres is divided by the average
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bus capacity in Scotland [169] to approximate the resultant bus vehicle kilometres to

be added. Carbon emission factors in Table 3.3 refer to well to wheel emissions.

Table 3.2: Stock variable initial values for both validation and scenario simulations

Variable (units) Validation BAU /Scenarios Source
Simulation Simulations
Initial Initial
Condition (2010 Condition (2022
Value) Value)
Population 5,262,200 5,436,600 168, 170]
(people)
Scottish GDP 145,051 187,300 [167,171]
(£million)
Number of 68,625 76,800 [76]
motorcycles
(vehicles)
Number of 2,254,538 2,385,800 [76]
petrol/diesel cars
(vehicles)
Number of electric 33 38,512 [76]
vehicles (vehicles)
Road network 55,626 57,077 [5]
(km)

54



Chapter 3. Quantifying the Impact of the Electric Vehicle Transition on Transport
FEmissions

Table 3.3: Exogenous variable inputs for both validation and scenario simulations

Variable (units) Validation BAU /Scenarios Source
Simulation Input Simulations
Input
Population raw 2010: 0.007164304 2022: 2.6E-4 [168,
growth rate 2011: 0.002584954 2023: 5.7E-4 172]

(dimensionless) 2012: 0.002653568 2024: 5.0E-4
2013: 0.003735195 2025: 4.0E-4
2014: 0.004749794 2026: 3.4E-4
2015: 0.00589987 2027: 2.8E-4
2016: 0.003718985 2028: 1.3E-4
2017: 0.002451703 2029: 4.0E-5
2018: 0.004633971 2030: -2.2E-4
2019: 4.94207E-4

GDP raw growth 2010: 0.022 2022: -0.001 [167,
rate 2011: 0.023 2023: 0.004 173]
(dimensionless) 2012: 0.013 2024: 0.008
2013: 0.025 2025: 0.011
2014: 0.031 2026: 0.013
2015: 0.011 2027: 0.013
2016: 0.003 2028: 0.014
2017: 0.027 2029: 0.015
2018: 0.004 2030: 0.015
2019: 0.011

Continued on next

page...
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Variable (units) Validation BAU /Scenarios Source
Simulation Input Simulations
Input
Distance travelled 340000000 + ((bus 340000000 + [5,
by buses (km) modal shift x car  ((bus modal shift  169]
distance x car distance
travelled)/36) travelled)/36)
Motorcycle carbon 0.11367 0.11367 [162]
emission factor
(kgCO2/km)
Petrol/diesel car 0.1748 0.1748 [162]
carbon emission
factor (kgCOs/km)
Electric vehicle 0.0626342 0.00981765 [74,
carbon emission 75]
factor (kgCO2/km)
Bus carbon 1.3 1.3 [174]
emission factor
(kgCO2/km)
Electric bus carbon 0.46926 0.07375 [74,
164]

emission factor

(kgCO2/km)
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3.2.3 Modelling Scenarios

The model was used to make future predictions under different scenarios for the period
2022 to 2030, with 2022 being taken as the start point as this was the most recent data
available. Alongside a Business As Usual (BAU) scenario base case, which assumes
no further intervention is taken, four additional scenario components were devised and
named ‘A’ ‘B’, ‘C’ and ‘D’. These components were informed by aspirations outlined in
Scottish Government policy. Table 3.4 describes each component and provides details

of their policy foundations.

Table 3.4: Interventions considered and the policy documents that informed them

Scenario Compo-
nent /Intervention

Description

Policy Foundation

‘A’ - Active travel

‘B’ - Car to bus

‘C’ - Bus electrification

‘D’ - EV transition

All car journeys under
10km are now completed
by active travel

All car journeys between
10km and 40km are now
completed by bus

60% of buses are electric
by 2024

There is a 50% reduction
in the number of
petrol/diesel cars by 2030
compared to 2022 levels,
with all of those
petrol/diesel cars being
replaced by EVs

Shorter journeys should
ideally be made via active
travel, as set out by the
National Transport
Strategy [18]

Medium-length journeys
should ideally be made
via public transport, as
set out by the National
Transport Strategy [18]

The majority of buses
should be zero emission
by 2024, as set out by the
National Transport
Strategy [18]

The phasing out of half of
all fossil-fuelled vehicles
should be achieved by
2030 in urban regions, as
set out by the Roadmap
to Widespread Adoption
of Plug-in Vehicles [17]

All scenarios assume steady, incremental progress in achieving the aspirations within
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the set time frame (i.e. 2022 to 2030). For scenario components ‘A’ and ‘B’, numerical
inputs were determined through distributional analysis of data on the proportion of
journeys made according to distance travelled and mode from the Scottish Household
Survey 2021 [175], with the original data being shown in Table 3.5. The Scottish
Household Survey is used by the Scottish Government as a foundation for data-driven

policy formulation.

Table 3.5: Data from [175] on average journey distance by mode

Statistic Journey distance by car/van as a
driver (km)

Lower decile 1.3
Lower quartile 2.6
Median 6.6
Upper quartile 17.3
Upper decile 36.1
Mean 16.7

Since only distributional data is available, deriving the required relationship follows
by first assuming that a more complete version of the dataset of mode and distance
travelled shown in Table 3.5 was available (i.e. it was assumed that the distance of
every individual journey included in the dataset was known). It was further assumed
the data is discretised such that all journeys fall into distinct distance bins, and where
the number of journeys in each bin is known. Let the journey distances be denoted
Dy,...,Dys, and the number of journeys in each bin be denoted Ni,..., Njs, where
M is the total number of distance bins. The total distance travelled by all vehicles is
then:

Dot = ZM N, D; (3.1)
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and the total number of journeys is:
N=3M N, (3.2)
Therefore, the distance travelled for journeys longer than those in the j* bin is:
Dsp, = Dyt — S]_ 1 NiD; (3:3)

Expressing each N; as a proportion of the total number of journeys:

N.
Pi = WZ = N; = Ny, (3.4)
and substituting into 3.3:
Dsp, = Dot — NI, D; (3.5)

Now, note that N is not explicitly given in the available data. However, it may still be

determined. If p denotes the mean length of a single journey then, by definition:

Dtot Dtot
= = N = (3.6)
N @
Substituting into the above allows the following to be obtained:

D .
Dsp, = Dyt — ;jt 2! _1iD; (3.7)

1o
= D>p; = Dy (1 — ;Zizl@iDi) (3.8)

The proportion of total distance travelled coming from journeys greater than Dj; is
therefore:

1 .
1— ;25:1%‘171' (3.9)
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hence, the proportion of total distance travelled coming from journeys less than Dj; is:
1o
p<j = ;Ei:mDi (3.10)

And the proportion of total distance travelled coming from journeys between D; and
Dk is:

D(<k) — P(<j) (3.11)

These quantities may now be resolved, since p is provided directly by the Scottish
Household Survey data, and ZgzlwiDi terms are readily found by interpolation of the
distribution described by the Scottish Household Survey report [175]. In this analysis,
logarithmic interpolation and discretisation into distance bins of 0.1 km was utilised.
The proportion of total distance travelled made by car or van as a driver undertaking
journeys less than 10km was found to be 0.1325, and between 10km and 40km was found
to be 0.4414. (For a comparison with travel patterns reported in the UK National Travel

Survey, see Appendix A).

The 2021 edition of the Scottish Household Survey was used as it provided the latest
data, however, it should be noted that the ongoing COVID-19 pandemic had impacts
on data collection methods. Additionally, the data used combined both cars and vans
(which are not included in the model). It is assumed in scenario components ‘A’ and
‘B’ that EVs and petrol/diesel cars complete the same proportion of journeys within

the scenario-specific distance brackets.

The inputs for scenario variables are detailed in Table 3.6. For scenario components
‘A’ and ‘B’, the values of the active travel modal shift and bus modal shift variables in-
crease in steady increments until the targeted value found using the Scottish Household
Survey data (see Table 3.5) as described above (i.e. 0.1325 and 0.4414 respectively) is
reached. For scenario component ‘C’, it was assumed that having electric buses achieve
a proportion of 60% of the entire bus fleet in steady growth increments would fulfil the
requirement that most buses be zero emission by 2024. A steady increase in proportion

of electric buses continues beyond 2024 until all buses are electric in this scenario com-
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ponent. The other scenario components (A’, B’ and 'D’) are targeted to be achieved by
2030 which is the end of the modelling time frame. Therefore, their progression beyond
this point is not considered. For scenario component ‘D’ the number of petrol/diesel
cars was decreased in steady increments until a 50% reduction was achieved in 2030,
compared to a 2022 baseline. The incremental reductions in petrol/diesel cars were
added to the ‘Number of EVs’ to simulate the replacement of these petrol/diesel cars
with EVs. Although the government aspiration [17] specifies the targeted phasing out
of petrol/diesel cars will be focused in urban localities, there are indications in other
policy documentation [71] that it is the ambition of the Scottish Government to phase
out the overall need for new petrol/diesel cars by 2030. Therefore, the modelled sce-
nario accounts for a 50% reduction in petrol/diesel cars across Scotland as a whole.
Note that when scenario component D is being simulated, the model equation for the
‘Number of petrol/diesel cars’ variable must be zeroed. For the BAU and scenario sim-
ulations ‘raw GDP growth rate’ variable input, there was no data available for 2030,
therefore it was assumed that the 2030 GDP growth would remain consistent with the

2029 value.
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Table 3.6: Inputs for scenario variables

Scenario Variable Input

Active travel modal shift 2022: 0.014724125
2023: 0.02944825
2024: 0.044172375
2025: 0.0588965
2026: 0.073620625
2027: 0.08834475
2028: 0.103068875
2029: 0.117793
2030: 0.132517125

Bus modal shift 2022: 0.049048778
2023: 0.098097556
2024: 0.147146333
2025: 0.196195111
2026: 0.245243889
2027: 0.294292667
2028: 0.343341444
2029: 0.392390222
2030: 0.441439

Continued on next page...
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Scenario Variable Input

Proportion of electric buses 2022: 0.2
2023: 0.4
2024: 0.6
2025: 0.8
2026: 1
2027: 1
2028: 1
2029: 1
2030: 1

Electric vehicle shift 2022: 149112.5
2023: 149112.5
2024: 149112.5
2025: 149112.5
2026: 149112.5
2027: 149112.5
2028: 149112.5
2029: 149112.5
2030: 149112.5

Continued on next page...
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Scenario Variable Input

Petrol /diesel car shift 2022: -149112.5
2023: -149112.5
2024: -149112.5
2025: -149112.5
2026: -149112.5
2027: -149112.5
2028: -149112.5
2029: -149112.5
2030: -149112.5

The fifteen possible combinations of scenario components ‘A’, ‘B’, ‘C’ and ‘D’ (i.e. ‘A’,
‘A+B’, ‘A+B+C’ etc.) were applied to the model. The efficacy of each scenario set was
compared to a targeted value of a 56% reduction in emissions of the modes considered
in the system, as required by the government mandated target [10]. The contribution
of the modes included in the model to the overall transport emissions in 1990 [176] is

shown in Table 3.7.

Table 3.7: Data from [176] on the contribution of modes included in the model to
transport emissions in 1990

Mode Contribution to overall transport
emissions
Petrol/diesel cars 63%
Motorcycles 6%
Buses 0.4%
Total 69.4%

The emissions of the modes included in the model in 1990 were therefore calculated

using Equation 3.12, where FE,,1990 is the emissions of modes included in the model
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in 1990, and E}t1990 is the total transport emissions in 1990, which is equal to 9.2
Megatonnes of COy (MtCO2) [176]. Ejor1990 is multiplied by the proportion of emissions

that the modes included in the model are responsible for, as detailed in Table 3.7.

Emi990 = Eiot1990 x 0.694 (3.12)

The targeted value of emissions of modes included in the model in line with the 56%
reduction was then calculated using Equation 3.13, Where T, is the targeted value for
emissions by 2030.

T. = Emi990 X 0.56 (3.13)

The value found for targeted emissions upon achievement of the reduction goal was

2.81 MtCOs.

Additionally, the targeted value for a 20% reduction in car kilometres travelled by 2030,
compared to a 2019 baseline was calculated. Equation 3.14 (where T} is the targeted
car distance travelled by 2030, dog19 is the car distance travelled in 2019, and ¢,..4 is the
targeted reduction factor (i.e. 20% or 0.2) ) was used to determine the targeted value
for car kilometres travelled in line with the 20% reduction, with the reported value of

36,747 million km for car kilometres travelled in Scotland, 2019 [5].

Ty = dao19 X (1 — treq) (3.14)

The value found for targeted car distance travelled upon achievement of the reduction

goal was 29,397.6 million kilometres.

3.2.4 Model Validation

The model was validated by conducting a historical consistency test, comparing simu-
lated values with actual recorded data for the period 2010 to 2019. The years 2020 and
2021 were excluded from the model validation test time-period as during these years,
fundamental relationships (e.g. the relationship between GDP and population) broke
down due to the outbreak and impact of the COVID-19 pandemic.
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On completing the 2010 to 2019 simulation, the mean absolute percentage error was
used to compare the simulated and true values, allowing for the quantification of mod-
elling errors. The mean absolute percentage error is given by Equation 3.15 where IV
is the number of observations, A; is the actual reported historical value, and M; is the
modelled value given by the system dynamics simulation.

(Ar — M)

1
MeanAbsolute Percentage Error = — %N | | ]
N Ay

(3.15)

The maximum percentage error was also calculated. As mentioned, sources of the
historical data, which was used to inform the model structure and validate the model,
and the stock and exogenous variable inputs for the model validation are given in Tables
3.1, 3.2 and 3.3 respectively. No scenario influences (on the number of EVs, distance
travelled by cars/active travel/bus or the proportion of electric buses) were present
during model validation. The scenario variables, as outlined in Figure 3.2 were inactive
throughout the model validation (i.e. their inputs were set to 0 instead of the inputs

outlined in Table 3.6).

3.2.5 Model Sensitivity Testing

A sensitivity test was conducted to test the model’s response to small changes in the
inputs. Scenario ‘A’ inputs were varied such that the car journeys to be modal shifted
to active travel were all those under 5km, to allow results for car kilometres travelled
and travel emissions to be compared with the original scenario ‘A’ where the cut-off
was 10km. Similarly, scenario ‘D’ inputs were varied such that the petrol and diesel
cars to be shifted to EVs were 10% higher and lower than the original inputs for
scenario ‘D’. These variables were chosen to be varied due to the direct influence they
have on the key modelling outputs and their specific relevance to policy intervention.
A sensitivity test is an important procedure for investigating the robustness of the
model and ensuring small changes in inputs do not give radically different results. For
the model to be considered reliable, the small changes in inputs should give stable or

predictable changes in results.
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3.2.6 Limitations

There are limitations and considerations associated with the validated system dynamics
modelling framework which should be kept in mind when interpreting these results.

These will be summarised here for clarity.

Model set-up: Although historically recorded data for car distance travelled was avail-
able for Scotland, no breakdown was given for the distance travelled by petrol/diesel
cars and EVs. Therefore, it was assumed that the proportion of each car type (EV and
petrol/diesel cars) corresponds to their share of the total car kilometres that each car
type drove. Data on licensed vehicles was used to inform vehicle stocks, however, it is
possible that there are vehicles licensed in Scotland that are operated outwith Scottish
national borders. Equally, there may be vehicles licensed in other UK nations being
operated within Scotland. Average vehicle size was assumed and car occupancy and
vehicle efficiency were assumed to be constant throughout the modelling timeframe.
Offshore GDP and vans, hybrid cars and range-extended EVs were excluded from the
model. In calibrating the modelling equations to provide the lowest error (as outlined
in Section 3.2.2), it is possible that the risk of overfitting is increased. However, the
fact that the model can be termed as a small/mini model (as mentioned in Section
2.2.1) with a minimal number of variables can mitigate the overfitting risk. In the
future, when more data pertaining to the variables in the model becomes available,
the processes outlined in Section 3.2 could be repeated to potentially provide a more

accurate modelling framework informed by more data.

Scenario modelling: First, while vans were excluded from the model, data on car
and van journey distances (given in Table 3.5) was used to inform modal shift vari-
ables (as outlined in Section 3.2.3). This data was sourced from the 2021 Scottish
Household Survey, featuring the latest available figures but employing a different data
collection method due to the COVID-19 pandemic. A key disparity between the 2021
Scottish Household Survey and those conducted prior to the pandemic is the data
sample size. However, the 2021 sample size was only 6% smaller than the year with

the smallest sample size pre-pandemic. Furthermore, when comparing the results for
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journey distance, the values for the 2021 Scottish Household Survey were relatively in
line with pre-pandemic versions. Regarding the modelled scenarios, all were informed
by Scottish Government planned interventions [17,18]. However, it is important to
note that not all individuals may be able to complete car journeys under 10km via
active travel, as suggested by intervention ‘A’, particularly those individuals with mo-
bility problems. Additionally, intervention ‘C’ modelled an increasing proportion of
electric buses beyond 2024, aiming for full fleet electrification by 2026. Yet, practical
challenges, such as battery degradation and the inability of buses to serve routes due
to restricted range [169], could hinder this transition. Regarding intervention ’D’, the
Switched On Scotland policy document [17] outlines that many of the petrol/diesel
cars that are eliminated will be replaced by EVs, however, this modelling assumes that
all petrol/diesel cars eliminated will be replaced by EVs. All scenarios assume steady,
incremental progress in achieving the aspirations within the modelling time frame. The
present chapter does not consider any impact that the modal shifting behaviour changes
modelled may have on car ownership. Additionally, it does not consider how users make
the mode choices that would facilitate the modal shifts considered in the modelling sce-
narios. Further work could consider potential interactions between modal shifting and
car ownership and consider supporting policies and actions that could influence mode

choice to achieve the modal shifts.

Emissions targets: The calculation of the emission reduction target threshold pre-
sented in this chapter (see Section 3.2.3), assumes a 56% reduction in emissions for
the transport modes included in the model (cars, buses and motorcycles). Therefore,
it was assumed that these modes are expected individually to achieve a 56% reduc-
tion [10]. In practice, other transport segments like air, maritime, and freight might
contribute significantly to achieving the overall emission reduction target, potentially
reducing the burden on the road passenger modes. Despite this, given road transport’s
significant contribution to overall transport emissions [5], this sector will remain a key
target of emission reduction efforts and equally, could play a major role in achieving

the target. Future research could investigate the utility of a specific emissions target
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for road passenger transport and determine an appropriate threshold.

3.3 Results and Discussion

To investigate the potential efficacy of and likelihood that planned interventions can
achieve government mandated transport emission reduction targets in Scotland, a sys-
tem dynamics modelling framework and scenario-based analysis has been undertaken,
as described in Section 3.2. The following subsections detail the results obtained for the
model validation test; the model sensitivity test; the total emissions of the road passen-
ger transport system and the car kilometres travelled in Scotland under the modelled

BAU scenario and scenarios involving sustainable transport interventions.

3.3.1 Model Validation

Table 3.8 gives the mean absolute percentage error found for each stock variable in the
model validation test, which compared modelled values against actual recorded data
(the sources of which can be found in Table 3.1) across the period 2010 to 2019. All
mean absolute percentage error values are below 10% and so the model is considered
valid. Figure 3.3 also provides plots of the modelled values for the stock variables in
the validation simulation compared to the actual reported values for the number of
petrol/diesel cars [76], the number of motorcycles [76], the number of EVs [76], road
network [5], population [168] and GDP [167] across the years 2010 to 2019.

The model has therefore been validated across a nine-year time period (i.e. 2010 to
2019). While the low mean absolute percentage error values indicate that the modelling
framework is a good fit and appropriate for the application of the future simulations
across an eight-year period (i.e. 2022 to 2030), it should be noted that application to

larger future projections that go beyond 2030 may give more significant error.
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Figure 3.3: Modelled values for stock variables in the validation simulation compared
to actual reported values

The maximum absolute percentage error is also provided for context to give an indi-
cation of the upper limit of the model’s inaccuracy. Similarly, the maximum absolute
percentage error is below 10% for all stock variables, with the exception of the ‘Num-
ber of EVs’ variable. This highlights that although the model can generally accurately
forecast the ‘Number of EVs’ (as evidenced by the low mean absolute percentage error

value), there are occasions where the modelled values could have higher error.
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Table 3.8: Validation test results of Mean Absolute Percentage Errors and Maximum
Absolute Percentage Errors for stock variables

Variable Mean Absolute Maximum Absolute
Percentage Error Percentage Error
Number of petrol/diesel 0.99% 1.98%
cars
Number of motorcycles 5.20% 8.73%
Number of electric 8.88% 22.45%
vehicles

Road network 0.02% 0.15%
Population 0.18% 0.32%
GDP 0.54% 1.96%

3.3.2 Model Sensitivity

Tables 3.9 and 3.10 give the results of the sensitivity test. The small changes in variable
inputs resulted in steady, predictable changes in outputs. A more intensive transition
to EVs resulted in reduced emissions, as expected. Similarly, a less intensive transition
to EVs resulted in increased emissions. In terms of adjusting the journey distance to
be modal shifted to active travel, a reduction in car kilometres to be modal shifted
resulted in increased travel emissions and car kilometres travelled, also as expected.
Therefore, the model may be considered appropriately robust since input and modal
shift differences have been shown to influence predictions in a steady and predictable
manner that does not dramatically change the interpretation or conclusions of these

analyses.

3.3.3 Total Road Passenger Transport Emissions

The model predicts the emissions of road passenger transport in Scotland between 2022
and 2030 under the implementation of the interventions considered in this chapter (see

Section 3.2.3). The fifteen possible combinations of interventions ‘A’ (active travel), ‘B’
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Table 3.9: Sensitivity test results when inputs for scenario component ‘D’ were varied

2030 Transport Percentage Difference
Emissions (MtCO, with respect to "D’
2030 Emissions
D 4.523 -
+10% 4.302 -4.878%
-10% 4.743 4.878%

Table 3.10: Sensitivity test results when inputs for scenario component ‘A’ were varied

2030 2030 Car Percentage Percentage

Transport Distance Difference Difference
Emissions Travelled with respect with respect

(MtCO2) (million to A’ 2030 to A’ 2030

vehicle km) Emissions Car
Kilometres
A 7.686 49,834 - -
5km modal 8.293 54,042 7.888% 8.443%

shift

(car to bus), ‘C’ (bus electrification) and ‘D’ (EV transition) have been grouped in result
sets of single interventions, double interventions, and triple/quadruple interventions to
communicate the result more clearly. The BAU base case is included in each result
set for reference. The emissions of each scenario set are compared to a 56% reduction
compared to 1990 levels (as mandated by the Scottish Government [10], see Section

3.2.3) and this target threshold is represented on each plot by a black horizontal line.

Figure 3.4 shows the application of each scenario component in isolation. The model
predicts all interventions will facilitate a decrease in emissions with respect to the
BAU case, but only scenario components ‘B’ and ‘D’ are projected to give a decrease in
emissions over time. This implies that encouraging modal shifting to buses for medium-
length car journeys and transitioning away from petrol/diesel cars to EVs are likely to

be the most effective intervention strategies.
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Figure 3.4: Emissions trends predicted by the model under implementation of individual
interventions

By 2030, it is predicted that there will be 8.8MtCOs of emissions from road passenger
transport in Scotland under the BAU base case. Scenario components ‘A’, ‘B’, ‘C’
and ‘D’ are projected to give emission reductions of 12.5%, 35.8%, 4.7% and 48.5%
respectively, compared to the 2030 BAU emissions predicted by the model. Scenario
component ‘D’ initially has a more modest impact on emissions but this quickly accel-
erates over time to give the greatest emission reduction compared to BAU. Scenario
components ‘B’ and ‘D’ are forecast to give emission reductions of 11.7% and 29.2%
respectively with respect to the road passenger transport emissions in 1990. As demon-
strated by Figure 3.4, no individual intervention achieves the 56% reduction in emissions

target, indicating that tackling transport emissions is not a single-solution problem.

Figure 3.5 shows the results of the application of scenarios grouped in pairs. The
model forecasts greater emission reductions in these cases compared to application of
individual scenario components, as would perhaps be expected. Almost all pairs of
scenario components are projected to facilitate a decrease in emissions with respect to
time, however there are still no cases where the emission reduction is predicted to be

achieved. Scenario ‘A+C’ is not predicted to drive a decrease in emissions over time

73



Chapter 3. Quantifying the Impact of the Electric Vehicle Transition on Transport
FEmissions

o

~

2]

A+B

S ¢)]
O = O N WOoh ool OOl N 01O 01 ©
T

w

Emissions (MtCO2)

N

Emission reduction target

N

o

2022 2023 2024 2025 2026 2027 2028 2029 2030
Year

o

Figure 3.5: Emissions trends predicted by the model under implementation of pairs of
interventions

and is likely to give the smallest decrease in emissions with respect to the BAU base
case, specifically a 17.2% decrease. Meanwhile, scenario ‘B-+D’ is projected to give the
most significant decrease in emissions, 63.7% with respect to BAU, and the remaining
scenarios (i.e. ‘B+C’, ‘A+B’, ‘C+D’ and ‘A+D’) are forecast to result in between 46%

and 54.6% emission reductions compared to the BAU base case.

Figure 3.6 illustrates that groupings of three and four interventions are predicted to give
greater emission reductions again, in comparison to single and pairs of interventions.
All scenarios in this instance are forecasted to facilitate a decrease in emissions with
respect to time and the combination of all four scenario components is predicted to give
the largest emission reduction, unsurprisingly. The model projects that in three cases,
‘A+B+D’, ‘B+C+D’ and ‘A+B+C+D’, the 56% emission reduction target is met.
These combined scenarios were predicted to enable 70.9%, 73.2% and 79.3% emission
reductions compared to BAU, and 60%, 63.1% and 71.5% reductions with respect to
road passenger transport emissions in 1990 respectively. The less impactful scenario
combinations, ‘A+B+C’ and ‘A+C+D’, were predicted to achieve similar emission

reductions, namely 58.6% and 59.3% reductions with respect to the BAU base case and
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Figure 3.6: Emissions trends predicted by the model under implementation of groups
of three and four interventions

43% and 44% reductions with respect to 1990 levels.

The requirement for three or more interventions to meet the emission reduction target,
as illustrated by Figures 3.4, 3.5 and 3.6, confirms that a single intervention is likely to
be insufficient in tackling transport emissions and a broad package of interventions is
needed. This corroborates the findings of previous works [23,65] which emphasise the
need for implementation of multiple measures to achieve effective emission reductions.
In the instances where the emission reduction target is met, interventions ‘B’ and ‘D’
are the only ones to be present in each case. This indicates these interventions could
have a critical role and further emphasises their particular effectiveness. Regarding
interventions ‘A’ and ‘C’, their impact on emissions was projected to be less significant
compared to interventions ‘B’ and ‘D’. However, considering the prediction that at
least three interventions are necessary to meet the emission reduction target, their

contribution was still found to be important.
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3.3.4 Car Kilometres Travelled

The model also forecasts the car kilometres travelled in Scotland between 2022 and 2030
for each possible scenario combination. The results for the total distance travelled by
car under all fifteen scenario component combinations and the BAU case are shown
in Figure 3.7. Some scenario combinations feature the same car kilometres travelled,
primarily because intervention 'C’ does not feature any change in car kilometres, and
so have been grouped accordingly. The car kilometres travelled in each scenario set are
compared to a 20% reduction compared to 2019 levels (as mandated by the Scottish
Government [11], see Section 3.2.3) and this target threshold is represented on the

result plot by a black horizontal line.

Like emissions, all combinations of interventions are projected to result in a decrease
in car kilometres with respect to the BAU case, but not all are predicted to give a de-
crease over time. Namely, scenarios ‘B’, ‘B4+C’, ‘B+D’, ‘B+C+D’, ‘A+B’, ‘A+B+C’,
‘A+B+D’ and ‘A+B+C+D’ are those projected to give a decrease in car kilometres
over time, and only scenarios ‘B+D’, ‘B4+C+D’, ‘A+B’, ‘A4+B+C’, ‘A+B+D’ and
‘A+B+C+D’ are forecasted to achieve the 20% reduction in car kilometres. The sce-
narios that were predicted to achieve the target were forecast to enable reductions in
car kilometres between 25% and 42.8% with respect to 2019 levels, and 52% and 63.4%
with respect to BAU in 2030. The scenarios that were not projected to meet the target
were predicted to facilitate a reduction in car kilometres between 13.3% and 44.1%
compared to BAU. Comparing these scenarios to 2019 levels for car kilometres, the
predicted percentage change ranged from a 35% increase to a 12.7% decrease in car

kilometres travelled.

A combination of at least two scenario components is required to meet the car kilometre
reduction target, and component ‘B’ is the only intervention to be present in all scenar-
ios predicted to achieve the target. This again highlights the potential effectiveness of
intervention ‘B’ in facilitating both emission and car kilometre reductions in line with
government targets, while also emphasising the need for a comprehensive package of

interventions rather than a single solution. It is notable that all scenarios predicted
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Figure 3.7: Car kilometre trends predicted by the model under implementation of all
possible combinations of interventions

to achieve the emission reduction target (see Figure 3.6) also meet the car kilometre
reduction target (see Figure 3.7). However, there are additional scenarios that meet
the car kilometre reduction target while not achieving the emission reduction target.
This indicates that reaching the car kilometre reduction target does not necessarily

guarantee the achievement of the emission reduction target in Scotland.

Interestingly, intervention ‘D’, which does not explicitly target car kilometres travelled
but rather the EV penetration of the vehicle fleet, was projected to achieve a similar
car kilometre reduction to intervention ‘A’ with respect to BAU. This appears to be
due to an overall decrease in car ownership in scenario ‘D’, with a projected 24.8%
reduction in the number of cars by 2030 compared to the BAU base case. This, in
turn, is driven by the halting of growth in the petrol/diesel car market. While this is
somewhat offset in the model by the increase in EV numbers spurring further growth in
the EV market, the overall number of cars remains less than that in the BAU base case.
Combined with the significant ability of scenario component ‘D’ to reduce transport
emissions, these results suggest it is a highly impactful intervention. It should, however,

be noted that other considered interventions (namely the modal shifts to active travel
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and bus) provide additional societal benefits in the form of enhanced public health [7]
and greater societal equity [9,50], which intervention ‘D’ does not inherently provide.

These factors should also be considered when undertaking policy decision making.

3.4 Implications for Policy, Practice and Future Work

The results of this chapter give insight into the impact of key interventions, namely
modal shifting to more sustainable modes and electrification of bus and private car
fleets, on transport emissions. The findings presented have important implications for
policy, transport planning and future work. There are subsequent recommendations
for critical areas where supporting policy should be focused or enhanced and for ways

in which the transport system could be planned and developed in future.

The demonstrated efficacy of modal shifting of medium-length car journeys to buses
and the transition to EVs suggests that these should be areas where supporting policy
is targeted. The subsequent recommendations made are summarised in Figure 3.8.
Scottish Government polices supporting a shift towards EVs have been found to be
relatively effective at reducing emissions [71]. However, to fully harness the potential
benefits of the EV transition, careful thought will need to be given as to how this tran-
sition can be enabled equitably while still prioritising active travel and public transport
modes. Key challenges include providing inclusive charging infrastructure [25] (which
the Scottish Government have committed to doing in their Vision for Scotland’s Public
EV Charging Network [26]), reducing the need for car ownership and enhancing infras-
tructure and services for alternative modes to private cars. It is crucial to distribute
public EV charging facilities spatially in a way that encourages active travel or public
transport use. For example, charging infrastructure could be situated in a way that en-
courages ‘park and ride’ or ‘park and stride’ behaviour (combining car use with public
transport or active travel modes to complete a journey) through strategic placement
at locations such as train stations, bus stops or active travel hubs. Selecting suitable
charging infrastructure types (i.e. charging speed and power rating), particularly ac-

counting for the ability of grid infrastructure to manage such additional loads will also
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Figure 3.8: Summary of the key implications the results of this chapter have for policy
and transport planning, providing recommendations to support achievement of the
most effective interventions

be a key consideration.

While specific existing policy packages supporting modal shifting in Scotland (e.g. in-
vestments in active travel and bus infrastructure, provision of free bus travel for certain
age groups) have also been forecast to facilitate emissions reductions in Scotland [71],
this study’s findings suggest that further enhancing policy support for the modal shift-
ing of medium-length car journeys to bus travel could amplify emission reduction efforts.
Investing in the development of MaaS, which has been shown to effectively encourage
modal shifting away from the private car and towards public transport [66-68] could be
advantageous. The Scottish Government’s financial support for a series of individual
regional MaaS pilot schemes [63] is a positive step. Investing in the development of
a nationwide MaaS programme (or similar system) that interacts or integrates seam-
lessly with public transport provision across different regions of Scotland, or potentially
other UK regions, could help promote modal shifting of medium-length and longer car

journeys that may cross regional boundaries.

Furthermore, enhancing public transport provision so that it can rival the private car’s
sense of autonomy [69] and meet the diverse needs of different groups (e.g. shift workers,
those with additional care responsibilities, those who operate at multiple workplaces)

who may travel at unconventional times or require unconventional routes, will be key to
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enabling a modal shift of medium-length car journeys. Addressing other key barriers
to public transport that protected groups face (e.g. cost of transport services and
experience of transport poverty [52,53], safety concerns which are disproportionately
experienced by certain groups such as women [54]) should be treated as a priority in

order to encourage use of this mode, especially for longer journeys.

The important role that the modal shift to active travel and electrification of the bus
fleet could play in bolstering the emission reduction impact of other interventions to
enable achievement of emissions targets, indicates that policies supporting these inter-
ventions remain critical. A significant modal shift towards active travel may prompt an
increase in uptake of electric micromobility modes such as electric bicycles and scoot-
ers [19], which can pose their own set of challenges [20]. It is crucial that active travel
infrastructure is designed to safely accommodate these alongside other active travel

modes.

The results of this work also indicate that the car kilometre reduction target is gener-
ally a viable strategy for reducing transport emissions, with other works highlighting a
reduced car dependency can enable a more equitable transport system [9,50]. However,
since achieving the car kilometre reduction target alone may not ensure achievement
of emission reduction targets (as discussed in Section 3.3.4), interventions beyond a
20% reduction in car kilometres travelled may be required. Again, the projected effi-
cacy of modal shifting to bus in reducing car kilometres indicates that this intervention
warrants robust policy support. Additionally, the car kilometre reduction potentially
facilitated by shifting to EVs suggests that policies promoting a reduction in car own-
ership could facilitate an effective decrease in car kilometres travelled. Such legislation
could further support development of zero-emission car clubs in Scotland [62], which
are known to reduce personal car ownership [64] and emissions [65], or support MaaS
initiatives as an alternative to private car use, though their impact on car ownership

remains disputed [68-70].

Further research work is needed to explore the relationship between car ownership and
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car kilometres travelled in the Scottish context for comprehensive policy recommenda-
tions to be developed. Additional research work should consider how to address issues
associated with increasing EV uptake in the Scottish context and explore equitable
solutions for the evolving demand for energy and charging infrastructure. It is also
necessary to explore the feasibility and design of a nationwide MaaS system or multi-
ple localised MaaS systems that are interoperable with their regional counterparts in
Scotland. Furthermore, work seeking to determine the most cost-effective and efficient
pathways to delivering the specific enhancements to public transport provision men-
tioned above (i.e. ensuring public transport can meet the diverse needs of different
groups, addressing barriers to access such as safety concerns, cost etc.) is warranted.
Increased active travel and electrification of the bus fleet are both interventions that will
likely contribute to the decarbonisation of the road passenger transport sector, further
research on their effective implementation within the Scottish context (and supportive

legislation) would therefore be valuable.

Additionally, further research exploring the likelihood and extent to which the be-
havioural change considered in this chapter (i.e. modal shifting away from the private
car and transitioning towards EVs) can be achieved is warranted. Exploration of path-
ways to enabling these changes such as social marketing programmes and other policy
packages could give insight into how these shifts can be effectively delivered. Specif-
ically, further work should explore how mode choice can be effectively influenced by
supporting policy to achieve the modal shifts considered in this chapter. Facilita-
tion of a modal shift may be more challenging during wintertime and times of poor
weather [177]. Potential seasonal impacts on the achievement of a modal shift in the
Scottish context, particularly during the winter months, should also be the subject of
future work. The present model could also be expanded and developed to be appli-
cable to other important problem contexts and to give insight into other relationships
and complexities in the transport sphere. For example, through addition of further
variables, feedback loops and structures, the model could consider concepts such as

induced demand and the impact that policy surrounding land use and space allocation
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given to private mobility, particularly cars, may have on modal shifting. Specifically,
modelling induced demand could require a feedback loop featuring road network, travel
speed and mode choice variables to capture how additional road kilometres can result
in increased travel speeds/reduced journey times which can promote additional car us-
age [178]. However, such extensions would require additional data and careful model
development to ensure the validity of results is not compromised and any limitations

can be understood.

In summary, the substantial challenge transport emissions pose to a net zero future
in Scotland, and the cumulative nature of emissions, highlight the urgency of achiev-
ing reductions soon. Understanding the likely effectiveness of planned interventions in
meeting emission targets is critical. Previous studies [23,65] highlight the need for mul-
tiple interventions to achieve significant emission reductions, a finding that is strongly
supported by this work. The transition to EVs and the modal shifting of medium-length
car journeys to bus travel were identified as the most effective interventions. While a
20% reduction in car kilometres travelled has been found to be beneficial for lowering
emissions, in isolation it may not guarantee achieving the target of a 56% reduction in

emissions.

3.5 Conclusions

This chapter has developed, validated and applied a system dynamics model of the
Scottish road passenger transport sector to explore the likely ability of planned inter-
ventions to reduce transport emissions in Scotland, in line with government targets.
Specific interventions considered were the modal shifting of car journeys under 10km
to active travel; the modal shifting of car journeys between 10 and 40km to bus trans-
portation; achieving a 60% electrification of the bus fleet by 2024; and a 50% reduction
in petrol/diesel cars by 2030, with these cars being replaced by EVs. The potential con-
tribution these interventions can make towards achieving Scottish Government targets,
namely a 56% reduction in transport emissions compared to 1990 and a 20% reduction

in car kilometres compared to 2019, was explored. With the 2030 deadline for these
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targets rapidly approaching, it is pertinent to ensure that planned interventions are fit

for purpose and effective.

Results indicated that certain combinations of interventions would be able to achieve
the government mandated 56% reduction in emissions by 2030. However, the implemen-
tation of at least three interventions was required in each case, highlighting the need
for a broad programme of measures. The transition from petrol/diesel cars to EVs
and the modal shifting of medium-length car journeys to buses were found to drive
the most significant emissions reductions, indicating these are areas where supporting
policy should likely be prioritised. Regarding car kilometres travelled, results indicated
that the 20% reduction target could also be met by 2030 through certain combinations
of interventions. In each case, at least two interventions were required to meet the
target, indicating that this too will require a programme of measures rather than a
single solution. The modal shifting of medium-length car journeys to buses was again
found to be a particularly effective intervention in terms of car kilometre reduction.
Furthermore, it was found that while the 20% reduction in car kilometres travelled can
facilitate a reduction in emissions, its achievement does not guarantee also achieving

the 56% emissions reduction target.

These findings offer insight into the potential effectiveness of planned interventions
to achieve meaningful emission reductions and have implications for future research,
policy and transport planning. With the predicted efficacy of transitioning to EVs
comes a need to ensure such a transition is enabled equitably, whilst still prioritising
active travel and public transport modes. Achieving a spatial arrangement of public
EV charging infrastructure that encourages use of these other modes, as well as en-
suring the resultant changes in demand for energy and charging infrastructure are met
equitably, presents a number of challenges and potential issues that require further
work to address. Additionally, the likely effectiveness of modal shifting medium-length
car journeys to buses indicates that robust policy support for enhancing attractiveness
and equitable access to this mode is warranted. Addressing barriers that some groups

face to public transport such as safety concerns, cost or lack of service provision were
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highlighted as being particularly important in this context. Prioritising the interop-
erability of localised MaaS schemes such that they can interact seamlessly, or aiming
for a nationwide MaaS system, may also promote the switching of medium-length or
longer car journeys to public transport. As other international governments begin to
introduce car kilometre reduction targets and, more broadly, tackle transport emissions
as a significant barrier to net zero, it is hoped that the modelling approach and findings
of this chapter will also support the development and evaluation of transport policy in

a broader international context.

Therefore, in terms of Research Question 1 (as outlined in Chapter 1), this chapter
has found that the transition to EVs is likely to be a highly critical intervention in
the context of achieving Scottish Government targets. In comparison with the other
interventions considered, it was predicted to enable the greatest emission reduction and
therefore will likely play a fundamental role in the achievement of a more sustainable
transport system in the Scottish context. This highlights the need for an understand-
ing of how an equitable transition to EVs can be supported in Scotland, particularly
relating to development of public charging networks that will be critical to enabling
those without private charging facilities or those completing longer car journeys to
participate in the transition. To inform policy and practice relating to development
of public charging in Scotland, it is first necessary to understand the current state of

public charging and how it is used, which will be the focus of Chapter 4.
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Chapter 4

Location and Utilisation of
Existing Charging Provision via

ChargePlace Scotland

4.1 Introduction

As found in Chapter 3, the transition to EVs was predicted to be the most effective
intervention in terms of reducing transport emissions in the Scottish context. Therefore,
supporting an equitable transition to EVs will be critical to enabling achievement of
government targets. However, as discussed in Section 1.2, the realisation of an inclusive
transition to EVs requires that EV charging infrastructure be available and accessible,

and public charging infrastructure will play a particularly important role.

Development of the public charging network in Scotland will involve consideration of
many factors including charging tariffs, power rating of chargers and charger location.
Given the importance of ensuring this infrastructure is planned equitably while effec-
tively meeting the needs of both current and future users, it is essential to understand
how the existing public network is currently distributed and utilised. These insights
can inform strategies to support EV adoption and have broader implications for energy

systems policy and management.
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This chapter, therefore, analyses available public charging data from a major public
network in Scotland to inform the future development of Scotland’s EV public charging
network. More specifically, an extensive Scottish EV charger dataset is compiled and
analysed in order to address Research Question 2 (as outlined in Chapter 1) - What
is the current state of Scotland’s public EV charging network, and what are the related
implications for realising an equitable transition to EVs? Additionally, the following

sub-questions will be explored:
a) Where are Scotland’s public EV chargers currently located?
b) When are Scotland’s public EV chargers typically used?

¢) What impact does the introduction of tariffs have on Scottish public EV charger

usage?

d) What characteristics do the most utilised public EV chargers in Scotland have?

In addressing these research questions, this chapter will consolidate the broader under-
standing of public charging utilisation in the international context and contribute to a
deeper understanding of the utilisation of public EV chargers (particularly disparities
in user behaviour across different areas), the impact of the introduction of tariff pro-
grammes, and the key areas where government intervention and policy could support
the development of the charging network in Scotland. Additionally, in considering data
pertaining to a public charging network that featured a publicly funded rollout strat-
egy, key insights into public EV charging featuring this relatively uncommon approach
are provided. The importance of the electrification of private cars to achieving critical
emissions reductions, alongside other Scottish Government commitments surrounding
the installation of further public charging infrastructure, makes it pertinent to gain
insights into public charging in Scotland. By offering concrete numbers quantifying
impacts and evidence-based recommendations, the insights discussed in this chapter
can guide policymakers, charge point operators, and power system operators to fur-
ther develop an equitable public EV charging network that will continue to enable the

transition towards EVs and reduced transport emissions.
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The remainder of this chapter is structured as follows: Section 4.2 outlines the method-
ology and details the developed dataset; Section 4.3 details and discusses the results of
the analysis; Section 4.4 provides a discussion of the implications the results have for

policy, transport planning, and future work; and Section 4.5 concludes the chapter.

4.2 Methodology

The research methodology falls into two distinct parts, dataset development and dataset
analysis. The current section will detail each in turn. Section 4.2.1 outlines dataset
development. As stated in the sub-questions detailed in Section 4.1, this chapter seeks
to understand what types of areas public EV chargers tend to be located in, when
they tend to be used, how charging tariffs can impact utilisation of the chargers, and
which characteristics the most utilised chargers possess. Raw EV charging session data
from ChargePlace Scotland can give general insights into when chargers are used and
possible tariff impacts, but further information is needed to evaluate the types of areas
where chargers are located and their associated characteristics. Therefore, Section 4.2.1
includes the collation and pre-processing of ChargePlace Scotland data, as well as the
selection and inclusion of relevant additional data from the Urban Rural Classification,
Scottish Index of Multiple Deprivation, and Geographical Accessibility Index. Section
4.2.2 details the various dataset analysis processes, including the characterisation of
public EV charger location distributions, exploration of trends in EV charging session
times, analysis of the impacts of charging tariffs, and investigation of the characteristics

shared by the most utilised public EV chargers.

4.2.1 Dataset Development

Firstly, raw data from ChargePlace Scotland [131] that include every recorded EV
charging session taking place on the network between October 2022 and March 2024
were collated. For each session, the following information was extracted: the unique
charge-point identification code for the charger on which the session took place; the

start time and date of the session; the session duration; the energy consumed during
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the session; the local authority the charger is situated in; the postcode location of
the charger; and the charger speed. It was assumed that each unique charge-point

identification code represented a unique charger.

A number of data-cleansing measures were then undertaken to remove anomalous data
entries. Specifically, sessions with a duration of 00:00:00, sessions including nulls, and
sessions consuming 0 kWh were removed from the data. Additionally, sessions consum-
ing greater than what would be compatible with the largest usable battery capacity
currently available on the UK mass market [179] were removed. Furthermore, any
charging sessions costing the user more than the most expensive tariff (plus the current
overstay fee [180]) over a twenty-four-hour period were also removed. Anomalous data
reporting was observed on some dates, namely 30 October 2022, 6 March 2023 to 12
March 2023 (inclusive), 5 June 2023 to 11 June 2023 (inclusive), 1 October 2023, and
4 February 2024, and so data for sessions on these dates were also removed. Local
authority names were standardised, and where a charger was assigned different post-
codes throughout the dataset time period, the most commonly appearing postcode was
adopted as the unique charger location identifier. This same approach was taken for

instances of a charger being assigned more than one charger speed.

To provide more context to the location of public EV chargers, the Urban Rural Classi-
fication [142], the Scottish Index of Multiple Deprivation, and the Geographical Acces-
sibility Index [141] were added to the dataset using geospatial techniques. As described
in Section 2.5, the Urban Rural Classification can give a clear indication for how ur-
ban or rural each charger’s location is, and the Scottish Index of Multiple Deprivation
and the Geographical Accessibility Index can provide a holistic understanding of how
deprived and accessible each charger’s location is, respectively. The addition of these
indicators enriches the dataset, providing valuable additional contextual information
with which to investigate the spatial distributions of existing EV public chargers. In
order to add these additional indicators to the overall dataset, each charger was mapped
using its postcode location. Spatial joining in ArcMap Version 10.8.2 [181] was then

used to assign each charger its corresponding Urban Rural Classification, Scottish In-
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Figure 4.1: Flowchart outlining the dataset creation process, including cleansing of raw
EV charging session data from ChargePlace Scotland and the addition of supplementary
geographical indicators

dex of Multiple Deprivation, and Geographical Accessibility Index. Spatial joining
allows data to be joined based upon their spatial locations [182]. Figure 4.1 provides a

graphical summary of the dataset creation process.

4.2.2 Dataset Analysis

The dataset analysis falls into four categories, each addressing one of the research
sub-questions outlined in Section 4.1. Figure 4.2 details the four categories of dataset
analysis and the analysis process that is related to each sub-question. A description of

each analysis is provided below.

Public EV Charger Locations: To understand how public chargers on the Charge-
Place Scotland network are spatially distributed, the number of chargers located in

each Urban Rural Classification and in each quintile of the Scottish Index of Multiple
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Deprivation and Geographical Accessibility Index was determined. The separation of
the Scottish Index of Multiple Deprivation and Geographical Accessibility Index into
quintiles is informed by Scottish Government guidance [183]. This allows for chargers
to be grouped and labelled by the government-defined quintile of the Scottish Index of

Multiple Deprivation and Geographical Accessibility Index that they are located in.

To also gain an understanding of the different types of EV charging infrastructure lo-
cated in each area type, the chargers were firstly split by their charging speed into two
categories — ‘AC’ and ‘rapid/ultra-rapid’. Rapid and ultra-rapid chargers were com-
bined, as there were only five ultra-rapid chargers contained in the dataset. Next, the
chargers were grouped by their Urban Rural Classification, Scottish Index of Multiple
Deprivation quintile, and Geographical Accessibility Index quintile and counted so that

the number of AC and rapid/ultra-rapid chargers in each location category is known.

Public EV Charging Session Times: To understand when public EV chargers

are generally used, weekday trends in the number of charging sessions taking place
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and trends in charging session start time are explored. Firstly, the average number of
charging sessions taking place per day of the week was calculated for all sessions. This
was also calculated for the subsets of sessions taking place in Urban Rural Classification
1 and 8 areas, and for the first and fifth quintiles of the Scottish Index of Multiple
Deprivation and Geographical Accessibility Index. In addition to the mean number of
sessions taking place on each day of the week, the standard deviation was also calculated

for each area type.

To explore trends in the time of day that charging sessions tend to start, the session
data were split into sessions taking place on the weekends and on weekdays. The
charging session start time was then grouped into hourly brackets (e.g., from midnight
to 1 a.m., from 1 a.m. to 2 a.m., from 2 a.m. to 3 a.m., etc.), and the number of sessions
starting within each bracket was counted. Again, this was conducted for all charging
sessions, as well as for the subsets of sessions in Urban Rural Classification 1 and 8
areas and for the first and fifth quintiles of the Scottish Index of Multiple Deprivation
and Geographical Accessibility Index. Charging session start time was used as a proxy
for the times when charging sessions tend to occur. Charging session duration was
not used, as it is difficult to delineate overstay behaviours within the data. This is
particularly relevant to the developed dataset, as it features sessions that took place
on some chargers that were free to use, meaning that there was no financial incentive

to reduce overstay tendencies.

Charging session start time trends were also analysed before and after the introduc-
tion of time-of-use tariffs in East Lothian, as described in Section 2.4, as it was hoped
that they would shift peak charging demand away from times of peak energy demand.
Charging session data for the week before and after the introduction date (1 March
2023) were excluded from the analysis to allow time for behavioural changes to settle.
The average plug-in time and the total percentage of sessions starting during the time
where the increased charging fee is active (i.e., from 4 p.m. to 8 p.m.) were calculated
before and after the introduction of the time-of-use tariff programme. Additionally, a

two-sample Kolmogorov-Smirnov statistical test [184] was conducted for session data
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before and after the tariff introduction to help ascertain whether any differences are
statistically significant. A returned p-value of less than 0.05 indicates that the null hy-
pothesis (this being that the two datasets are drawn from the same distribution) would
be rejected at the 5% level. In such cases, the Kolmogorov—Smirnov test may be inter-
preted as confirming a statistically significant difference in the underlying distribution

of the two datasets in question.

Public EV Charging Tariffs: For the twelve Scottish local authorities that intro-
duced EV charging tariffs within the dataset time period (as described in Section 2.4),
the average number of daily sessions per 100,000 people and average daily energy con-
sumed per 100,000 people were calculated before and after tariff introduction. As with
the East Lothian time-of-use tariff analysis described above, charging session data from
the week before and after the tariff introduction date were excluded from the analyses

to allow time for behavioural changes to settle.

Additionally, a closer examination of tariff introduction in three local authorities,
namely Perth and Kinross, North Lanarkshire, and Renfrewshire, was conducted to
ascertain whether tariff introductions appear to push additional demand onto nearby
free ChargePlace Scotland chargers. A ten-kilometre buffer was defined around the bor-
ders of these local authorities using ArcMap to identify chargers that are within this
distance while being outside the local authorities themselves. Of the chargers identi-
fied, only those within local authorities that still offered free EV charging at the time
a tariff was introduced in Perth and Kinross, North Lanarkshire, or Renfrewshire were
analysed. The number of daily sessions experienced by these chargers was counted to
understand if the impact of tariff introduction in these local authorities had an impact
on the utilisation of neighbouring free chargers. For this analysis, it was assumed that
all chargers were owned by the local authority they were situated in and so were bound
by the terms of use set out by their respective local councils. As mentioned in Section
2.4, although there are multiple different charger operators on the ChargePlace Scot-

land network, chargers are predominantly owned and operated by local councils [42].
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Characteristics of the Most Used Chargers: To gain an understanding of the
utilisation of each public EV charger, the average number of daily charging sessions
experienced by each charger was determined. Only charging sessions that were paid
for (i.e., were not free) were included in this analysis to eliminate the impacts of the
charging tariff’s introduction. Specifically, it is possible that when an individual charger
is free to use it experiences increased utilisation as there is no financial penalty or cost
incurred. Therefore, including only paid-for sessions avoids the possibility that the

utilisation of a charger is overestimated due to inclusion of free sessions.

The total number of charging sessions that took place for each charger was counted,
and this was then divided by the total number of days each charger was active. When
determining the number of days that a charger was active, one must account for in-
stances where a charger was taken offline before the end of the dataset. The number
of days active was therefore determined as follows. First, the date of the first recorded
session for each charger was found. The date of the last recorded session for each
charger was then also found, and the average number of days between charging sessions
determined for each charger. If the number of days between the last recorded session
of a charger and the last date of the dataset (31 March 2024) was greater than the
average number of days that charger experiences between sessions, then the last active
date of the charger was assumed to be its last recorded session date plus the average
number of days that charger experiences between sessions. Otherwise, if the number
of days between the last recorded session of a charger and the last date of the dataset
was less than the average number of days that charger experiences between sessions,
then the last active date of the charger was assumed to be the last date of the dataset.
The total number of days active was then calculated as the number of days between
the first recorded session of a charger and its last active date. It was assumed that each

charger was not active before its first recorded session.

The chargers were then split by their charger speed (i.e., AC vs. rapid/ultra-rapid) so
that the utilisation of chargers of each speed could be considered separately. The top

five percent most utilised chargers (determined from the average number of daily ses-
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sions) were then isolated and grouped according to their locational characteristics (i.e.,
Urban Rural Classification, Scottish Index of Multiple Deprivation, and Geographical

Accessibility Index) to allow for any commonalities to be identified.

4.2.3 Limitations

There are limitations associated with the above research methodology which are sum-

marised in this section for clarity.

Dataset development: Firstly, although measures were taken to improve data qual-
ity, as described in Section 4.2.1, errors and inaccuracies may remain. For example,
charge-point identification codes could change or be reassigned to different chargers
throughout the dataset time period, and not all chargers available on the ChargePlace
Scotland network are guaranteed to be represented in the dataset. Additionally, the
geospatial plotting of the chargers by postcode, also described in Section 4.2.1, carries
some limitations. Each charger’s location was necessarily interpreted as the centroid of
its associated postcode; however, this may not match the exact location of the charger,
meaning that the plotted charger location may be inaccurate in some cases [185]. Fur-
thermore, postcodes in general can change and be reassigned elsewhere, and postcodes
tend to cross other boundary types, such as electoral wards and health boards [186].
Therefore, there may be some instances of incorrectly allocated data when using the

described geospatial techniques.

Dataset analysis: Regarding the 'Public EV Charging Tariffs’ analysis (see Figure
4.2), as mentioned in Section 4.2.2, it is assumed that all chargers were local authority-
owned for the analysis regarding the impact of tariff introduction on neighbouring free
chargers. However, it is possible that some chargers included in this analysis were
not owned by the local authority or free to use. For the 'Characteristics of the Most
Used Chargers’ analysis (see Figure 4.2) outlined in Section 4.2.2, as stated, it was
assumed that a charger’s first recorded session was its first active date as a charger
that was not free to use. However, it is possible that the charger was active (and

not free to use) prior to the date of its first recorded session. Therefore, the process
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outlined above for estimating the last active date may contain small inaccuracies for
some chargers. Additionally, this analysis (’Characteristics of the Most Used Chargers’)
uses only charging sessions that were paid for in order to eliminate impacts of tariff
introduction; however, this means that chargers that were free to use for the entirety
of the dataset time period (e.g., chargers owned by North, East, and South Ayrshire
council) are not included in the analysis. These limitations should be considered when

interpreting the results.

Socioeconomic indicators: The Scottish Index of Multiple Deprivation, its Geo-
graphical Accessibility Index element, and the Urban Rural Classification also have
associated limitations. The Scottish Index of Multiple Deprivation, further described
in Section 2.5, can give a holistic understanding of deprivation at a detailed level, but
it cannot give an indication of affluence [187]. It is also designed to identify deprived
areas, not deprived individuals. For example, more than 50% of people classified as
having a low income do not reside in areas falling within the most deprived quintile of
the Scottish Index of Multiple Deprivation [141]. There are also particular limitations
with respect to rural areas, where deprivation is more widely scattered across a larger
area and individual data zones are tasked with capturing a larger blend of deprived
and less deprived households [188,189]. In terms of the Urban Rural Classification,
limitations include small towns being considered more urban than rural, which may
not always be accurate, and a lack of representation of the challenges experienced by
island communities [144]. The limitations of these indicators should be kept in mind

when considering the results of the analyses which include them.

4.3 Results and Discussion

To understand how public EV chargers are currently used and distributed in Scotland,
a dataset containing charging session data was developed, as detailed in Section 4.2.
The following subsections outline and discuss the results of the analysis of this dataset,
including an overview of the dataset itself, as well as utilisation and location findings.

The implications of these results will be discussed in Section 4.4.
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4.3.1 Dataset Overview

Table 4.1 details the number of charging sessions and unique chargers included in
the dataset before and after the data pre-processing measures described in Section
4.2.1 were taken. The number of sessions after data cleaning procedures taking place
in Urban Rural Classifications 1 and 8, and the number of charging sessions falling
within the first and fifth quintiles of the Scottish Index of Multiple Deprivation and
Geographical Accessibility Index are also reported as these are used in some analyses.
Furthermore, the number of charging sessions that were paid for (i.e., not free) is also
reported, as this is used in the analysis surrounding the characteristics of the most

utilised chargers, detailed in Section 4.2.2.

Table 4.1 shows that 86.7% of all sessions were retained after data cleaning and, con-
sidering splits between the socioeconomic indicators, there are clear disparities in the
number of sessions and chargers across the different Urban Rural Classifications and
Scottish Index of Multiple Deprivation and Geographical Accessibility Index quintiles
considered, which is important to bear in mind when considering some results. Table
4.2 also provides a breakdown of the proportion of the data before cleaning that were

made up of the various outliers removed (as described in Section 4.2.1).

Additionally, 77% of the chargers in the dataset were found to be AC chargers, with the
remaining 23% being rapid/ultra-rapid chargers. Figure 4.3 gives an overview of the
total number of charging sessions taking place on the ChargePlace Scotland network
across the dataset time period and the number of chargers observed across the same
time period. Interestingly, this shows a slightly decreasing trend in the number of
sessions taking place, while the number of chargers increases. This observation will be
revisited in Section 4.4. There are also notable dips in the number of sessions across

the festive period surrounding Christmas and New Year.
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Table 4.1: Overview of the number of EV charging sessions included in the dataset
before and after data cleaning procedures, and of the number of sessions taking place
in the different locational categories considered in some analyses

Type of Charging Number of Charging Number of Unique
Sessions Sessions Chargers
All sessions before data 3,120,526 3,543
cleansing (paid and free)
All sessions after data 2,705,585 2786
cleansing (paid and free)
Urban Rural 885,965 809
Classification 1 sessions
Urban Rural 81,323 201
Classification 8 sessions
Scottish Index of Multiple 567,517 525
Deprivation 1st quintile
sessions
Scottish Index of Multiple 485,238 377
Deprivation 5th quintile
sessions
Geographical Accessibility 430,052 621

Index 1st quintile sessions

Geographical Accessibility 870,716 794
Index 5th quintile sessions

Paid for only sessions 1,514,981 2,426
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Table 4.2: Breakdown of the proportion of uncleaned data made up by anomalies
outlined in Section 4.2.1

Anomaly Proportion of uncleaned data
Duration 00:00:00 0.7%
Sessions containing nulls 1.7%
Sessions consuming 0kWh 5.9%
Sessions consuming greater than what 0.01%

would be compatible with useable
battery capacity

Sessions costing greater than most 0.2%
expensive tariff

Dates with anomalous reporting 5.3%
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Figure 4.3: The total number of EV charging sessions taking place on all chargers (AC

and rapid) on the ChargePlace Scotland public network between October 2022 and
March 2024

4.3.2 Public Electric Vehicle Charger Location

Exploring where chargers on the ChargePlace Scotland network are currently located

can help identify how equitably distributed chargers are depending on different area
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types. Figure 4.4 shows the absolute number of AC and rapid/ultra-rapid chargers in
each Urban Rural Classification within the constructed dataset, and Figure 4.5 shows
the number of AC and rapid/ultra-rapid chargers per 100,000 people in each Urban Ru-
ral Classification. Note that there are disparities in the populations falling within each
Urban Rural Classification (e.g., Urban Rural Classification 1 has a population of over
2 million people, while Urban Rural Classification 8 has a population of around 151,000
people [190]), resulting in varying trends between the absolute number of chargers and
the number of chargers per 100,000 people. This observation will be revisited in Section

4.4.
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Figure 4.4: The absolute number of EV chargers on the ChargePlace Scotland public
network found in each Urban Rural Classification, where a lower classification value
generally indicates a more urban area, and a higher value generally indicates a more
rural area

Figure 4.4 shows that the absolute number of chargers is generally concentrated in
more urban areas. There are 1,929 chargers in total in urban areas (i.e., where the
Urban Rural Classification is less than or equal to 3) and 857 chargers in total in rural
areas (i.e., where the Urban Rural Classification is greater than or equal to 4). Urban
Rural Classification 2 has the greatest number of chargers, hosting 900 in total, while
Urban Rural Classification 4 has the least number of chargers, with just 56 in total.

In all Urban Rural Classifications, there are more AC chargers than rapid/ultra-rapid
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Figure 4.5: The number of EV chargers per 100,000 people on the ChargePlace Scotland
public network found in each Urban Rural Classification, where a lower classification
value generally indicates a more urban area, and a higher value generally indicates a
more rural area

chargers.

However, Figure 4.5 shows that, when normalised by population, the charger density is
skewed in favour of rural populations. In this context, Urban Rural Classification 8 has
the highest density of chargers, with approximately 133 chargers per 100,000 people,
and Urban Rural Classification 1 has the fewest chargers, with circa 39 chargers per
100,000 people. This demonstrates that although the absolute number of chargers
tends to be higher in urban areas, rural areas have a higher number of chargers per
head of population. However, given that rural communities may be more likely to be
spread across large areas, it is possible that chargers are difficult to reach for these
communities despite their relatively high number per 100,000 people. Additionally, as
mentioned in Section 2.5, people living in rural areas are more likely to make journeys
by car and less likely to have or use alternative modes (e.g., public transport) [145].
Therefore, these communities may be more likely to be dependent on cars, so ensuring
there is sufficient public charging infrastructure will be important in supporting the
electrification of private cars. Again, there are generally more AC chargers (per 100,000

people) than rapid/ultra-rapid chargers in each Urban Rural Classification. Urban
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Figure 4.6: The absolute number of EV chargers on the ChargePlace Scotland public
network found in each Scottish Index of Multiple Deprivation quintile, where a lower
quintile generally indicates a more deprived area, and a higher quintile generally indi-
cates a less deprived area

Rural Classification 8 has the most even split, with circa 76 AC chargers (per 100,000
people) and circa 57 rapid/ultra-rapid chargers. A higher proportion of rapid/ultra-
rapid chargers in more rural areas may be important, as these areas could require more
charging to complete journeys since people here tend to travel further daily distances

compared to their urban counterparts [145], as mentioned in Section 2.5.

Figures 4.6 and 4.7 give the number of chargers found in each quintile of the Scottish
Index of Multiple Deprivation and Geographical Accessibility Index, respectively. The
population across the quintiles of both indicators is relatively similar (there was a
difference of 9% between the population in the most and least populous Scottish Index of
Multiple Deprivation quintiles, and there was a difference of 4% between the population
in the most and least populous Geographical Accessibility Index quintiles). Therefore,
the trends in the absolute number of chargers and the number of chargers per 100,000
people for these indicators are similar although plots of the number of chargers per

100,000 people are given in Figures B.1 and B.2 in Appendix B for completeness.

The total number of chargers across the Scottish Index of Multiple Deprivation quintiles

varies, with the third quintile (areas falling within the 60% most deprived in Scotland)
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Figure 4.7: The absolute number of EV chargers on the ChargePlace Scotland public
network found in each Geographical Accessibility Index quintile, where a lower quintile
generally indicates a less accessible area, and a higher quintile generally indicates a
more accessible area

having the greatest number of chargers, with 698 in total, and the fifth (least deprived)
quintile having the smallest number of chargers, with 377 in total — almost half of that
in the third quintile. The first, second, and fourth quintiles have relatively similar
numbers of chargers, with 525, 609, and 577 chargers, respectively. The least deprived
quintile having the fewest number of chargers suggests that public EV chargers on the
ChargePlace Scotland network do not seem to be disproportionately concentrated in
less deprived communities, thus offering positive implications concerning an equitable
transition to EVs. Indeed, the observed disparities in the number of chargers located
in more versus less deprived areas appear to be less severe than what is seen in other
areas, according to trends found in previous works [25,29] mentioned in Section 1.2,
that find that public charging infrastructure is disproportionately concentrated in the
least deprived areas. It is, however, important to note that Scotland may face different
socioeconomic challenges and complexities (for example, Scotland has been identified
to have an income inequality greater than the average for our European counterparts
[191,192]. Diverse population structures also exist in Scotland, with many rural and
island communities. Circa 17% of Scotland’s population live in accessible or remote

rural areas, and accessible rural areas saw a more significant population growth across
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2011 to 2021 than urban areas [193]. Island communities have also seen an overall
population growth, with the growth most significant in the islands better connected
to the mainland such as Orkney [194]) compared to the geographical focuses of these
previous works; hence, the specific reason for this more positive distribution of chargers

is not currently known.

There is slightly more variation in the number of chargers across the Geographical
Accessibility Index quintiles. The most accessible quintile has the greatest number
of chargers, containing 794 chargers, followed by the least accessible quintile, which
contains 621 chargers. The second quintile has the lowest number of chargers (374 in
total), followed by the third and fourth quintiles, which have 479 and 518 chargers,
respectively. Again, the least accessible quintile having the second largest number of
chargers has a positive implication for enabling an equitable transition; however, EV
drivers in these less accessible areas may be driving farther to reach these chargers.
As a case in point, chargers in Dundee City council had the highest value for the
Geographical Accessibility Index (were rated most accessible) on average, and this
local authority spans 60 square kilometres in area [195]. Meanwhile, Na h-Eileanan
Siar council chargers had the lowest value for the Geographical Accessibility Index
(were rated least accessible) on average, and this local authority spans a much greater
area of 3,059 square kilometres [195] in comparison to Dundee City. Therefore, the least
accessible areas may require significantly more chargers than the most accessible areas
to achieve parity. Ensuring that less accessible areas have sufficient access to public
charging will be paramount for an equitable transition to EVs; however, it will also be
important to ensure that the middle quintiles do not get left behind as the charging
network expands. It is important to note that, as mentioned in Section 1.3, there are
approximately 6,000 public chargers in Scotland, with ChargePlace Scotland hosting
just under 3,000 of these chargers [45]. This highlights that other charging networks are
playing an increasingly important role in the expansion of the overall charging network

in Scotland.

Therefore, in relation to sub-question a) (concerning where public EV chargers are
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currently located), the analysis of the developed dataset reveals that public EV charg-
ers on the ChargePlace Scotland network tend to be situated mostly in urban areas,
while, simultaneously, rural areas tend to have more chargers per head of population.
More deprived areas also tend to have more chargers than areas deemed less deprived,
according to the Scottish Index of Multiple Deprivation. Finally, the top 20% most ge-
ographically accessible areas had the most chargers; however, this was closely followed
by the 20% least accessible areas. Overall, these findings suggest that the current spa-
tial distribution of the ChargePlace Scotland network is a good starting point for a
continued equitable transition to EVs, with Scotland appearing to deviate from trends
found in other countries where charging infrastructure tends to be focused in the least

deprived areas.

4.3.3 Public Electric Vehicle Charging Session Times

Understanding when chargers on the ChargePlace Scotland network are currently used,
specifically trends in the day of the week that charging sessions take place and the time
of day that charging sessions start, can identify times of high demand for charging

network infrastructure.

Figure 4.8 shows the average number of sessions per 100,000 people taking place on
each day of the week for all sessions in the dataset, as well as for sessions facilitated by
chargers in Urban Rural Classification 1 and 8 areas, and in first and fifth quintiles of
the Scottish Index of Multiple Deprivation and Geographical Accessibility Index. Each
plot shows the mean number of sessions (per 100,000 people) occurring on each day of

the week for each area type, plus and minus one standard deviation.

The trends in average sessions by day of the week generally show that weekends have
slightly fewer sessions per 100,000 people than weekdays; however, the trend is less
clear for Urban Rural Classification 8 and the fifth quintile of the Scottish Index of
Multiple Deprivation. In Urban Rural Classification 8, the average number of sessions
on a Saturday is more in line with values found for weekdays, and in the fifth quintile

of the Scottish Index of Multiple Deprivation, the decrease in sessions on the weekends
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appears less significant compared to other areas.
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Figure 4.8: The average number of sessions taking place each day of the week on all
chargers (AC and rapid) on the ChargePlace Scotland public EV charging network for
all areas and for Urban Rural Classification 1 and 8 areas and first and fifth quintiles of
the Scottish Index of Multiple Deprivation and Geographical Accessibility Index areas
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For all locational categories considered, Friday had the most sessions per 100,000 people
on average, with 101 sessions (per 100,000 people) for all sessions in the dataset; 111
and 87 sessions for the first and fifth Scottish Index of Multiple Deprivation quintiles,
respectively; 80 and 166 sessions for the first and fifth Geographical Accessibility Index
quintiles, respectively; and 88 and 112 sessions for Urban Rural Classifications 1 and
8, respectively. This may be because, as mentioned in Section 2.5, most journeys tend
to occur on a Friday, according to the Scottish Household Survey [145]. Meanwhile,
Sunday had the least sessions per 100,000 people on average for all area types, with 84
sessions (per 100,000 people) for all sessions in the dataset; 89 and 77 sessions for the
first and fifth Scottish Index of Multiple Deprivation quintiles, respectively; 68 and 134
sessions for the first and fifth Geographical Accessibility Index quintiles, respectively;

and 72 and 94 sessions for Urban Rural Classifications 1 and 8, respectively.

Interestingly, the fifth quintile of the Geographical Accessibility Index tends to have
more daily sessions per 100,000 people on average compared to the other areas con-
sidered, and Urban Rural Classification 8 features the most variation, as evidenced by
the larger standard deviations compared to the other area types. The general trend of
fewer sessions on average on weekends suggests that as EV adoption and utilisation of
the public charging network increases, it may become important to incentivise charg-
ing on weekends to reduce pressure at busier times. However, the disparities in trends
across the different locational characteristics indicate that a localised approach may be
necessary, which is supported by other studies that find that different areas will have

different public charging needs [125,126].

Figure 4.9 shows the trends in the time of day that charging sessions tend to start
on weekdays and weekends for all sessions included in the dataset and also for those
occurring in Urban Rural Classification 1 and 8 areas. As shown, the overall trend for
all sessions during the week is reflective of a traditional nine-to-five schedule. There are
peaks in charging session start time between 8 a.m. and 10 a.m., which could be thought
of as a pre-work peak, a lunchtime peak between 12 noon and 2 p.m., and a post-work

peak between 5 p.m. and 6 p.m., as expected. These trends in session start time tend to
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align with times of peak energy demand in the UK [196], with 84.4% of sessions taking
place between 8 a.m. and 9 p.m. Therefore, in the future, it may become important
to influence charging behaviour and encourage sessions to start at off-peak times. The
overall trend for all sessions on the weekends is reflective of the more relaxed schedule
many enjoy on Saturdays and Sundays, with activity mainly concentrated towards the
middle of the day and peaking at 12 noon. Specifically, 42.2% of all sessions started

between 10 a.m. and 3 p.m. on weekends.
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Figure 4.9: Trends in start time of charging sessions on the ChargePlace Scotland public
EV charging network for all sessions, and sessions in Urban Rural Classifications 1 and
8. Chargers of both charging speeds (AC and rapid) are included

As illustrated by Figure 4.9, Urban Rural Classification 1 session start-time trends are
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generally similar to the overall trends found for all charging sessions in the dataset.
However, Urban Rural Classification 1 chargers tend to have slightly more sessions
taking place overnight compared to trends for all sessions, particularly on the weekends.
For example, 9.1% of all sessions started between 9 p.m. and 6 a.m. on the weekends
compared to 13.97% of sessions in Urban Rural Classification 1 areas. Key groups who
may use public charging overnight include people who tend to work night shifts and
have unusual patterns, or those who have public chargers near their place of residence
and otherwise do not have access to residential charging. There also tend to be slightly
fewer sessions in Urban Rural Classification 1 areas starting towards the middle of the

day during weekends — 38.3% of sessions started between 10 a.m. and 3 p.m. here.

However, Urban Rural Classification 8 areas show a different trend for charging session
start times. On both weekends and weekdays here, sessions tend to start more towards
the middle of the day, peaking at 1 p.m. on weekdays and 12 noon on weekends.
Specifically, 43.8% of sessions in Urban Rural Classification 8 areas take place between
11 a.m. and 4 p.m. on weekdays, and 48.5% take place between 11 a.m. and 4 p.m.
on weekends (compared to 34.1% and 41%, respectively, for all sessions). This further
emphasises that urban and rural areas in Scotland tend to feature different charging
behaviours and therefore may require different approaches to adequately meet public

charging needs.

Figure 4.10 shows the session start-time trends for all sessions and also for those oc-
curring in the first and fifth quintiles of the Scottish Index of Multiple Deprivation.
Additionally, Figure 4.11 shows the session start-time trends for all sessions and for
those occurring in the first and fifth quintiles of the Geographical Accessibility Index.
The trends across the first and fifth quintiles of both indicators are similar to the overall
trends for all sessions. The trends for the first (most deprived) quintile of the Scot-
tish Index of Multiple Deprivation feature a higher proportion of nighttime sessions
on the weekends, with 12% starting between 9 p.m. and 6 a.m. Meanwhile, the first
(least accessible) quintile of the Geographical Accessibility Index tends to have slightly

more sessions concentrated towards the middle of the day on the weekends, with 43.1%
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starting between 11 a.m. and 4 p.m. Interestingly, although fewer sessions take place
overnight in the first (least accessible) quintile of the Geographical Accessibility Index
compared to the overall trend, the difference is not as great as that between the most
rural areas and the overall trend. Specifically, in the first quintile of the Geographical
Accessibility Index, 7.1% of sessions occur between 9 p.m. and 6 a.m. on weekends,
and 7.3% occur on weekdays, compared to 9.1% for all sessions on weekends and 8.4%
on weekdays. In the most rural areas (as shown in Figure 11), 3.5% of sessions occur
between 9 p.m. and 6 a.m. on weekends, and 3.8% on weekdays. This difference
is likely because the Urban Rural Classification and Geographical Accessibility Index
capture different aspects of accessibility /remoteness. As outlined in Section 2.5, the
Urban Rural Classification gives a standardised definition of how urban or rural an
area is depending on its population and/or distance to communities of certain popula-
tion thresholds. Meanwhile, the Geographical Accessibility Index captures accessibility
through incorporating information on access to public and private transportation and
access to physical and digital services. Therefore, the Geographical Accessibility Index
captures accessibility /remoteness more in terms of access to services, whilst the Ur-
ban Rural Classification captures accessibility /remoteness more in terms of population

structures, and so different behaviours are observed.
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Figure 4.10: Trends in start time of charging sessions on the ChargePlace Scotland
public EV charging network for all sessions, and sessions in first and fifth Scottish

Index of Multiple Deprivation quintiles. Chargers of both charging speeds (AC and
rapid) are included
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Figure 4.11: Trends in start time of charging sessions on the ChargePlace Scotland
public EV charging network for all sessions, and sessions in first and fifth Geographical

Accessibility Index quintiles. Chargers of both charging speeds (AC and rapid) are
included

As mentioned in Section 2.3, time-of-use tariffs have been proposed as a means to shift
charging time behaviour. To explore the impact that time-of-use tariffs have on the
average charging session start time, data for chargers included in the East Lothian trial
of this type of tariff programme (as described in Section 2.4) were considered. Figure
4.12 shows the trends in charging session start time before and after implementation
of the time-of-use tariff, including a vertical black dotted line indicating the average

session start time or ‘plug-in’ time.
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Figure 4.12: Trends in start time of charging sessions for nine chargers in East Lothian
on the ChargePlace Scotland public EV charging network before and after introduction
of a time-of-use tariff, with the average plug-in time marked by a vertical black dotted
line

Before the time-of-use tariff implementation, 19.2% of sessions started between 4 p.m.
and 8 p.m. (the times that the increased fee is active). After introducing the new tariff
programme, there was a decrease in the proportion of sessions starting in this time
bracket, with 15.7% of sessions starting between 4 p.m. and 8 p.m. The result of the
two-sample Kolmogorov-Smirnov test gave a p-value of 0.02, indicating that the differ-
ence observed is statistically significant at the 5% level, as described in Section 4.2.2.
This suggests that there may be potential for shifting the demand using time-of-use

tariff schemes. However, the average session start time remained relatively unchanged
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before and after the introduction of the time-of-use tariff — prior to the new tariff pro-
gramme, the average plug-in time was 12:24 p.m., and, afterwards, this shifted forwards
slightly to 12:28 p.m. The relatively modest shift in time-of-use may be because the use
of public chargers is more driven by the need to charge than changes in cost. Time-of-
use tariffs may be more effective for residential charging as the charger is always readily
available when the car and user are at home. Public charging on the other hand, often

requires the user to travel to access a charger or to make use of charging en-route.

Additionally, this analysis is relatively small-scale. Only twelve ChargePlace Scotland
chargers were involved in the time-of-use tariff trial, and of those twelve chargers,
data for nine were included in the dataset and the subsequent analysis. Furthermore,
the chargers were all located in one local authority area, and the trial time period is
relatively short. Specifically, there were five months of data (2,907 charging sessions) to
consider before the time-of-use tariff introduction and one year of data (5,903 charging

sessions) to consider after the time-of-use tariff’s introduction.

Therefore, in relation to sub-question b) (concerning when public EV chargers tend to
be used), analysis of the developed dataset found that chargers on the ChargePlace
Scotland network tend to be used more during weekdays than weekends in general;
however, different area types experience this trend to different degrees. Furthermore, on
weekdays, the charging start time generally tends to follow a nine-to-five-style pattern,
while weekends feature charging session start-time activity concentrated more towards
the middle of the day. Similarly, there are disparities between different area types,
with Urban Rural Classification 8 specifically exhibiting charging start times more
concentrated towards the middle of the day on weekdays also. Time-of-use tariffs
appear to have potential to facilitate some demand shifting away from peak times;
however, more data/cases would be required to more fully demonstrate and quantify

this.
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4.3.4 Impact of Public Electric Vehicle Charging Tariffs on Utilisation

As described in Section 2.4, twelve local authorities introduced tariffs during the dataset
time period. Table 4.3 shows the changes in the average number of daily sessions per
100,000 people and average daily energy consumed per 100,000 people for the relevant
twelve local authorities, both before and after tariff introduction. The reductions in
average daily sessions per 100,000 people range from 77% (in Clackmannanshire) to
19.5% (in West Dunbartonshire), and the decreases in average daily energy consumed
per 100,000 people range from 76.5% (in Clackmannanshire) to 1.9% (in West Dunbar-
tonshire). The introduction of tariffs resulted in an average decrease of 51.3% in the
number of daily sessions per 100,000 people and an average decrease of 50.0% in the

average daily energy consumed per 100,000 people.

The date on which local authorities introduced tariffs for the chargers they own is also
given in Table 4.3, and it should be noted that disparities in tariff introduction dates
result in disparities in the number of data available before and after tariff introduction
across the local authorities considered. This should be considered when interpreting
these results, particularly in the case of South Lanarkshire, where the tariff was intro-
duced in early November, just one month into the dataset time period. Additionally,
when considering the results in Table 4.3, it is important to bear in mind that the tariff
introduction date applies only to chargers owned and operated by the local council,
and there may be other chargers within the local authority that have other owners and

that are therefore subject to different tariff programmes.

By way of example, Figures 4.13, 4.14 and 4.15 show plots of the number of sessions
taking place in Dundee City, North Lanarkshire, and East Renfrewshire, respectively,
as well as the number of chargers in each area. Dundee City already had a tariff in
place before the beginning of the dataset time period, and the trends in the number of
sessions taking place across the time frame are relatively stable. However, for North
Lanarkshire and East Renfrewshire, steep declines in the number of sessions can clearly
be seen around the time of tariff introduction (the date of which is marked on these

plots by a vertical black dotted line). It is possible that tariff introduction across
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different local authorities has contributed to the decreasing trend in the overall number

of sessions on the ChargePlace Scotland network demonstrated in Figure 4.3.

The reduction in charger utilisation after tariff introduction indicates that when charg-
ing is free, there are two broad user groups — those who require the use of the public EV
charging network (those without access to residential or workplace charging facilities
or who need to charge to complete a journey) and those who do not need to use the
public network but choose to because of the financial incentive. Therefore, the charging
demand post-tariff introduction may be more representative of the ‘real’ demand, as
those who can charge privately will likely choose to do so, as this is typically cheaper

and more convenient than charging publicly once a tariff is applied [148].
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Figure 4.13: The number of sessions taking place in Dundee City (on chargers of both

speeds, AC and rapid), along with the number of chargers observed. Dundee City
already had a tariff in place during this time period
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Figure 4.14: The number of sessions taking place in North Lanarkshire (on chargers
of both speeds, AC and rapid), along with the number of chargers observed. North
Lanarkshire introduced a tariff on 4 January 2023, illustrated by the vertical black
dotted line
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Figure 4.15: The number of sessions taking place in East Renfrewshire (on chargers of
both speeds, AC and rapid), with the number of chargers observed. East Renfrewshire
introduced a tariff on 1 October 2023, illustrated by the vertical black dotted line

It is also pertinent to consider the possible impacts of tariff introductions on neighbour-
ing free chargers. Figures 4.16, 4.17 and 4.18 show the number of daily sessions taking

place on chargers within 10 km of North Lanarkshire, Renfrewshire, and Perth and
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Kinross borders (respectively) that were free to use at the time these local authorities
introduced charging tariffs. The date that each local authority introduced tariffs for

their chargers is marked on each plot with a vertical black dotted line.

Figures 4.16, 4.17 and 4.18 indicate that the introduction of a tariff does not appear
to significantly shift demand to nearby free chargers. It may, therefore, be that the
majority of demand is instead shifting to private charging (e.g., workplace or residential
chargers) when a tariff is introduced. As mentioned in Section 1.2, most EV drivers
currently have access to residential charging [24]. Therefore, it is possible that a differ-
ent effect may be observed as EV adoption reaches further into markets of consumers

without home charging capabilities.
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Figure 4.18: The number of sessions taking place on chargers within 10 km of Perth
and Kinross borders that were free to use at the time of charging tariff introduction for
Perth and Kinross council-owned chargers (the date of tariff introduction is represented
by the vertical black dotted line)

In relation to sub-question c) (concerning the impact of the introduction of tariffs on
usage of chargers), analysing the developed dataset found that introducing a tariff
appears to significantly impact charger utilisation, reducing the number of sessions and
energy consumed by chargers by around 50%. However, the available data indicate that
the introduction of tariffs does not seem to have a significant impact on the utilisation
of nearby chargers that remain free to use. This indicates that the drop in demand
for public chargers after tariff introduction is likely being otherwise met via residential

chargers.

4.3.5 Characteristics of the Most Used Chargers

The average number of daily sessions experienced by chargers in the dataset ranges
from 0 to 5.3 sessions for AC chargers and from 0 to 12.9 sessions for rapid/ultra-
rapid chargers. As shown in Figure 4.19, 35% of AC chargers are used on average
at least once a day, compared to 86% of rapid/ultra-rapid chargers. On average, AC
chargers experienced 0.9 daily sessions, and rapid/ultra-rapid chargers experienced 3.5

daily sessions. This suggests that rapid/ultra-rapid chargers are more utilised than
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AC chargers in terms of being used at least once a day on the ChargePlace Scotland
public EV charging network. The fact that rapid chargers tend to experience more
average daily sessions also indicates that they are more well utilised; however, given
the increased speed of charge that rapid/ultra-rapid chargers are capable of delivering,
it is important to bear in mind that they are more likely to be able to facilitate more

sessions per day than AC chargers.

AC Chargers Rapid/Ultra-Rapid Chargers

Used on average
|less than once a day

Used on average
at least once a day

Used on average
less than once a day

Used on average
at least once a day

Figure 4.19: In total, 35% of AC chargers (left) experience at least one daily session,
while 86% of rapid/ultra-rapid chargers (right) experience at least one daily session

Ninety-two chargers make up the top 5% most utilised AC chargers by average daily
sessions. These chargers experienced between 2.4 and 5.3 daily sessions on average.
Figures 4.20, 4.21 and 4.22 show that the most utilised AC chargers are mainly in

urban, geographically accessible areas with low levels of deprivation.
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Figure 4.20: The number of chargers per Urban Rural Classification that are within
the top 5% most utilised AC chargers by average daily sessions
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Figure 4.21: The number of chargers per Geographical Accessibility Index quintile that
are within the top 5% most utilised AC chargers by average daily sessions
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Figure 4.22: The number of chargers per Scottish Index of Multiple Deprivation quintile
that are within the top 5% most utilised AC chargers by average daily sessions

As demonstrated by Figure 4.20, only 10 of the most utilised AC chargers were classified
as being located in rural areas (i.e., have an Urban Rural Classification of at least 4).
Furthermore, Figure 4.21 shows that the number of most utilised AC chargers increases
as the Geographical Accessibility Index increases (i.e., there are more of these chargers
located in more accessible areas). The least accessible quintile had 8 chargers, while the
most accessible quintile had 34 chargers. Figure 4.22 illustrates that the least deprived
Scottish Index of Multiple Deprivation quintile has the most highly utilised chargers
(33 chargers in total), followed by the fourth (second least deprived) quintile, which
had 25 chargers. The most deprived quintile had the lowest number of most utilised
AC chargers, with eight chargers. As mentioned in Section 1.2, a chicken-versus-egg
feedback effect can exist between the presence of public EV chargers and local EV
adoption [30-32]. Therefore, it is possible that EV ownership is concentrated in these
areas of high utilisation and that this is driving the above results. Additionally, as
mentioned in Section 2.5, the least deprived areas tend to be more likely to complete
journeys by car and have more awareness of EVs, which may mean that EV adoption is
more likely to be focused here. These factors may also contribute to increased utilisation

of local infrastructure.
Thirty chargers make up the top 5% most utilised rapid chargers by average daily
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sessions. Of the five ultra-rapid chargers included in the dataset, none were in the top
5% most utilised rapid/ultra-rapid chargers. The top 5% most utilised rapid chargers
experienced between 8.4 and 12.9 daily sessions on average. Figures 4.23, 4.24 and
4.25 show that the most utilised rapid chargers are mainly in urban, geographically

accessible areas with high levels of deprivation.
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Figure 4.23: The number of chargers per Urban Rural Classification that are within
the top 5% most utilised rapid chargers by average daily sessions
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Figure 4.24: The number of chargers per Geographical Accessibility Index quintile that
are within the top 5% most utilised rapid chargers by average daily sessions
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Figure 4.25: The number of chargers per Scottish Index of Multiple Deprivation quintile
that are within the top 5% most utilised rapid chargers by average daily sessions

As shown in Figure 4.23, only 2 of the most utilised rapid chargers were classified as
being located in rural areas (i.e., have an Urban Rural Classification of at least 4).
Figure 4.24 shows that the most accessible quintile of the Geographical Accessibility
Index and the third quintile (areas falling within the 60% least accessible in Scotland)
had the greatest number of most utilised rapid chargers, with 9 chargers. The first,
second, and fourth quintiles all had 4 chargers each. Figure 4.25 shows that the most
deprived quintile had the greatest number of most utilised chargers, with 12 chargers.
The remaining quintiles all had similar numbers of chargers — the second and third
quintiles both had 5 chargers, while the fourth and fifth quintiles both had 4 chargers.
The significantly greater number of most utilised rapid chargers in the most deprived
quintile is interesting; however, the Scottish Index of Multiple Deprivation is a rela-
tively localised index, and there can be neighbouring areas of contrasting ranking [141].
Therefore, it is possible that people living in areas of higher Scottish Index of Multiple
Deprivation value are using chargers located in areas of lower Scottish Index of Multiple

Deprivation ranking.

Figure 4.26 shows three maps, one showing the position of all chargers included in
the dataset, another showing the position of the top 5% most utilised AC chargers,
and a third showing the position of the top 5% most utilised rapid chargers. It can
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Figure 4.26: Positions of all chargers in the dataset (left), the top 5% most utilised
rapid chargers by their average daily sessions (middle), and the top 5% most utilised AC
chargers by their average daily sessions (right), including thematic layer representing
local authority boundaries [48]

be seen that the most utilised chargers tend to be concentrated in the central belt of
Scotland, where the population is most dense and where the two main cities, Glasgow

and Edinburgh, lie.

In relation to sub-question d) (concerning the characteristics associated with the most
utilised chargers), analysis of the developed dataset found that rapid/ultra-rapid charg-
ers tend to experience more daily sessions on average and are more likely to be used at
least once a day compared to AC chargers. The top 5% most utilised chargers of both
speeds tend to be found in urban, geographically accessible areas. However, while the
top 5% most used AC chargers tend to be located in less deprived areas, the top 5%

most used rapid chargers tend to be located in more deprived areas.

4.3.6 Results Summary

Overall, the total number of charging sessions taking place on the ChargePlace Scotland
public network slightly decreased between October 2022 and March 2024. Chargers
were found generally to be more concentrated in urban areas; however, rural areas
tended to have more chargers per head of population. Interestingly, areas falling within

the 20% least deprived had the fewest chargers. Furthermore, areas falling within the
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20% most accessible had the most chargers, with 794 chargers in total, but this was
closely followed by areas falling within the 20% least accessible, with 621 chargers in
total.

In general, weekdays tended to feature more charging sessions than weekends, peaking
at an average of 101 sessions per 100,000 people on Fridays. Sunday had the fewest
charging sessions taking place on average, with 84 sessions per 100,000 people. Charg-
ing times also tended to align with times of peak energy demand [196], with 84.4%
of weekday sessions occurring between 8 a.m. and 9 p.m. However different areas,
particularly the most rural, exhibited varying trends in charging session times (e.g.,
charging sessions in rural areas were more concentrated towards the middle of the day
compared to urban areas). Exploring approaches to changing charging behaviours, the
East Lothian trial of time-of-use tariffs saw a shift from 19.2% of sessions starting be-
tween 4 p.m. and 8 p.m. (the time period when the increased fee is active) to 15.7%
of sessions starting between these hours. Introducing tariffs for chargers that were
previously free to use induced an average reduction of 51.3% in the average number
of daily sessions per 100,000 people and an average reduction of 50.0% in the average
daily energy consumed per 100,000 people. However, the introduction of tariffs did not

appear to have an effect on the utilisation of nearby chargers that remained free to use.

Generally, rapid chargers were found to be more well utilised than AC chargers. In
terms of average daily sessions per charger, this ranged from 0.002 to 5.3 daily sessions
for AC chargers and from 0.06 to 12.9 for rapid/ultra-rapid chargers. On average,
AC chargers on the ChargePlace Scotland network experienced 0.9 daily sessions, and
rapid /ultra-rapid chargers experienced 3.5 daily sessions. Furthermore, 35% of AC
chargers on the network were used at least once daily, compared to 86% of rapid/ultra-
rapid chargers. The top 5% most utilised chargers tended to be in urban, geographically
accessible areas, while less deprived areas tended to have the most utilised AC chargers,

and more deprived areas tended to have the most utilised rapid chargers.
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Power Systems % ~p + Behaviour changes likely needed to reduce
pressure at peak times
» Localised approaches likely required

Key Implications Charge Point ¢

——> « Tariff introduction should account for potential
of Results Operators " utilisation reductions

» Urban, geographically accessible areas, and

- areas of high deprivation for rapid chargers

Governance uig and low deprivation for AC chargers are most

\ commercially viable

« Support should be targeted towards charger
deployment in less commercially viable areas
identified

* Guidance should be issued to ensure tariff
programmes and localised schemes are
equitable

« Development of metrics to holistically quantify
charger quality and charging provision will be
important

« Exploring interaction between charging
infrastructure and use of other modes may
reduce tension with other sustainable
transport targets

Figure 4.27: Summary of the key implications the results of this chapter have for
policy and transport planning for three key stakeholders - power systems, charge point
operators, and governance

4.4 Implications for Policy, Practice and Future Work

The results of this chapter provide insight into how a key public EV charging network
in Scotland is currently spatially distributed and used. A better understanding of these
concepts can help to inform future development of the charging network, and, therefore,
the results have important implications for policy, transport planning, and future re-
search work. Specifically, there are implications for three key domains — power systems,
charge point operators, and governance — and these implications are summarised in Fig-
ure 4.27. It is important to bear in mind the limitations of the research methodology,
outlined in detail in Section 4.2.3. In particular, the limitations of locating chargers by
their postcode, the difficulties that the Scottish Index of Multiple Deprivation has in
capturing deprivation in rural areas, and the exclusion of chargers that were free to use

from the analysis considering the most used chargers will have impacts on the results.

From a power systems perspective, encouraging and facilitating a behavioural change

so that more charging sessions start at off-peak times during the week or on weekends
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could become important to relieve pressure on power network infrastructure. Time-
of-use tariffs may be an effective tool to redirect utilisation away from peak hours.
However, given that there are disparities between some location types (particularly the
most rural areas) in terms of charger use-time patterns, charging behaviour changes
may have different impacts in different areas. Therefore, a localised approach will likely
be required, while careful attention should be paid to ensuring that differing approaches
are equitable. For example, implementing differing charging fees at different times in

different regions may unfairly disadvantage certain groups.

For charge point operators, if introducing a tariff programme for previously free-to-
use chargers, it should be carefully planned and designed, accounting for potentially
significant reductions in utilisation to allow a balance to be struck between market
competitiveness and financial viability. Additionally, the slight decrease in the number
of sessions across the ChargePlace Scotland network over the dataset time period may
appear alarming for charge point operators. However, as discussed in Section 4.3.4, the
reduction in utilisation as a result of the introduction of tariffs across different regions at
different times could be a key contributor to this slight decrease. It is also possible that
competition from other public EV charging networks has caused a decrease in sessions
taking place on the ChargePlace Scotland network. Furthermore, users who require use
of the public EV charging network due to a lack of residential or workplace charging
alternatives may be more likely to reduce their car usage (e.g., use public transport
or active travel for some journeys instead of driving) to offset increased charging costs
after the introduction of a tariff - again, possibly contributing to the observed decrease

over time.

Rapid/ultra-rapid infrastructure may be more commercially lucrative for charge point
operators; however, the higher cost of this infrastructure compared to that for AC
chargers [38,39] (see Section 1.2) should be carefully considered and factored into busi-
ness decisions surrounding charger infrastructure speed. These financial factors, along
with the needs of both charge point operators and users, are essential to determine

the most appropriate charging infrastructure type to be installed. Additionally, the
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locations that tended to contain the most utilised chargers (i.e., urban, geographically
accessible areas and areas of high Scottish Index of Multiple Deprivation for AC charg-
ers and low Scottish Index of Multiple Deprivation for rapid chargers) are likely to be
the most commercially viable location types for charge point operators to install charg-
ers. Therefore, transport planning surrounding the deployment of additional chargers

from a commercially focused viewpoint should prioritise these areas.

However, there may be tensions between commercial viability and ensuring that the
transition to EVs is equitable, and it is important that other areas, particularly rural
and less accessible areas, are not left behind. To enable an equitable transition, it will
be crucial that there is sufficient public EV charging infrastructure across all areas.
The Scottish Government’s public EV charging rollout strategy via ChargePlace Scot-
land (see Section 1.3) may have contributed positively to the deployment of chargers
in the more deprived and less accessible areas. By initially providing public funding
for charging infrastructure, installation of public chargers in potentially less profitable
areas has been encouraged. However, this approach may have led to discouragement of
private sector involvement due to the substantial drops in charger utilisation after tar-
iff introduction and the low utilisation rates of some chargers. Additionally, continued
widespread funding from the public sector may be unsustainable, likely necessitat-
ing more targeted government support. Complicating infrastructure siting decisions is
the ever-present chicken-versus-egg dichotomy (see Section 1.2) surrounding EV adop-
tion [30-32]. If chargers are concentrated in areas of current high utilisation, it may
discourage EV ownership in other areas due to a lack of infrastructure. Therefore,
while private charge point operators may choose to focus development of infrastructure
in the areas of high utilisation outlined above to maximise profitability, government
intervention and supporting policy may be required to develop infrastructure in less
commercially viable regions. This will be key to ensuring that there is equitable access
to charging infrastructure, but also to ensuring that there is a wider equitable transition

to EV adoption.

Additionally, although it is promising that the least accessible areas have a significant
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number of chargers, it is possible that these areas will require significantly more to
service the populations found here across complex geographies. The metrics used to
quantify current levels of charging infrastructure in different area types to inform devel-
opment should be carefully considered. As evidenced by the disparity between trends
found for the absolute number of chargers and the number of chargers per 100,000 peo-
ple in each Urban Rural Classification (see Section 4.3.2), varying metrics can represent
the same situation differently. Therefore, defining a standardised set of metrics that
holistically capture and quantify public charging provision in different regions will be
an important step in developing an evidence-based foundation for public charging net-
work development. This could be particularly beneficial for guiding decision-making
surrounding the siting of the additional 24,000 chargers by 2030, as pledged by the
Scottish Government [46].

Charging sessions in rural areas being more concentrated towards the middle of the
day may be because charging to complete a journey may occur more often in these
areas, as rural residents tend to travel further than urban dwellers (see Section 4.3.3).
However, the possibility that rural EV drivers may have to drive further to access
chargers, also touched on in Section 4.3.3, may also be contributing to this trend. It
is possible that charging infrastructure is located too far from users’ homes for them
to return there for the duration of the charge. Additionally, the location of chargers
may feel unsafe or unpleasant at nighttime (e.g., if it is poorly lit or there is a lack of
facilities, such as toilets, cafes, shops, etc.). Therefore, this may mean that charging
during the day is preferable. Developing a metric to holistically quantify how safe and
convenient chargers feel, accounting for entities such as proximity to other services and
street lighting could help identify chargers whose immediate environment could benefit
from improvement, which in turn may encourage more utilisation at times of lower

demand.

Policy may also play a crucial role in ensuring that tariff programmes are equitable and
encourage sustainable mobility practices. Although the introduction of tariffs did not

seem to impact the utilisation of neighbouring free chargers, a different effect may be
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observed as EV ownership infiltrates consumers without residential charging, as men-
tioned in Section 4.3.4. Should the introduction of or changes to public charging tariffs
influence behaviours through the incentivising of driving greater distances to access
cheaper charging, this may threaten other government targets, such as the 20% reduc-
tion in car kilometres travelled [11]. To offset this, developing the charging network
near public transportation hubs and incentivising charging here could promote the use
of more sustainable modes for onward travel. However, there is a risk that this may
rather encourage the undertaking of additional journeys rather than modal shifting
of existing journeys, as has been seen in different price-related sustainable transport

initiatives in other countries [209].

Outlining guidance on tariff design to help ensure that any possible disparities between
regions (e.g., to encourage different behaviour changes in different areas, as touched on
above) are equitable and do not disproportionately impact certain groups may become
important. Additionally, such guidance could also consider how tariff programmes could
support those without access to residential charging, which is typically cheaper than
public charging. Circling back, in line with the chicken-versus-egg feedback effect, to
penetrate this market and support the transition to EVs for these individuals, bolstering
the public EV charging network will be imperative. As mentioned in Section 2.5, given
that 55.2% of trips are made by car in Scotland (with this rising to 69% specifically
in the most rural areas) [145], fostering EV adoption equitably will play a crucial role
in facilitating an overall reduction in emissions and the achievement of net zero in line

with government targets.

Further work should aim to develop a suitable metric (or set of metrics) that will pro-
vide a holistic understanding of current charging provisions across different complex
geographies. This may assist in the determination of the quantity of chargers that may
be required to adequately provide for different regions, particularly the more rural and
less accessible areas. Future work should also explore the kind of policy packages or ap-
propriate governmental interventions that may effectively support public EV charging

infrastructure development in the less commercially lucrative regions identified herein.
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Additionally, regarding the time-of-use tariff programme analysis, this pilot scheme
was relatively small in scale, and more research is warranted to understand the ability
of such schemes to effectively facilitate behaviour changes and any other wider im-
pacts in the Scottish context. This further work would ideally consider a similar tariff
programme across a greater number of chargers over a wider area, ideally including
different price thresholds for the ‘peak time’ fee. Future work is also warranted to in-
vestigate any impact public EV charging tariffs may have on modal shifting (i.e., public
transport or active travel use in place of car use) and to explore market competitiveness
between different public charging networks in the Scottish context. Furthermore, there
is value in undertaking an in-depth cost—benefit analysis of AC versus rapid/ultra-
rapid chargers in Scotland, accounting for the utilisation of these chargers, the costs
associated with their infrastructure, and the needs of both users and charger operators.
Further work concerning the development of a means of measuring the quality of charge
points, accounting for safety aspects and proximity to services, is also recommended to
inform interventions which might encourage greater utilisation of underused chargers.
Developing such a metric may require further data collection concerning the immediate
environment of chargers. Collection of additional public charging data from the user’s
perspective, rather than the charger’s perspective, may also prove beneficial, as this
would facilitate a greater understanding of charging habits. For example, this may
enable the identification of how many different chargers individual users tend to fre-
quent, how far from their homes users prefer to charge, and how EV charging interacts
with the use of any other transport modes. These insights would contribute to a more

informed and effective development of the public charging network.

4.5 Conclusions

This chapter has developed and analysed a dataset of EV charging sessions taking place
on the ChargePlace Scotland network, spanning a total of 2,786 chargers over the pe-
riod from October 2022 to March 2024. The somewhat unconventional nature of the

rollout of public charging infrastructure in Scotland, in tandem with the government’s
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commitment to install an additional 24,000 public chargers by 2030 (mentioned in Sec-
tion 1.3), makes it pertinent to obtain insights into how the network can be developed
effectively and equitably. This chapter has examined the current distribution of charg-
ers, trends in charging times, the impact of tariff introduction, and the characteristics
associated with the most utilised chargers. The limitations of this work include the
possibility of slight inaccuracies in the length of time each charger was determined
to be active, the geospatial assigning of some data due to limitations associated with
locating chargers by postcode, and the limitations associated with the socioeconomic
indicators considered (namely the Urban Rural Classification and the Scottish Index

of Multiple Deprivation).

Therefore, in relation to Research Question 2 (as described in Chapter 1), the results
of this chapter have provided the following insights into the current state of Scotland’s
public charging network: chargers currently tend to be concentrated in more urban
areas, although the more rural regions had more chargers per head of population. In
terms of deprivation, it was found that the 20% least deprived areas had the fewest
chargers. Meanwhile, in terms of geographical accessibility, the 20% most accessible
and 20% least accessible areas had the most chargers. Generally, weekdays experienced
more sessions than weekends, and charging sessions on weekdays tended to follow a
nine-to-five-style schedule, while sessions on weekends were more focused towards the
middle of the day. However, there were disparities in patterns between different area
types, with the most rural regions showing distinct usage patterns. Time-of-use tariffs
showed potential for shifting charging away from peak times, though this analysis was
relatively small-scale. The introduction of tariffs resulted in significant reductions in
charger utilisation, with an average decrease of 51.3% in the average number of daily
sessions per 100,000 people occurring after tariffs were introduced. However, this did
not appear to shift demand to neighbouring free-to-use chargers. Rapid/ultra-rapid
chargers tended to be more well utilised than AC chargers, with 86% being used at
least once daily compared to 35% of AC chargers. While the most utilised chargers

of both types tended to be located in urban, geographically accessible areas, the most
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utilised AC chargers tended to be in areas of low deprivation, and the most utilised

rapid chargers tended to be in areas of high deprivation.

Additionally, based on these findings, the following insights pertaining to policy and
practice to support an equitable transition were drawn: To relieve pressure on power
network infrastructure, charging behaviour changes may need to be shifted away from
times of peak energy demand; however, regional disparities suggest that a localised
approach may be required. Additionally, the Scottish Government should target sup-
port for charger deployment in the less commercially viable regions to facilitate EV
adoption across all areas. The government could also provide guidance on equitable
tariff design, particularly to ensure that any localised approaches are equitable, and
policymakers should explore how charging provision could encourage or incentivise use
of other sustainable modes. Furthermore, the development of holistic metrics to quan-
tify charging provision and charger quality will be an important step in developing an

equitable public EV charging network.

Furthermore, in terms of developing inclusive public charging provision in the Scot-
tish context, it is important to understand the charger population required that will
enable equitable geographic access to chargers. Although the Scottish Government
have adopted the Climate Change Committee’s car kilometre based recommendation
to install a further 24,000 chargers by 2030, it is unclear if this charger population
will achieve an inclusive spatial arrangement of chargers that will allow the popula-
tion across Scotland equitable access to public EV charging facilities. Therefore, it is
important to investigate the charger population required by 2030 in Scotland through
approaches that do and do not account for population dispersion to understand both
future public charging requirements and the impact that population dispersion has on

this. This will be the focus of Chapter 5.
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Chapter 5

Equitable Scottish Public
Electric Vehicle Charging - 2030

Requirements

5.1 Introduction

As discussed in Chapters 1 and 2, the Scottish Government has adopted the Climate
Change Committee’s car and van kilometre based recommendation to supplement Scot-
land’s existing 6,000 public EV chargers by installing an additional 24,000 chargers by
2030. Chapters 3 and 4 explored the critical nature of developing public charging infras-
tructure to enable an equitable transition to EVs that in turn will support achievement
of key governmental emission reduction targets. Alongside pledging to the installation
of the targeted population of chargers, the Scottish Government has also highlighted
their commitment to develop a public network that is equitably accessible to all [26].
The results of Chapter 4 showed that, while the ChargePlace Scotland network provided
relatively good coverage of socially deprived areas, there were disparities in provision
across urban and rural areas where the absolute number of chargers was more concen-
trated in urban areas but the number of chargers per 100,000 was more concentrated in

rural areas. As also discussed in Chapter 1, the use of a car kilometre based approach
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for quantifying public charging demand assumes that all activity takes place at a single
central point and may lead to some communities being left behind as the distribution
of people and places is not considered. The impact of population dispersion on public
charging requirements in the Scottish context is unclear and there is a risk that overly
simple modelling leads to estimation of fewer chargers required. This highlights the
need to understand the impact that population distribution may have on projections
for charger population requirements to support equitable geographic access to chargers

in Scotland.

The current chapter, therefore, aims to evaluate the number of chargers required in
Scotland in 2030 under different scenarios for charging technology adoption, and in
the context of future scenarios found to achieve emissions targets in Chapter 3. To
evaluate and quantify impacts from population dispersion, two different techniques will
be applied to assess the required charger population in each scenario: a geospatially-
agnostic approach which utilises projected EV kilometres travelled (Chapter 3) and
average charge duration and energy consumption data (Chapter 4); and a geospatially-
driven GIS approach which additionally accounts for population dispersion to quantify
the public charger population required to enable equitable geographic access, as well
as the gap-risk of a non-spatial assessment. As shown in Chapter 3, the scenarios
which met the government emissions reduction target were ‘A+B+D’, ‘B+C+D’ and
‘A+B+C+D’ and the scenarios which met the car kilometre reduction target were ‘B
+D,B+C+D,A+B,'A+B+C,‘A+ B+ D’and ‘A + B + C + D’ (where
‘A’ is a modal shift from car to active travel, ‘B’ is a modal shift from car to bus, ‘C’
is electrification of buses and ‘D’ is the transition to EVs). Since, the electrification of
buses does not impact car kilometres travelled or EV adoption, and since buses would
use their own private charging network, scenario component ‘C’ does not influence
public EV charging requirements. ‘C’ is therefore removed in the current analysis,
leaving the following sustainable intervention adoption scenarios to be considered in
this chapter: ‘A+B+D’ (active travel, car to bus and EV transition), ‘B+D’ (car to
bus and EV transition) and ‘A+B’ (active travel and car to bus). Further details of
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the sustainable intervention adoption scenarios are given in Table 3.4. In addition,
three charging-technology-adoption scenarios will be considered: a network where all
chargers are AC, a network where all chargers are rapid, and a network where there is
a 50/50 split of AC and rapid charging technologies. The overall elements of Chapters

3 and 4 that feed into the analysis of the current chapter are summarised in Figure 5.1.

This chapter therefore addresses Research Question 3, as outlined in Chapter 1 — What
scale of EV charger deployment is required by 2030 to ensure equitable geographic access
to Scotland’s public EV charging network? Additionally, the following supporting sub-

questions are explored:

a) What is the impact of population distribution on the charger population required

by 2030 in Scotland?

b) How does charger technology impact the number of chargers required by 2030 in

Scotland, and the necessary share of AC versus rapid charging technology?

The remainder of this chapter is structured as follows: Section 5.2 presents the ap-
plied methodology, detailing both the geospatially-agnostic and geospatially-driven ap-
proaches; Section 5.3 presents, analyses and discusses the results; Section 5.4 explores
the implications the results have for policy and practice; and Section 5.4 concludes the

chapter.

5.2 Methodology

As outlined in Section 5.1, the research methodology is comprised of two separate parts
aiming to quantify the public EV charger population required by 2030 in Scotland. The
methodology of both approaches — the geospatially-agnostic approach based on EV kilo-
metres travelled and the geospatially-driven approach incorporating GIS to account for
population dispersion — will be outlined in the following subsections. Subsequently, the
necessary share of AC versus rapid chargers required to make up the Scottish Govern-

ment’s targeted 30,000 chargers is determined, while again accounting for impacts of
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Figure 5.1: Flowchart representing the workflow of Chapter 5 including all key param-
eters and an indication of how previous chapters feed in

population dispersion. Figure 5.1 provides an overview of the parameters involved in
the analyses and an indication of where the work of previous chapters feeds into the

current workflow.

5.2.1 Geospatially-Agnostic Approach

As mentioned in Section 5.1, outputs for projected EV kilometres travelled in 2030
from Chapter 3 and average charge duration and energy consumption data from the
dataset developed in Chapter 4 are used for this analysis. Using this data as inputs,
the number of public charging sessions required to meet the energy demand from EVs
in 2030 may be found. Then, charger capacity in terms of the number of charging

sessions a charger can accommodate in one year is determined. Combining these, the
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geospatially-agnostic number of public chargers required in 2030 may be estimated.

These various steps are detailed below.

Public Charging Sessions Required: The total energy consumed by EVs in Scot-
land in 2030 (E) is found using the projected EV kilometres travelled (D) and the

average energy efficiency of an EV («) as follows:

E = D« (5.1)

A value of @ = 0.189 kWh/km [75] was assumed. The system dynamics projected
EV kilometres travelled (Chapter 3) vary for each sustainable intervention adoption

scenario, outlined in Table 5.1.

Table 5.1: Projections for electric vehicle kilometres in Scotland by 2030 from Chapter
3

Scenario EV kilometres travelled (D),
Scotland 2030 (million km)
‘A+B+D’ (active travel, car to bus and 11,895.784
EV transition)
‘B+D’ (car to bus and EV transition) 15,595.856
‘A+B’ (active travel and car to bus) 4,554.842

Next, the proportion of this energy that must be met publicly (Ep) is found. As
mentioned in Chapter 2, 44% of Scottish households do not have access to private
residential parking [149]. Assuming that all households with private residential parking
install a home charger and meet their entire charging requirements residentially, then

the proportion of EVs using the public charging network (p) is 0.44. Therefore:

The total number of public charging sessions required (.5) is then calculated based on

the average energy consumed in a public charging session (1) which is 21 kWh (from
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developed dataset in Chapter 4, including data for both AC and rapid chargers):

§="12r (5.3)

Charger Capacity (Charging Sessions per Year): The number of sessions a
charger can accommodate per year depends on the charger speed. From the dataset
developed in Chapter 4, the average duration of a session taking place on an AC charger
(dac) is 248.585 minutes and the average duration of a session taking place on a rapid
charger (dg) is 46.162 minutes. Assuming that no sessions take place after 11 p.m.
and before 6 a.m. (since the dataset developed in Chapter 4 indicated that less than
5% of sessions occurred during these hours on both weekdays and weekends), and that
therefore there are 17 operational charging hours which equates to 1020 operational
minutes in a day, the maximum number of sessions a rapid (Mg) and AC (Mac)

charger can accommodate per year can then be calculated:

102

My = 365 x 020 (5.4)
dr
102

MAC’ = 365 X 020 (5.5)
dac

Public Chargers Required: The number of chargers required (N 4¢ for AC chargers
and Np for rapid chargers) can then be expressed in terms of the respective charger

capacities and the total number of sessions required:

MrNR + MascNac =S (5.6)

Finding the number of chargers required in the charging technology adoption scenario
where all chargers are AC involves setting N to zero and solving for N ¢, while finding

the number of chargers required in the charging technology adoption scenario where
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all chargers are rapid involves setting N4¢ to zero and solving for Ngr. To find the
total number of chargers in the scenario where there is a 50/50 split of AC and rapid
chargers, a rapid to AC conversion factor (v) must be calculated:

Mac

g (5.7)

The following equation can then be used to convert the ‘all rapid’ case to a scenario

where there are a certain split of AC and rapid chargers:

Nrotal = (5R - X) + 7X (58)

Where Npgiq is the total number of chargers; dg is the number of chargers in the ‘all
rapid’ case; X is the number of rapid chargers to be ‘converted’ to AC chargers; and + is
the rapid to AC conversion factor (Equation 5.7). In Equation 5.8, the term (6p—X) is
equal to Ng and the term vX is equal to Nyc. In the scenario where there is a 50/50
split of AC and rapid chargers, 0.5Npyqi = Ngr. Therefore, Equation 5.8 becomes
Npr = 0.5[(6p—X) +~X]. Solving for X allows the number of rapid and AC chargers to
be determined. These steps can be taken to determine the number of chargers under
any other desired split of AC versus rapid chargers. In this analysis, a 50/50 split is
chosen as a midpoint to understand the transition between the ‘all rapid’ and ‘all AC’
cases. In comparison, although data pertaining to the current split of AC versus rapid
charging across the entire Scottish public charging network is not available, Chapter 4
found that 77% of ChargePlace Scotland chargers were AC, with the remaining 23%
being rapid/ultra-rapid (see Section 4.3.1). Additionally, across the entire UK public
charging network, 20% of chargers are reported to be rapid/ultra-rapid [210], with the
remaining 80% of chargers being AC, similar split to that found in Chapter 4 for the

ChargePlace Scotland network.

5.2.2 Geospatially-Driven Approach

As mentioned in Section 1.3, the geospatially-agnostic approach assumes that all ac-

tivity takes place at one central location. However, in reality population is dispersed
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Chargers =N
_Utilisation = 100%

Chargers =N +m
_ Utilisation = (100 — p)%

Figure 5.2: In a situation where all population is concentrated at one location (left),
a minimal number of chargers (N) that are maximally utilised are required. However,
in the more realistic situation where population is dispersed geographically (right), to
ensure equitable geographic access, a greater charger population is required (N + m,
where m is an additional number of chargers) although these chargers experience a
lower level of utilisation ((100 — p)% where p represents a drop in utilisation)

across the land area of the country. This means that, if ensuring equitable geographic
access to chargers, a greater number of chargers will be required. Distance limita-
tions on the total population within range of any individual charger necessarily implies
that, when ensuring equitable access, the utilisation of some chargers must fall below
100% in this scenario. This effect is depicted in Figure 5.2. The geospatially-driven
approach undertaken in this work utilises ArcGIS Pro version 3.4.0 [211] to account for
the dispersion of the population across Scotland and understand the charger population

required to achieve equitable geographic access to chargers.

Firstly, a hexagonal grid pattern covering the geographical extent of Scotland was cre-
ated (using the Generate Tessellation tool). Next, the population within each hexagonal
cell was determined (using the Tabulate Intersection and Summary Statistics tools and

population data from the Scottish 2022 census [212]). The overall analysis was con-
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Figure 5.3: Maps of the 2022 Scottish census population data [212] (left), the popula-
tion within 5km wide hexagonal grids (middle) and the population within 10km wide
hexagonal grids (right)

ducted twice, once with the hexagons of the grid being 5km in diameter and once with
the hexagons being 10km in diameter. The total number of hexagonal cells in the 5km
grid was 5,927 cells, and the total number of cells in the 10km grid was 1,659 cells.
Figure 5.3 shows the original census population data [212] and the populations within

the 5km and 10km hexagonal grids.

The area of the grid cells acts as the service area of chargers and the width of the
hexagonal cells is the maximum distance any individual within the hexagon must travel
to reach a charger, as illustrated by Figure 5.4. For example, a grid cell diameter or
hexagon width of 5km means that the maximum distance any individual within the
hexagon must travel is 5km. Assuming an average driving speed of 30 miles-per-hour
it would take a maximum of 6.2 minutes to reach a charger in the 5km hexagonal
grid. This time would be 12.4 minutes for the 10km grid. The number of chargers
required to service each hexagonal cell will be calculated to meet the requirements of

the population.
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Figure 5.4: The maximum distance any individual within the hexagon would have to
travel to access a charger is the width of the hexagon, in the scenario where the charger
and individual are situated the maximum possible distance apart at opposite vertices

To find the number of chargers required in each cell, the following multipliers are
applied to the population within each cell: a 2030 population multiplier to scale the
2022 population; an EV owning multiplier based on projections of EV penetration to
find the number of EVs; and a public charging multiplier to find the number of EVs
relying on the public charging network. These multipliers are detailed below. The
charger capacity in terms of the number of EVs a charger can accommodate per year is
also determined to find the number of chargers required in each hexagonal cell, which is
then totalled to give the national charger population required. As mentioned in Section
5.1, outputs for the projected population and number of EVs in 2030 from Chapter 3
and average charging session energy consumption data from the developed dataset in
Chapter 4 are used. The calculations of the population multipliers applied to calculate

the number of chargers required in each cell are outlined below.

2030 Population Multiplier: The multiplier applied to scale the population from
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the 2022 census to the population in 2030 (Pscqieq) is:

Pso3o

— 5.9
P22 (5.9)

PScaled =

Where Psy3¢ is the population in 2030 projected by the system dynamics model in
Chapter 3 (5,458,714 people) and Pag22 was the total population captured in the hexag-
onal cells (5,332,118 people in the 10km hexagons and 5,331,969 people in the 5km

hexagons).

EV Owning Population Multiplier: Assuming that every EV has a unique owner
and that no single person owns more than one EV, the EV owning population multiplier

(k) can be found by:
_ Ngpy

k—
Pso30

(5.10)

Where Ngy is the number of EVs in 2030 projected by the system dynamics model in
Chapter 3, the values for which are given in Table 5.2.

Table 5.2: Projections for the number of electric vehicles in Scotland by 2030 from
Chapter 3

Scenario Number of EVs (Ngy), Scotland
2030 (vehicles)
‘A+B+D’ (active travel, car to bus and 1,933,029
EV transition)
‘B+D’ (car to bus and EV transition) 1,933,029
‘A+B’ (active travel and car to bus) 740,129

Public Charging Multiplier: Similar to the geospatially-agnostic approach, to find
the number of EVs relying on the public charging network it is assumed that those with
private residential parking install a home charger and meet their entire charging needs
residentially, meanwhile those without private residential parking rely on the public

network. Therefore, the public charging multiplier is p = 0.44 [149].
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Charger Capacity (EVs per Year): Again, charger capacity in terms of the number
of EVs that can be accommodated by a charger in a year varies depending on charger
speed. The average energy consumed by an EV in a year (Egy ) is calculated using the

previously determined value for F in section 5.2.1:

E

7 5.11
Ngy (5.11)

Epy =

The number of sessions per EV (Sgy) is then calculated using the average energy

consumption of a charging session from Chapter 4:

E
Spy = %‘/ (5.12)

The number of EVs a charger can accommodate per year is then calculated, for the all
rapid (Vg), all AC (Vac) and 50/50 AC/rapid (V,50) cases, using Mac and Mpg as

calculated in Section 5.2.1:

Vac = Sov (5.13)
M
Vg = =2 (5.14)
Sev
Vac + Vi
Vso/50 = % (5.15)

Chargers Required: The number of chargers required within each hexagonal cell
(Ngen) is then calculated for the all AC, all rapid and 50/50 AC/rapid cases respec-

tively, where Pggy; is the population within each hexagonal cell:

PCell X PScaled X k x 14

Neeu = Vie (5.16)
P, P k
Neey = ~2eL> S‘Zed xEXP (5.17)
Pcey % Pscalea X k < p
N, = 5.18
cel Vs0/50 (5.18)
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The number of chargers required within each cell is rounded up to the nearest whole
number and then the total number of chargers required across all cells is calculated
to find the national public charger population required. The cumulative effect of this
upward round results in the additional number of chargers required and lower utilisa-
tion of some chargers compared to the geospatially-agnostic quantification, as outlined
in Figure 5.2. As mentioned, accounting for population dispersion to quantify the
equitably accessible charger population required means that a greater charger popula-
tion will be required compared to a geospatially-agnostic quantification, although these
chargers will be underutilised. Calculating the charger population required through
both geospatially-agnostic and geospatially-driven approaches allows for the gap be-
tween the charger population determined through analyses that do and do not account

for population dispersion to be understood.

5.2.3 Limitations

The research methodology outlined in the previous subsections has associated assump-

tions and limitations summarised here for clarity.

Assumptions: Firstly, average values are used for EV energy consumption, charging
session energy consumption, charging session duration and the proportion of house-
holds without access to private residential parking. Additionally, it is assumed that no
charging sessions take place on public chargers between 11 p.m. and 6 a.m. Analysis of
the dataset developed in Chapter 4 showed that less than 5% of sessions take place be-
tween these hours both on weekdays and at weekends. However, these trends may shift
as EV uptake develops. It is also assumed that those with private residential parking
install a residential charger and meet all of their charging needs at home. Although
it is widely reported that most EV charging occurs residentially [148,213,214], some
drivers may not be able to meet their entire charging requirements there particularly

if they tend to complete longer journeys and require charging en route.

Geospatially-driven specific limitations: The analysis accounts for the usual resi-

dent population within each hexagonal cell only. This means that impacts of tourism or
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regular traffic flow that mean certain areas tend to experience many shorter-term vis-
itors (e.g. retail parks, hospitals etc.) are not considered. Additionally, it is assumed
that populations within hexagonal cells meet their charging needs within their cells
and that each EV has a unique owner. Population multipliers were also applied uni-
formly across the hexagonal grid, meaning that spatial variation of things like growth
in population or EV adoption are not forecast. It is important to bear in mind that
the maximum distance to travel and examples given for travel time based on the di-
mensions of the hexagonal grid are based on the Euclidean distance between opposite
hexagon vertices. Additionally, the average speed travelled in urban, densely populated
areas may be much less than the typical speed limit of 30 miles per hour. Therefore,

in reality, travel times and distances to and from chargers may be longer.

5.3 Results and Discussion

In conducting the geospatially-agnostic and geospatially-driven analyses outlined in
Section 5.2, the charger population required by 2030 in Scotland has been estimated
under the different scenarios considered for achieving emission reduction targets (see
Section 5.1). The results using the 5km hexagonal grid are presented in Figure 5.5.
As shown, the number of chargers likely to be required across all the scenarios is less
than the government targeted 30,000 chargers apart from the scenarios which featured
the EV transition and an ‘all AC’ charger technology choice. Perhaps unsurprisingly,
scenarios including the EV transition required more chargers than the scenario that
does not feature the EV transition. The charger population required for scenario ‘EV
transition + car to bus + active travel’ ranged from 5,841 chargers in the ‘all rapid’
case determined geospatially-agnostically to 35,748 chargers in the ‘all AC’ case deter-
mined by the geospatially-driven approach. For the scenario ‘EV transition + car to
bus’, the charger population required ranged from 7,658 chargers in the ‘all rapid’ case
determined geospatially-agnostically to 46,606 chargers in the ‘all AC’ case determined
by the geospatially-driven approach. Meanwhile, the charger population required for

scenario ‘car to bus + active travel’ ranged from 2,237 chargers in the ‘all rapid’ case

155



Chapter 5. Equitable Scottish Public Electric Vehicle Charging - 2030 Requirements

_ 50,000
E ® Al AC .
= 50/50 AC/Rapid
> .
o mm All Rapid
@ 40,000 A pie .
s ® Geospatially-driven
2 A Geospatially-agnostic
2o
5O A
E = 30,000

ho]
> C
L m
o ‘é 20,000
o
S W\ @
o
s o o A
E 10,000
e! A ®
= A
=
= 0 A

EV transition EV transition
Car to bus Car to bus Car to bus
Active travel Active travel

Scenario

Figure 5.5: The charger population required by 2030 in Scotland under the scenarios
for charger technology and sustainable intervention adoption where the service area of
chargers is Skm wide

determined geospatially-agnostically to 16,796 chargers in the ‘all AC’ case determined

by the geospatially-driven approach.

Therefore, in the case where further intervention is not taken to bolster EV adoption,
the government targeted 30,000 chargers would likely be well above what is required in
2030. However, given the particular effectiveness of the EV transition in the Scottish
context found in Chapter 3, supporting the transition to EVs is likely to be a critical
strategic decision that will enable the emission reductions required to meet govern-
mental targets. Assuming this is the case it will be important to achieve a charger
population that will support the EV transition. Since, as mentioned, only the ‘all
AC’ cases exceed a charger population of 30,000 for the scenarios including the EV
transition, it is likely that the Scottish Government’s target for charging provision is
broadly sufficient to realise emission reduction targets. However, the charger popu-
lations projected are based on the achievement of the interventions included, namely

modal shifting of car journeys under 10km to active travel, modal shifting of car jour-
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neys between 10 and 40km to bus and a 50% reduction is petrol/diesel cars with these
being replaced by EVs. Therefore, the extent to which these interventions are achieved
will likely impact the number of chargers required. Particularly, as mentioned in Section
2.1, there are many barriers to modal shifting from the private car to more sustainable
modes including safety concerns [54], cost and availability of services [52], and adverse
weather conditions [177]. Should the modal shifts outlined in the considered scenarios
not be fully achieved, it is likely that additional chargers will be required as there will

be increased car reliance.

In terms of differences between geospatially-agnostic and geospatially-driven results,
as expected, the charger population required was larger when determined through
the geospatially-driven approach in all cases. The difference between the number of
chargers required, comparing geospatially-agnostic and geospatially-driven results for
each scenario, ranged from 4,280 chargers to 5,350 chargers. The average difference
in the number of chargers estimated for each scenario comparing geospatially-driven
and geospatially-agnostic results is 4,948 chargers. Interestingly, the disparity between
geospatially-driven and geospatially-agnostic results is almost constant across all sce-
narios. This highlights that dispersion of the population in Scotland has a reasonably
significant impact on the public charger population required and is an important con-

sideration in predicting public charging requirements in the Scottish context.

Additionally, the charger technology adopted has a strong impact on the overall charger
population required. Across all scenarios, significantly more chargers are required in the
‘all AC’ cases compared to the ‘all rapid’ cases. Specifically, comparing the geospatially-
driven results for the different scenarios, there is an average increase of 207% in the
number of chargers required in the ‘all AC’ cases compared to the ‘all rapid’ cases. In
terms of the split of AC versus rapid technologies required for the government targeted
30,000 chargers, the constant spatial effect mentioned above allows geospatially-agnostic
values to be used in this calculation. Subtracting the average spatial effect from 30,000
chargers gives the corresponding geospatially-agnostic charger population. Then, using

Equation 5.8 (see Section 5.2.1), the ‘all rapid’ case for each scenario is converted to a
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split of AC and rapid chargers that totals the geospatially-agnostic charger population
that corresponds to 30,000 chargers accounting for the spatial effect. This gives the
overall proportion of AC versus rapid chargers for a charger population of 30,000 that
accounts for population dispersion, assuming that the additional chargers due to the
spatial effect also have the same proportion of AC versus rapid chargers. It was found
that in the scenario ‘EV transition + car to bus + active travel’ a minimum of 6%
of chargers should be rapid while in the scenario ‘EV transition + car to bus’ a mini-
mum of 15% of chargers should be rapid. As found in Chapter 4, 77% of chargers on
ChargePlace Scotland network were AC. Therefore, the trend of a high proportion of
AC chargers on the public network could be retained as the charger population expands

to 30,000 chargers. These observations will be revisited in Section 5.4.
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Figure 5.6: The charger population required by 2030 in Scotland under the scenarios
for charger technology and sustainable intervention adoption where the service area of
chargers is 10km wide

Increasing the distance at which a charger is still considered to be accessible to 10km
(via the grid size of the spatial analysis) gave a lower number of chargers required found

through the geospatially-driven analysis in each scenario and therefore a smaller gap
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between geospatially-agnostic and geospatially-driven results, as expected. Figure 5.6
summarises the results using the 10km hexagonal grid. The charger population required
for scenario ‘EV transition + car to bus + active travel’ ranged from 5,841 chargers
in the ‘all rapid’ case determined geospatially-agnostically to 32,503 chargers in the
‘all AC’ case determined by the geospatially-driven approach. For the scenario ‘EV
transition + car to bus’, the charger population required ranged from 7,658 chargers
in the ‘all rapid’ case determined geospatially-agnostically to 43,480 chargers in the
‘all AC’ case determined by the geospatially-driven approach. The charger population
required for scenario ‘car to bus + active travel’ ranged from 2,237 chargers in the ‘all
rapid’ case determined geospatially-agnostically to 13,186 chargers in the ‘all AC’ case

determined by the geospatially-driven approach.

The difference between the number of chargers required comparing geospatially-agnostic
and geospatially-driven results for each scenario ranged from 1,035 chargers to 2,224
chargers. The average difference in the number of chargers estimated for each scenario
comparing geospatially-driven and geospatially-agnostic results is 1,324 chargers. These
results indicate that there is a strong sensitivity to the range at which a charger is
considered as accessible. The full set of results including those pertaining to both 5km

and 10km hexagonal grids are given in Table 5.3.

It is important to bear in mind the limitations of the research methodology, outlined in
Section 5.2.3, including the assumptions regarding charger operational hours and the
population reliant on public chargers. In particular, the geospatially-driven analysis
accounts only for population dispersion based on the usual resident population, meaning
impacts of tourism are not considered. Therefore, certain areas may experience seasonal
pressure on infrastructure and more chargers may be required to mitigate this issue.
This effect may be more prominent in rural and remote areas as many tourist sites in

Scotland (e.g. Loch Lomond, Glencoe, the Cairngorms) are located in these regions.
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5.4 Implications for Policy, Practice and Future Work

The results of this chapter have important implications for policy and practice relat-
ing to development of the public charging network in Scotland in line with 2030 re-
quirements. Specifically, there are implications for charging requirement quantification
methods, charger technology investments and organisation of public charging network
models. These implications are summarised in Figure 5.7. Firstly, as mentioned in
Section 5.3, it is likely that the Scottish Government’s planned rollout of an additional
24,000 chargers (to bring the overall charger population to circa 30,000 chargers) by
2030 will be sufficient. However, this rollout is only of value to the Scottish public
and the realisation of emission reduction targets if the transition to EVs and the other
sustainable transport interventions (i.e. modal shifts) are also achieved. Equitable de-
velopment of the public charging network will be a critical component in the facilitation
of an inclusive EV transition, however, it will be important to pay attention to how this
may also support modal shifting of car journeys to active travel and public transport.
This may involve the prioritisation of charger deployment at public transport hubs or

park and ride/stride programmes.

Additionally, comparing the results of the geospatially-agnostic and geospatially-driven
analysis where the service area of chargers was bkm, the disparity in charger popula-
tion required under the different scenarios was circa 5,000 chargers. This indicates
that, when seeking to quantify charging requirements in the Scottish context, a sim-
pler geospatially-agnostic analysis can be conducted and the value of 5,000 chargers
can be added to the output to account for the effects of population dispersion. This
finding therefore has valuable modelling applications, with the potential to enhance
the accuracy and representativeness of charger requirements models without necessar-
ily increasing their complexity. Spatial impacts were found to be non-negligible, hence,
ensuring that population dispersion is considered in quantifying public charging re-
quirements will be key to enabling equitable geographic access to chargers. However it
is important to bear in mind that, as mentioned in Section 5.3, the geospatial analysis

has a strong sensitivity to the acceptable service range of chargers.
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Figure 5.7: Summary of the key implications the results of this chapter have for policy
and practice

Regarding charger technology, due to the much smaller charger population required
in the ‘all rapid’ cases compared to the ‘all AC’ cases, investing more dominantly in
rapid charging infrastructure may become more cost effective for charge point operators
seeking to deploy chargers on a large scale, despite the larger upfront cost of this
technology. The potential benefits of investing more heavily in one charger technology
over another highlights the importance of careful planning, accurate charger population
estimates and the careful placement of chargers to ensure chargers can effectively meet
the needs of users. Specifically, AC chargers should be located at areas associated
with long stays (e.g. residential areas, workplaces, public transport hubs) due to their
lower charging speeds while rapid chargers should be located at areas associated with
short stays (e.g. supermarkets, service stations, cafes/restaurants) due to their faster
charging speeds and to prevent overstay behaviour which can lead to underutilisation
of chargers. As identified, reaching the government targeted charger population of
30,000 means a relatively small number of rapid chargers can be deployed. A network
that is predominantly comprised of AC chargers means identifying suitable charging
locations that tend to incur longer sojourns should be a priority. Meanwhile, careful
and intentional planning will be needed to ensure that the potentially small number of

rapid chargers to be sited are placed in optimal locations in an equitable manner.
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Additionally, as mentioned in Section 1.2, AC chargers generally have a substantially
lower upfront cost associated with the charging equipment and often their installa-
tion [38,39]. Therefore, aiming for a high proportion of AC chargers on the Scottish
public charging network may enable the participation of smaller business in public EV
charging provision should a network business model that allows individual owners and
operators to host chargers on a wider network (such as the ChargePlace Scotland model)
continue to be available. This possibility may be particularly important to businesses
that will be directly involved in the EV transition such as small, independent car deal-
erships who may be looking to diversify their revenue streams by entering the public
charging landscape. In turn, the Scottish Government highlight the need for private
investment [26] to support development of public charging provision, so supporting di-
verse businesses of all sizes to participate in the public charging ecosystem may relieve
pressure on the public sector. As mentioned in Section 2.4, the ChargePlace Scotland
network faces an uncertain future due to the planned cessation of funding to support
charge point owners and operators to host a charger on the network. Continuing to
provide some form of support to charge point operators to integrate chargers on the
ChargePlace Scotland network, or another network featuring a similar model, may be

beneficial to the overall transition to EVs in Scotland.

Future work could explore future public charging network models and configurations
in Scotland that could facilitate the involvement of smaller business in the role of
charging provision as the ChargePlace Scotland model is retired. Such work could
investigate how a balance could be struck between providing support for the installation
of chargers whilst ensuring additional pressure is not placed on public funds through
development of a cost and constraints model. Additionally, future work could expand
the present analysis through the inclusion of other important factors such as traffic
flows, localised tourism impacts and electrical grid constraints. Further work could
also seek to identify optimal locations for future charger deployment on a regional
basis in the Scottish context. Furthermore, future work is warranted to explore the

acceptable travel distance between chargers in the Scottish context. Such work may
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require detailed road network data to accurately map travel time between chargers and

different origin and/or destination points.

The results of this analysis may provide some insight for countries with similar popula-
tion structures, EV adoption rates and car use patterns. However, other factors unique
to Scotland (e.g. socioeconomic dynamics, the uncommon rollout strategy of public
charging etc.) may mean the resulting recommendations are specific to the Scottish
context and are of limited relevance to other areas. However, should the relevant data
be available for other countries, the methods used could be repeated and applied to

other areas.

5.5 Conclusions

This chapter has estimated the charger population required by 2030 in Scotland to
enable achievement of emission reduction targets using both geospatially-agnostic and
geospatially-driven techniques. A geospatially-agnostic approach based on car kilome-
tres travelled has been used to inform Scottish Government charging provision targets,
however there is a risk that such an approach may underestimate the charger popula-
tion required to enable equitable geographic access to chargers as population dispersion

is not considered.

In line with Research Question 3 (as outlined in Chapter 1), results indicated that,
when estimated using the geospatially-driven analysis with a 5km hexagonal grid (see
Section 5.2.2), the charger population required by 2030 ranged from 7,546 chargers
to 46,606 chargers depending on the charger technology and sustainable intervention
adoption scenario. Additionally, there was an almost constant disparity between the
charger population estimated using the geospatially-driven and geospatially-agnostic
approaches across all scenarios, with the geospatially-driven analysis estimating that
the geospatially-agnostic charger population should be supplemented by an additional
circa 5,000 chargers to facilitate equitable geographic access. Furthermore, the charger

technology type was highly impactful on the overall charger population required, with
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‘all AC’ cases on average necessitating a 207% increase in the number of chargers
compared to the ‘all rapid’ cases. However, to achieve a charger population of 30,000
chargers in line with the Scottish Government’s target, an AC dominant network can
be retained with the minimum percentage of rapid chargers required estimated to be
between 6% and 15%. The geospatially-driven analysis was also undertaken using a
10km grid and it was found that the analysis had a strong sensitivity to the acceptable

service range of chargers.

The implications of the results for policy and practice include that the Scottish Govern-
ment’s charging infrastructure installation targets are likely sufficient to enable achieve-
ment of emission reduction targets, however, the charger populations estimated in this
chapter require the achievement of the sustainable transport interventions outlined in
the scenarios. Additionally, population dispersion was found to have an impact on the
charger population required in the Scottish context so will be an important considera-
tion in terms of ensuring equitable geographic access to chargers. The almost constant
disparity between geospatially-driven and geospatially-agnostic analyses indicates that
simpler quantifications of charger population required based on car kilometres travelled
can be conducted and that around 5,000 chargers can be added to this estimation to
enable the network to be geographically inclusive. Additionally, maintaining a high
proportion of AC chargers on the network may facilitate the participation of smaller
businesses in the public charging market. Identifying appropriate locations for AC
chargers that correspond to long-stay locations will also become critical. It is im-
portant to bear in mind the limitations of the analyses outlined in this chapter (see
Section 5.2.3), particularly the fact that traffic flows and electrical grid constraints are

not considered.

168



Chapter 6

Conclusion

The imminent threat that climate change poses to humankind makes prompt action to
reduce emissions crucial. The transport sector, particularly road transportation, poses
a major threat to the achievement of net zero due to its significant polluting power. As
a result, the Scottish Government has set a 2045 legally-binding deadline to reach net
zero alongside transport-specific goals, namely a 56% reduction in transport-related
emissions and 20% reduction in car kilometres travelled by 2030. Electrification of
private cars is thought to be a key component in enabling emissions reductions. Ad-
ditionally, the Scottish Government has also outlined other interventions envisioned to
facilitate crucial emissions reductions in the transport sector, specifically modal shifting
of some car journeys to active travel and public transport, and electrification of the
bus fleet. With deadlines for government targets rapidly approaching and with global
temperatures continuing to rise, understanding the efficacy of planned interventions in

enabling emissions reductions is crucial.

Therefore, this thesis firstly aimed to explore how critical the transition to EVs is to
achieving Scottish Government emission reduction targets compared to other planned
interventions. Chapter 3 developed, validated and applied a system dynamics model
of the Scottish road passenger transport sector to investigate the likely ability of the
following interventions to reduce emissions: modal shifting of car journeys under 10km

to active travel; the modal shifting of car journeys between 10 and 40km to bus trans-
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portation; achieving a 60% electrification of the bus fleet by 2024; and a 50% reduction
in petrol/diesel cars by 2030, with these cars being replaced by EVs. The performance
of the interventions was explored in the context of the Scottish Government transport
emission and car kilometre reduction targets. It was found that certain combinations
of the interventions explored would be able to achieve the government mandated 56%
reduction in emissions by 2030, however, at least three interventions were required in
each case, highlighting the need for a broad programme of measures. The transition
to EVs was found to drive the most significant emissions reduction, indicating policy
supporting this transition should likely be prioritised. Ensuring the EV transition is eq-
uitable will be crucial. Actions such as increasing visibility of and government support
for zero-emission car clubs, which can act as an alternative to car ownership, could
be beneficial. Furthermore, developing an inclusive public charging network will be
vital to removing barriers to EV access particularly for those without private charging

options or those who tend to complete longer car journeys.

The conclusion drawn from Chapter 3, indicating that the transition to EVs is likely
critical in the context of achieving Scottish Government targets, gave rise to the next
aim of this thesis which was to investigate the current state of public EV charging
in Scotland in order to gain insight into how the public network may be developed to
support an equitable EV transition. The Scottish Government have highlighted the im-
portance of their aim and commitment to achieve an equitably accessible and inclusive
public charging network. Chapter 4 developed and analysed a dataset of EV charging
sessions taking place on the ChargePlace Scotland network, spanning a total of 2,786
chargers over the period from October 2022 to March 2024. The current distribution of
chargers, trends in charging times, the impact of tariff introduction, and the character-
istics associated with the most utilised chargers were explored in this chapter and the
subsequent implications for policy and practice surrounding enabling an equitable tran-
sition were discussed. Results indicated that chargers currently tend to be concentrated
in more urban areas, although the more rural regions had more chargers per head of

population. This disparity in trends suggests that the development of holistic metrics
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to quantify charging provision and charger quality will be an important step in devel-
oping an equitable public EV charging network. Additionally, the 20% least deprived
areas had the fewest chargers, indicating that in terms of social deprivation Scotland
appears to deviate from trends found in other international contexts where chargers
tend to be disproportionately focused in the least deprived areas. The unconventional
rollout strategy for public charging in Scotland, where charge point operators were pro-
vided government funding to install chargers, may have contributed positively to this
trend. Other findings included that charging sessions on weekdays tended to follow a
nine-to-five-style schedule, while sessions on weekends were more focused towards the
middle of the day, although there were disparities in patterns between different area
types with the most rural regions showing distinct usage patterns. This highlights
that localised approaches to actions aiming to change charging behaviours are likely
necessary. Additionally, the introduction of tariffs resulted in significant reductions in
charger utilisation, with an average decrease of 51.3% in the average number of daily
sessions per 100,000 people occurring after tariffs were introduced. It was also found
that the top 5% most utilised chargers tended to be in urban, geographically accessible
areas, while less deprived areas tended to have the most utilised AC chargers, and more

deprived areas tended to have the most utilised rapid chargers.

The final aim of this thesis was then to explore the charger population required by
2030 to provide equitable geographic access to chargers in Scotland, which formed the
focus of Chapter 5. The analysis outlined in Chapter 5 utilised outputs from Chapters
3 and 4. Different scenarios for charger technology adoption and sustainable interven-
tion adoption were considered when projecting the charger population required and
two approaches were taken. The first was a geospatially-agnostic approach based on
EV kilometres travelled, similar to the approach taken by the Climate Change Com-
mittee’s recommendation that underpinned the Scottish Government’s commitment to
install an additional 24,000 chargers by 2030. Since such an approach assumes all
activity takes place at a central point, the geographic dispersion of population is not

considered. Therefore, a geospatially-driven approach, incorporating GIS techniques to

171



Chapter 6. Conclusion

account for population dispersion, was also taken. It was found that the public charger
population required to support achievement of emission reduction targets, accounting
for population dispersion, was between 7,546 and 46,606 chargers depending on the
charger technology and sustainable intervention adoption scenario. Results generally
indicated that the Scottish Government target for infrastructure provision will likely
be adequate. The charger technology adopted had a significant impact on the overall
charger population required, with ‘all AC’ scenarios requiring an average of 207% more
chargers than ‘all rapid’ cases. Aiming for an overall charger population of 30,000 as
mandated by the government target will require a minimum of between 6% and 15% of
rapid chargers, meaning an AC dominant network can be retained. Furthermore, the
average difference between geospatially-agnostic and geospatially-driven results, when
the service area of chargers had a 5km diameter, was 4,948 chargers. This indicates
that a geospatially-agnostic quantification of charger population required should be
supplemented by approximately 5,000 chargers to ensure there is equitable geographic

access in the Scottish context.

Therefore, in summary, the key findings of this thesis in line with the Research Ques-

tions outlined in Chapter 1 are:

1. The transition to EVs is likely highly critical in the context of achieving the 2030
Scottish Government sustainable transport targets. Results from Chapter 3 show
that the transition to EVs was predicted to give the most significant emission
reduction compared to the other interventions considered, namely modal shifting
of shorter car journeys to active travel; modal shifting of medium-length car
journeys to bus; and electrification of the bus fleet. However, it was found that no
single intervention was predicted to sufficiently reduce emissions or car kilometres
in line with the government targets and that a combination of interventions will

likely be required, highlighting the necessity for a broad package of interventions.

2. In relation to the current state of public charging in Scotland, the following in-
sights were gained in terms of its physical arrangement in terms of urban/rural

context, social deprivation and geographical accessibility:
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e Chargers were found generally to be more concentrated in urban areas al-

though rural areas tended to have more chargers per head of population
e Areas falling within the 20% least deprived had the fewest chargers

e Areas falling within the 20% most accessible had the most chargers although

this was closely followed by areas falling within the 20% least accessible

Additionally, observations made surrounding public charging behaviour in Scot-

land included:

e Generally, weekdays tended to feature more charging sessions than weekends

e Charging times tended to align with times of peak energy demand although
different areas exhibited different trends with the most rural areas showing
the greatest disparity and having sessions more concentrated to the middle

of the day

e The East Lothian trial of time-of-use tariffs saw a shift from 19.2% of sessions

to 15.7% of sessions starting between the hours the increased tariff was active

e Introducing tariffs for chargers that were previously free to use induced
an average reduction of 51.3% in the average number of daily sessions per

100,000 people

e Generally, rapid chargers were found to be more well utilised than AC charg-
ers with 35% of AC chargers being used at least once daily compared to 86%
of rapid/ultra-rapid chargers

o Most utilised chargers tended to be in urban, geographically accessible areas

Related implications of these findings for realising an equitable transition to EVs

include:

e Behaviour changes will likely be necessary to ease pressure on infrastructure
at times of peak demand, however a localised approach is likely needed and
careful attention should be paid to ensuring any regional disparities are

equitable
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e Government support should be targeted for charger deployment in the areas

identified as being less commercially viable

e Development of metrics for holistic quantification of charger provision and

quality will be important for guiding public charging development

3. As outlined in Chapter 5, the geospatially-driven quantification of charging re-
quirements by 2030 in Scotland gives an understanding of the charger population
required to enable equitable geographic access. Geospatially-driven results ranged
from a charger population of 7,546 chargers to 46,606 chargers when the service
area of chargers was bkm in diameter. Scenarios including the EV transition
required more chargers than the scenario without and on average ‘all AC’ cases
required 207% more chargers than ‘all rapid’ cases. Comparing geospatially-
agnostic and geospatially-driven approaches, the effect of population dispersion
necessitated that geospatially-agnostic quantifications were supplemented with

circa 5,000 chargers to enable equitable geographic access.

6.1 Further Work

The research outlined in this thesis also presents possible directions for future work.
Overall, the aim of the research was to provide insights surrounding the EV transition
and public EV charging specific to Scotland. While some findings may provide insight
for countries with comparable demographics, EV uptake and travel behaviours, some
observations in this thesis may be unique to Scotland. Should data be available, the
methods could be repeated and applied to other geographical contexts to gain more

specific insights.

As found in Chapter 3, the modal shifting of medium-length car journeys was also found
to be an effective intervention in terms of enabling emissions reductions. Therefore,
further work is warranted to determine the most cost-effective and efficient pathways to
delivering enhancements to public transport provision such as ensuring public transport

can meet the diverse needs of different groups, addressing barriers to access such as
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safety concerns and cost, and developing nationwide or interoperable regional MaaS or
integrated ticketing systems. Additionally, further research is required to understand
how travel behaviour and mode choice can effectively be influenced by supporting poli-
cies and actions to enable these modal shifts in the Scottish context. Exploring the like-
lihood and extent to which the behavioural change considered in Chapter 3 (i.e. modal
shifting away from the private car and transitioning towards EVs) can be achieved,
particularly in periods of adverse weather, would be valuable. Specifically, such further
work could explore pathways to enabling these changes such as social marketing pro-
grammes and other policy packages. Additionally, the developed model presented in
Chapter 3 could be expanded and developed to be applicable to give insight into other
relationships and complexities in the transport sphere such as policy surrounding land
use and allocation of space for cars. This could involve the addition of further variables,
feedback loops and structures, however, such extensions would require additional data
and careful model development to ensure the validity of results is not compromised and

any limitations can be understood.

Furthermore, Chapter 4 found that different trends were observed in charging provision
across urban and rural areas depending on whether this was quantified by the absolute
number of chargers or the number of chargers per 100,000 people. Further work could
aim to develop a suitable metric, or set of metrics, that can provide a holistic under-
standing of charging provision across different regions. Additionally, further research
is warranted to develop a means of measuring the quality of charge points, account-
ing for safety aspects and proximity to services. This may inform interventions which
could encourage greater utilisation of chargers that are underused or that experience
low demand at night. Such work may require further data collection concerning the
immediate environment of chargers. Also, collection of additional public charging data
from the user’s perspective, rather than the charger’s perspective, could be beneficial
in facilitating a wider understanding of charging behaviours. Similarly, this may re-
quire collection of further data including user identification numbers (perhaps from user

access cards which facilitate use of the network) and other information pertaining to
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users such as their home or work address postcode to understand their charging habits
in terms of choice of charger in relation to their usual home/workplace location and
to add socioeconomic context (e.g. urban/rural classification and deprivation) to the
areas in which they operate. Such personal information would need to be handled with
care and due diligence. Further research is also warranted to gain a better understand-
ing of the impact of tariff programmes aiming to facilitate behavioural changes in the
Scottish context. The analysis outlined in Chapter 4 included exploration of a pilot
time-of-use tariff scheme applied to a small number of chargers in one local authority,
however further work could ideally consider a similar tariff programme across a greater
number of chargers over a wider area, ideally including different price thresholds for
the ‘peak time’ fee. The analysis in Chapter 4 specifically considered data from the
publicly funded ChargePlace Scotland public network. As more public chargers on
charging networks driven by private investment emerge, and increase their contribu-
tion to the overall Scottish public charging network, future work including data from
these chargers on various networks is warranted to provide broader insight to public

charging in Scotland.

Additionally, the analysis conducted in Chapter 5 estimated charger population re-
quired based on the dispersion of population. Further work could seek to include
additional data on other important aspects such as traffic flows, electrical grid con-
straints and tourism impacts. In particular, potential impacts of tourism on charging
requirements may disproportionately affect more rural and remote regions, making it
important to explore these impacts in future work to ensure rural residents do not ex-
perience additional barriers to public charging due to the additional demand brought
by seasonal visitors. Future research could also aim to identify optimal locations for
the charger population identified in this analysis and could seek to better understand
acceptable travel distances between chargers in the Scottish context. Further work is
also warranted to explore future business models for public charging in Scotland that
could continue to facilitate involvement of smaller businesses and local authorities in

the role of charging provision while minimising public expenditure. This type of work
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may become particularly important as the ChargePlace Scotland model is retired and

EV adoption continues to grow.
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Appendix A

Scottish Household Survey Data
Comparison with UK National
Travel Survey Data

Section 3.2.3 used Scottish Household Survey data on distance of car journeys (see
Table 3.5) to find the proportion of total distance travelled in sub-10km and 10km to
40km car journeys. Using the process outlined via Equations 3.1 to 3.11, these values
were found to be 0.1325 and 0.4414 respectively. To compare these values with UK
travel patterns, the same process outlined in Section 3.2.3 can be undertaken using
data from the UK National Travel Survey [215]. Table A.1 shows the UK equivalent
data to that given in Table 3.5.

Undertaking the processes outlined in Section 3.2.3 using the data in Table A.1 gives
values of 0.14431 and 0.48071 for the proportion of total distance travelled in sub-
10km and 10km to 40km car journeys respectively. Additionally, the mean car journey
distance was 16.7km according to the Scottish Household Survey and 13.2km according
to the UK National Travel Survey (see Tables 3.5 and A.1) and Figure A.1 shows a
comparison of the reported data from both surveys, highlighting that the results and

overall travel patterns are similar.
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Survey Data

Table A.1: Data from [215] on average journey distance by mode

Proportion of journeys Journey distance by car/van as a
driver (km)

0.07 1.609
0.24 3.218
0.58 8.045
0.79 16.09
0.94 40.225
0.98 80.45
0.99 160.9
Mean 13.194
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Figure A.1: Comparison of data from the UK National Travel Survey [215] and Scottish
Household Surveys [175] on car journey distances up to 40km
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Appendix B

Chargers per 100,000 People in
Scottish Index of Multiple
Deprivation and (GGeographical

Accessibility Index Quintiles

Figures B.1 and B.2 give the number of chargers per 100,000 people in each quintile
of the Scottish Index of Multiple Deprivation and Geographical Accessibility Index,

respectively.
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Appendix B. Chargers per 100,000 People in Scottish Index of Multiple Deprivation
and Geographical Accessibility Index Quintiles
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Figure B.1: The number of EV chargers per 100,000 people on the ChargePlace Scot-
land public network found in each Scottish Index of Multiple Deprivation quintile,
where a lower quintile generally indicates a more deprived area, and a higher quintile
generally indicates a less deprived area
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Figure B.2: The number of EV chargers per 100,000 people on the ChargePlace Scot-
land public network found in each Geographical Accessibility Index quintile, where a
lower quintile generally indicates a less accessible area, and a higher quintile generally
indicates a more accessible area
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