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Abstract: Globally and regionally, there is an increasing impetus to electrify the road transport system.
The diversity and complexity of the road transport system pose several challenges to electrification in
sectors that have higher energy usage requirements. Electric road systems (ERS) have the potential
for a balancing solution. An ERS is not only an engineering project, but it is also an innovation system
that is complex and composed of multiple stakeholders, requiring an interdisciplinary means of
aligning problem:s, relations, and solutions. This study looked to determine the political, economic,
social, and technical (PEST) factors by actively engaging UK stakeholders through online in-depth
and semi-structured discussions. The focus is on dynamic wireless power transfer (DWPT) due to
its wider market reach and on the basis that a comprehensive review of the literature indicated that
the current focus is on the technical challenges and hence there is a gap in the knowledge around
application requirements, which is necessary if society is to achieve its goals of electrification and
GHG reduction. Qualitative analysis was undertaken to identify factors that are critical to the success
of a DWPT system. The outcome of this study is knowledge of the factors that determine the function
and market acceptance of DWPT. These factors can be grouped into six categories: vehicle, journey,
infrastructure, economic, traffic and behaviour. These factors, the associated probability distributions
attributable to these factors and the relations between them (logic functions), will form the basis
for decision making when implementing DWPT as part of the wider UK electric vehicle charging
infrastructure and hence support the ambition to electrify all road transport. The results will make a
significant contribution to the emerging knowledge base on ERS and specifically DWPT.

Keywords: dynamic wireless power transfer; EV charging infrastructure; stakeholder engagement;
electric road systems; system demand

1. Introduction

There is a drive to increase the pace of electrification of the vehicle fleet in response to
global and national policy objectives [1,2]. Improvements in technology, user education,
new business models, etc., are all supporting the rapid transition to electric vehicle technol-
ogy. The challenge is that the road transport system is far from a homogenous entity. Those
sectors of the road transport ecosystem that have high energy requirements and/or high
use intensity are negatively impacted by the transition to electrification—whilst battery
technology is progressing rapidly, the amount of energy that can be stored is still limited
compared to existing fuel types [3]. Hence, it is increasingly being recognised that inno-
vation in the charging infrastructure will be the key enabler towards wider electrification.
Electric road systems (ERSs) that allow charging on the move, thereby overcoming the
inherent limitations of the battery as an energy storage medium, are one innovation.
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Electric road systems is a term that covers a broad range of solutions, including
catenary systems, conductive tracks and inductive tracks. Whilst there is an advantage
to these systems, their role in a transport system is unclear—the current focus of the
research activity is responding to the technical challenges and whether they supplant or
complement existing solutions or establish new, yet to be identified niches is an under-
researched area. What is clear is that concurrent developments in static charging are
reducing vehicle downtime during recharging, whilst developments in battery technology
and a reduction in cost are both contributing to improvements in vehicle uptime, thereby
negating the need for ERS or, more appropriately, limiting its market potential. To be
successful, an ERS will need to provide a valuable contribution to the current vehicle
charging ecosystem. This value will be based not only on the technology, but on how that
technology meets the stakeholder requirements across a broad range of criteria that may
include targeting a specific cost-point, increasing convenience or meeting other, yet to be
determined, utility functions.

The purpose of the research reported in this paper is to determine the factors that
would contribute to the success of an ERS, specifically a dynamic inductive charging system
from a social-technical perspective—as these systems have a wider market reach compared
to alternative ERS solutions [4] and is an under-researched area based on the literature. The
approach adopted to achieve this was to engage with the stakeholder community within
the UK. The following sections provide: a background to the challenge associated with
road transport electrification and a basis for the research question (Sections 1 and 2); the
approach adopted in this research (Section 3); the results (Section 4); and the interpretation
of those results and what they may mean for inductive charging system development
(Section 5). This is the first stakeholder engagement of its kind undertaken in the UK that
brings together viewpoints of a veritable and diverse group of attendees.

2. Background

Climate change is defined as the long-term alteration of temperature and weather
patterns. There is robust evidence which indicates a consistent relationship between the
cumulative greenhouse gas (GHG) emissions and projected increase in global temperature
of between 1.5 °C and 2 °C above pre-industrial levels by the year 2100 [5]. Regional and
local impacts of global warming are already seen as a consequence of the increase in GHG
emissions. There is a strong concern that these impacts will worsen with stronger future
climate change [6].

The Paris Agreement, which came into force in November 2016, commits developed
and developing countries to keeping global warming below 2 °C and aspiring to a target
of 1.5 °C [7]. According to the emissions gap report prepared by the United Nations
Environment Programme (UNEP) in 2019, the total GHG emissions in 2018 amounted to
55.3 GtCOse, of which 37.5 GtCO, was attributed to CO, emissions from the combustion of
fossil fuels [8]. Hence, in tackling climate change, current efforts are primarily focused on
reducing CO; and cover technologies and techniques that are deployed in four main sectors,
power on the supply side and industry, transportation and buildings on the demand side.
However, according to the recent UNEP report referred to above, even if all unconditional
nationally determined contributions (NDCs) under the Paris Agreement were implemented,
we are still on course for a 3.2 °C temperature rise. Further and immediate action is therefore
required to combat climate change.

Of the four sectors mentioned, it is the transport sector that presents the greatest
opportunity to respond. Taking the EU-27 as an example, transport—based on 2018
figures—accounts for almost a third of all CO, emissions, with road transport responsible
for more than two-thirds of the transport related emissions [9,10]. Further, CO; emissions
from road transport have increased by a factor of around 1.3 between the 1990 baseline and
the most recent, 2019 figures. This compares to the decrease achieved in other sectors (see
Figure 1). However, transport as a sector, which is highly reliant on fossil fuels, is perhaps
also one of the most challenging to decarbonise [11].
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Figure 1. Annual greenhouse gas emissions in the European Union from 1990 to 2019, by sector (in
million metric tons of CO,-equivalent) [12].

The most attractive option for decarbonising the road transport sector is electrification,
a market-ready technology alternative to the internal combustion engine [13]. Hence, as
part of the UK commitment to net-zero GHG emissions by 2050 [14], the UK government
has committed to ending “the sale of all new conventional petrol and diesel cars and vans”,
initially by 2040, but subsequently revised to 2035 and most recently to 2030 [15]. However,
in order to achieve the net-zero goal, all road vehicles, including heavy-duty vehicles
(HDVs), will need to be entirely decarbonised. Therefore, the UK Government has also
announced its intention to consult on a similar phase-out to that planned for cars and vans
but targeting diesel-powered heavy-goods vehicles [16].

The UK’s ambitious plans to electrify its road transport fleet requires solutions that
will reduce cost and drive up consumer confidence. Volume production of batteries,
together with manufacturers targeting an increase in the energy density of batteries, has
the potential to increase the driving range and at the same time provide a reduction in
the cost of electric vehicles. The Automotive Council in the UK commissioned a roadmap
on energy storage systems [17]. This roadmap targets a cost saving of around US$80 per
kWh between 2017 and 2035. During the same period, it also targets the energy density
to double from 250 Wh kg~! to 500 Wh kg~!. Further, the UK is pressing ahead with
the rollout of charging infrastructure to support the electric vehicle user—both a rapid
charging network to support users as they move about the UK, but also workplace and
home charging solutions to support commuters and shoppers [18,19]. In addition, there is
also the consideration of subsidies that either reduce cost or make available preferential
access to road infrastructure including toll roads, city centres and parking [20]. However,
these incentives are likely to prove unsustainable in the long term, requiring a focus on
vehicle and charging technologies [21].

As energy storage costs are reducing, and technology is improving, this is encour-
aging OEMs to increase the battery capacity in their vehicles. What was fast charging
for 16-24 kWh batteries becomes not-so-fast when the battery size reaches 40, 60 or more
kWh. Further, there will also be a requirement, if we are to decarbonise all road transport
sectors, to focus on public high-power charging infrastructure in support of regional and
long-haul freight operations along the trunk road network. Hence, to meet the expectations
of the e-mobility stakeholders and drivers, charge head providers, such as CHAdeMO, are
working on higher power charging. A new edition of CHAdeMO protocol enabling 200 kW
to 400 kW charging was developed by the Association and its members, who are now
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preparing for up to 900 kW [20]. Similar increases in charging capability are a feature of the
EU’s CCS system and CharIN is investigating versions up to 2 MW for electric trucks [21].

One potential challenge that the next generation of static charging technology faces
is the integration of the charging stations into the existing electricity distribution grid.
Recharging times are primarily becoming constrained by the electricity distribution in-
frastructure and not the technology of the charger/battery combination. Grid capacity is,
therefore, a major issue impacting vehicle electrification and market appeal. The most obvi-
ous problem is the load increase, which can lead to a system overload since the components
like transformers and supply lines are not designed to handle the extra loads requiring in-
vestment in reinforcement [22]. This leads to a juxtaposition, whereby the vehicle, through
a combination of technology improvement and cost reduction has improved capability but
places a requirement upon the charging system to make higher investments that need to be
recouped from the system user. This tends to limit the geographical coverage of improved
charging systems to where the initial investment can be recouped from higher demand or,
conversely a higher operating cost for the system user.

The transition to electrification of road transport is further complicated by the diver-
sity of different vehicle types and use cases. There is a relationship between the energy
requirements of a specific modality and use case, and the ability to store energy on and
transfer energy to the vehicle. Even with the development in battery technology and the
reduction in cost through volume production, the difference that remains vis-a-vis fossil
fuels means that replacement with electrification is not suitable for all sectors unless the
frequency of charging events is substantially increased—to overcome the limitations upon
on-board energy storage—and that those charging events are reduced in duration—the
energy transfer rate is substantially increased in order to limit downtime, i.e., when the
vehicle is stationary. As such, a transportation system based around the EV, and encom-
passing all possible modalities and use cases, would require the deployment of an electric
refuelling infrastructure far in excess of the current fossil fuel refuelling infrastructure in
order to address the driving range and recharging time limitations. These limitations have
led to the discussion and exploration of various bespoke charging solutions for specific
modalities and use cases, for example, the electrification of the PSV fleet in Eindhoven
NL [23]

“Recharging takes place at Hermes’ depot via a wireless pantograph system on the roof
of each bus. There are 20 rapid chargers for use during the day, 22 slow chargers for
use during the night and 2 mobile chargers for the workshop. Alternating rapid and
slow charging keeps the batteries in optimum condition. The 43 buses are used on 7
premium public transport bus line services and run at a frequency of 8 to 14 buses an
hour. Eventually, 203 electric buses will be put into operation.”

Another example is commercial drivers, and specifically taxi drivers, where these bar-
riers are more pronounced as a result of the longer distances covered compared to regular
cars, and fewer opportunities for recharging. Results from a recent study [24] indicated that
the current plug-in charging infrastructure does not facilitate charging opportunities for taxi
trade, causing longer working hours lower earnings. Drivers reported running on a range
extender petrol engine once the battery is depleted, limiting the environmental benefits of
electric taxis. It was concluded that alternative charger systems, including wireless, could
facilitate the increased driving range of existing electric taxis by encouraging opportunistic,
short but frequent charging boosts [24].

Electric road systems (ERS) are an alternative set of charging solutions that have the
potential to allow electric vehicles to drive longer distances on a single at base charge,
without the need to increase battery sizes or to stress the distribution grid unnecessarily.
ERS have a long history and encompass in-road wireless, in-road conductive, overhead
catenary, etc. A number of studies have explored the concept of the electric road, but
the focus has been primarily from a technical and use case point of view [25-29]. It is
considered in these studies that it is unlikely that these systems will replace existing
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charging systems but more likely complement (as for the PSV Eindhoven example, we
create a charging ecosystem).

The most notable work concerning DWPT includes systems developed by the Ko-
rea Advanced Institute of Science and Technology (KAIST), Bombardier and Qualcomm.
Other systems include the SIVETEC static WPT system developed by Siemens and the
market-ready WiTricity static WPT system initially developed at Massachusetts Institute of
Technology. DWPT has the potential to contribute to reducing the weight and the cost of
those electric vehicles that have higher energy requirements and/or higher use intensity
e.g., heavy goods vehicles or public service vehicles.

For DWPT to become a critical component of the charging ecosystem, a variety of
technical challenges must be overcome. Appendix A illustrates how much existing research
in the field has focused on debates surrounding technological issues. For example, Hutchin-
son et al. (2017) consider the technical practicalities of DWPT, whilst Gil and Taiber (2014)
assessed the infrastructure challenges of introducing this technology. However, there is a
lack of research into the electric road system as a whole. There is a requirement to look at
the technical challenges in light of how this system is likely to be deployed and accepted
by the user community.

The question that has to be asked is, what is the optimal configuration for successful
integration of an electric road system as part of a wider charging ecosystem? The challenge
is identifying the criteria that determine the success or limitations of DWPT and any
dependencies that may exist between them. As there are multiple types of ERS, each having
its associated strengths and weaknesses, the approach was to focus on the in-road dynamic
wireless power transfer (DWPT) as this technology has strong adoption potential due to
the ability to service multiple use cases—in-road DWPT has the potential to be deployed in
multiple roadways (from urban to peri-urban through to motorway) and to service a wide
range of different vehicle types (from passenger cars to public service vehicles and through
to heavy goods vehicles) [4].

3. Material and Methods

The purpose of the research was to identify the factors deemed to have a significant im-
pact on the utility and function of a DWPT system. In order to collect user and stakeholder
data, a morning workshop followed by focus groups in the afternoon was organised. An
approach was adopted that used the PEST framework in combination with semi-structured
discussions was supported by a review of the appropriate literature in the area of DWPT
and ERS. These concepts are explained below:

I.  The PEST framework has been developed and proven to be successful in exploring
the macro-environment [13,30]. The PEST framework (PEST referring to the political,
economic, societal and technology forces present in the system) was therefore adopted
as part of the research activity. PEST assesses a market (including competitors) from the
viewpoint of a particular technological proposition or business. In this case the DWPT
approach within the ERS is utilised as an addition to the existing market-deployed
charging solutions.

II.  Semi-structured discussion (that is qualitative/informal conversational /guided ap-
proach) seeks to achieve the same level of knowledge and understanding possessed by
the respondent and to understand personal experiences and perceptions within a con-
textualised social framework [31]. In-depth and semi-structured discussions attempt
to uncover underlying motives, prejudices, or attitudes towards sensitive issues.

III. A rapid review of the literature was undertaken as a time-limited and resource-
efficient approach that provided relevant evidence in support of the analysis step.

By combining the PEST framework, semi-structured discussion and a rapid review of
the literature, the purpose was to develop a comprehensive understanding and mapping of
the macro-environment into which DWPT is to be deployed. Through this, the significant
factors that would determine the success of a DWPT system could be extracted and a
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taxonomy or classification of the significant factors generated. The process followed a
number of discrete steps that are outlined below:

3.1. Stakeholder Selection

The goal was to get the deepest possible understanding of the setting being studied.
This required identification of participants who could provide information about the partic-
ular topic and setting being studied. The stakeholders were selected based on achieving a
predetermined number of people from different categories—these categories were aligned
to the political, economic, societal and technology forces inherent in the PEST framework.
The participants were divided under four categories: Policy, Business, Consumer and
Technology. In total there were 38 participants from 20 different organisations, including
academia (21%), transport and highway authorities (37%), energy providers (10%), bus
operators (3%), solution providers (21%) and vehicle manufacturers (8%).

3.2. Discussion

In this research activity, the adopted approach was to establish focus groups (small
discussion groups) with a maximum of four stakeholders together with a group facilitator
(to ask the questions and guide the process) and a rapporteur (to record the event). Focus
groups enable researchers or facilitators to do most of the things they would during an
interview, but with a small group. They enable a better focus on specific issues and interests
and can also provide opportunities for the group to do more in-depth questioning and
promote interaction—all key attributes relating to the stated research. The focus groups
were preceded by the workshop where key speakers on the subject of electric vehicle
charging development from a policy, economic, societal and technology perspective (one
presentation on each and to all groups followed by open Q&A). The workshop introduced
the current state of the art in order to empower the stakeholders with key knowledge
around the subject area and beyond their immediate environs—for example, a policy-
focused stakeholder will be aware of the key developments in the technology sector. In
general, each of the focus group discussions lasted around 30 min. The discussions were
based on the following two broad questions:

Q1. What will be the key determining factors that will support the success or failure
of dynamic wireless charging as one of the charging infrastructures options?

Q2. What would be the ideal dynamic wireless charging infrastructure system from
your perspective, and how would this be reached?

3.3. Transcribing

Post-event, the generated material was prepared for analysis. Qualitative (thematic)
analysis of the discussion transcripts was then undertaken to seek patterns, themes and
meanings that generate an in-depth understanding of the phenomenon of interest. The
qualitative analysis was approached as a critical, reflective and iterative process that cycled
between data and the overarching research framework that kept the big picture in mind.
This approach has been applied previously for analysing semi-structured interviews [32,33].
The analysis was inherently a process of interpretation. Questions were asked of the data,
informed by theory and by observations, hypotheses or hunches. If the analysis was
rigorous and transparent, then the data should be able to support or not support these.
This is the important part—the data needed to support or refute our ideas and should not
fit the data into the story we want to tell [34,35].

3.4. Analysis
There were two parts to analysing the data, and these were as follows:

e  “Content analysis” steps: read transcripts > highlight quotes and note why impor-
tant > code quotes according to margin notes; and

e  “Exploration analysis” steps: sort quotes into coded groups (themes) > interpret
patterns in quotes > describe these patterns.
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The last step in the methodology was to verify and report the results of the analysis.
Verifying related to the ‘reliability” (how consistent the results were) and ‘validity” (whether
the study investigated what was intended to be investigated) of the data. Verification was
undertaken by comparing and contrasting the results of the analyses across the needs of
electric vehicle charging infrastructure (as determined from the background section and
supported as appropriate by the rapid review of the literature).

4. Results

The focus group discussions covered a multitude of topics, including the status of
the EV, consumer behaviour, potential users, EV charging technologies, grid and transport
network implications and policy and standards requisites that fit within the two broad
questions. The following section reports on the core points that were discussed in the
focus groups.

4.1. Policy

The section discusses the views of those stakeholders with a background in the devel-
opment and/or delivery of policy, especially stakeholders who would have a future role in
creating and managing the policy environment around DWPT.

Cost: Developing dynamic wireless charging infrastructure requires a high capital
cost; therefore, “an attractive business case is required” to convince potential private or public
investors who may perceive the return of investment on the technology to be uncertain,
at least in the short to medium term. Since DWPT is relatively a new technology, scarcity
in data availability can be a challenge for policymakers to develop business cases. Pilot
studies such as DynaCov were recognised as essential to collect the necessary data. The
importance of accounting for future EV landscape and user needs while developing the
business case was stressed.

Infrastructure location: Selecting the right location for the infrastructure is crucial for
success. It was commented that the dynamic wireless charging solutions (DWCS) must
complement the other existing charging facilities and fully integrate with the charging
ecosystem within the area. Furthermore, to compete with other charging solutions, the
charging cost to the user must be attractive. One way to manage the cost to the user is by
encouraging competition within the dynamic charging market. The road selected for the
infrastructure must not possess any significant constraint for installing the infrastructure.
It was noted that it might be more feasible to electrify roads within strategic road networks,
including motorways and primary roads. In general, these road networks “are well main-
tained and contain space for installing required utilities”. Moreover, these roads have a higher
chance of carrying the required number of target vehicle types and volumes.

Temporal considerations: The disruption that may be caused during the construction
phase can be detrimental to the success of the solution. It has the potential to disenfranchise
the user. Therefore, installations “must be done over a relatively short period in terms of road
closures”. Furthermore, the implications of the solution for the existing road utilities and
that may be installed in the future was emphasised to be evaluated. However, it was agreed
that futureproofing for all needs could “significantly increase the solution’s design and the
implementation cost”.

User Considerations: It was highlighted that the on-road charging solution must cater
to different types of vehicles and users. However, there was a broader consensus that the
DWCS will be more suited for commercial users who drive long distances and fixed routes.
Private owners who usually drive fewer miles in a day are “more likely to use home charging
or destination charging facilities”. Changing consumer’s behaviour was ranked as one of the
main challenges for the successful adoption of this charging solution. Public engagement
activities are suggested to be vital for promoting the technology. Furthermore, “acceptance
of the technology by vehicle manufacturers is essential” to gain confidence among potential
users, especially as this technology requires fixing additional components to the vehicle.
Empowering the user is essential; “the ultimate decision to use the charging facility must be with
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the user”. A transparent pricing plan and a payment solution that is safe, secure and easy to
use are necessary. For a better user experience, it was suggested that the payment solution
should be integrated with other charging infrastructure providers within the region.

4.2. Consumer

The section discusses the views of those stakeholders that have a background in the
use cases that are developed around charging infrastructure, especially stakeholders who
would have a future role in determining how DWPT is likely to be used via actions that
include the purchase of vehicles that are DWPT compliant.

Capital Cost (Provider): The importance of public charging facilities will remain
highly relevant for the uptake of electric vehicles. The DWPT has the potential to “relieve
pressure on the number of charge heads (rapid static charging)” that are required to meet future
demand. The fear and anxiety among users to adopt a relatively new charging solution
may affect the uptake of the DWCS. The users might as well think, “if costs are coming
down in 5-10 years, why invest now”? Similarly, potential users may be concerned about
the emergence of hydrogen-based fuels as a preferred solution for buses and heavy goods
vehicles, which is the main target vehicle types for this technology. Therefore, stakeholders’
acceptance of the product, proving the technology’s longevity, and policies by the central
and regional governments supporting DWCS were identified as critical factors to increase
the user base.

User Behaviour: The transport pattern within the target infrastructure location drives
the use of the facility. The distribution of vehicle types, user types, traffic flow, battery
capacity, state of charge (SoC) thresholds, and the number of miles covered in a day by a
given vehicle type are key variables that impact the charging decision-making. Similarly, the
driver’s range anxiety influences the decision-making for using the charging infrastructure.
Smart battery management solutions are required to help make a manual or automated
decision to maintain the necessary level of SoC.

Capital Cost (User): The market for the DWPT technology would be driven by com-
mercial users who cover longer distances or consume higher levels of energy such as “public
transport services (taxies, buses and coaches), last-mile delivery and haulage companies”. Dynamic
wireless charging may also provide an option for businesses to purchase smaller electric
vehicles (like the Renault Zoe), which are usually cheap. However, the range of those
vehicles could be increased using this charging solution. Commercial users are generally
cost-sensitive; therefore, there is a need for the solution to be cost-effective compared to
other vehicle charging types. Furthermore, the business customers expect the technology
to integrate easily with their system without causing any operational constraints. Dynamic
wireless charging can help lower the vehicle cost by reducing the size of the battery pack.
In addition, a reduction in battery size may improve the vehicles” energy consumption and
utility capacity. For example, it was commented that “for a double-decker bus, we (a large-scale
national coach operator) lost about two pairs of seating capacity because of the extra space required
for the batteries”. Considering the advantages, a commercial user may opt for “re-specifying
the vehicles based on the availability of the dynamic charging facility along the routes.”

Operational Cost User: As the adoption of EVs equipped with DWPT technology
grows, the challenges placed upon the power grid are most likely to increase. There is a
clear interaction between the traffic pattern and demand on the grid from vehicles. Smart
pricing strategies are essential to relieve the pressure on the grid during the peak power
consumption period. For example, “the cost to access the charging facility could be increased at
peak times”. However, it was also suggested that the variable pricing might not be attractive
to commercial users who may prefer to know the energy cost in advance for estimating
their operation cost. Therefore, an arrangement is necessary between potential largescale
commercial users and the solution provider.
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4.3. Business

The section discusses the views of those stakeholders that have a background in the
development and/or operation of business models around DWPT, especially stakeholders
who would have a future role in managing the deployment and assessment management
of a DWPT solution.

User Engagement: Standardisation of the technology is vital; ensuring that the technol-
ogy is compatible with different vehicle types is important to the user base. Business users
are expected to be the main DWPT consumers. Therefore, the primary business model
for this charging solution was predicted to be “business-to-business rather than business-to-
consumer”. Local councils who generally operate large fleets, and public road infrastructure,
transport services, freight and delivery businesses are identified as target business cus-
tomers. Public engagement can help to spread knowledge and awareness about this
relatively new technology. Tools such as advertisement signage and outreach campaigns
can inform users about the technology and its benefits.

User Behaviour: Retrofitting the receiver and other essential components must not
affect the vehicle’s appearance, which is common among private vehicle owners. It was
commented that the involvement of vehicle manufacturers in the designing of the receiver
system installation is required. Charging the vehicle on the go may influence driving
behaviour. In general, DWPTs “incentivise travelling slowly”; hence drivers may prefer
altering their driving behaviour. Its impact on the traffic flow must be evaluated. The
amount of charge a vehicle can receive depends on various external factors such as the
power quality, traffic speed, and power drawn by other vehicles aligned with the same
coil segment. This variability in charging may reduce user’s confidence in the technology.
Therefore, it is necessary to overcome this challenge with a system that could pre-inform
the user about the expected amount of charging. This scenario is more relevant in an urban
setting where vehicles travel bumper to bumper during peak hours.

4.4. Technology

The section discusses the views of those stakeholders with a background in the devel-
opment of the underlying technology, especially stakeholders who would have a future
role in supplying DWPT solutions into the marketplace.

Stakeholder Communities: Effective communication between different stakeholders,
including road and grid operators, utility providers, transport authorities and local govern-
ments, is crucial for the smooth operation of the DWPT infrastructure. The development of
tailored technological solutions such as an in-vehicle interface to commence and end charg-
ing, over-the-air software or firmware updates, and smart payment systems are essential
for a better user experience.

Product Standards: The requirement for standards specifically designed to address
technical and safety aspects of DWPT methods are vital for the successful commercialisation
of the technology. Any potential health and safety concerns related to electromagnetic fields
(EMF) and electromagnetic compatibility (EMC) issues associated with the technology must
be addressed. For example, “leakage of magnetic fields must not interfere with a person’s health
monitoring devices”, like pacemakers. Similarly, the magnetic field generated by the system
“must not interact with communications devices” used by emergency teams, maintenance
teams and any other local key infrastructures such as airports. It is also important that
when a vehicle passes over a specific segment, only that segment is activated and transmit
energy to the receiver on that vehicle to avoid any risk to other nearby motorists and
pedestrians using the roadway. This suggests a need for the “development of a detailed safety
case” covering all risks, hazards and mitigation plans before deployment of the solution.

Performance Improvements: The power transfer efficiency of the system is affected by
an air gap and lateral misalignment between the transmitters and receivers. It was noted
that information and communication-based technology “may be required to inform the driver
to make the necessary correction” to improve the coupling efficiency.
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Performance Management: The connection of a large number of electric vehicles that
arrive at different times and travel at different speeds can create varying power demand
patterns upon the grid, raising power quality issues such as the injection of harmonic
currents. To mitigate this, “appropriate roadside power electronics are necessary”. Moreover,
DWCS may further load the grid during its peak demand period if it coincides with the
charging facility’s peak usage period. Therefore, “future planning of the grid power supply
is necessary” . Furthermore, the impact of the DWCS on the local traffic pattern should be
thoroughly evaluated.

5. Discussion

The study reconfirmed several factors, including a number of challenges that support
the success and potential benefits of the DWPT system. The deployment of appropriate
charging infrastructure is deemed a prerequisite for the wider uptake of EVs. Several
charging infrastructure solutions are being installed across the country, such as rapid
chargers, fast chargers and slow chargers [36]. They form a charging ecosystem that
responds to the requirements for destination and opportunity charging. The success of the
DWPT charging infrastructure will ultimately be based on the number and type of users if
the initial costs are to be sufficiently amortised. The participants mentioned that the initial
deployment scenarios need to maximise the usage of the technology. The commercial users
who drive long distances on fixed repeatable routes are suggested as initial target users.
This is supported by the literature, with Meijer [37] suggesting the deployment of DWPT
systems along urban bus routes as well as short and long haul national and international
freight corridors.

In order to create stakeholder acceptance of DWPT charging infrastructure, it is neces-
sary to predict the energy demand from the EVs that potentially use the facility. From the
focus group transcripts, and supported by the literature, key externalities were identified,
and these externalities were classified into a taxonomy consisting of six categories:

I.  Vehicle: these externalities determine whether a vehicle will make a request to charge
based on factors attributable to the vehicle condition, e.g., the current SoC of the battery.

II. Journey: these externalities determine whether a user will make a request to charge
based on the specific mission, e.g., during the journey, the driver can actively extend
the battery range based on the journey requirement.

III. Behaviour: these externalities determine the type of charge that will result, e.g., along
a fixed length of charging infrastructure, the speed of the vehicle will determine the
energy transferred.

IV. Economic: these externalities determine whether a charge will be requested based on
the economic considerations and alternatives, e.g., the cost to access or the cost per
unit of energy.

V. Traffic: these externalities determine the demand upon the DWPT system that will
result from external factors, e.g., the density and mix of traffic that flows across
the system.

VI Infrastructure: these externalities determine the broader user choice to adopt DWPT
based on the availability of the system both geographically and capability, e.g., is it
available on the route options for the user.

The externalities noted above are factors that will affect the uptake of DWPT either
positively or negatively, and it is the combination of these factors that is important in
defining demand. Figure 2 shows the taxonomy generated from the analysis of the focus-
group transcripts and how the factors combine to determine demand. The structure of the
taxonomy is derived from the analysis of the focus group discussions. Its relation to the
published literature is discussed in the following section.



Energies 2022, 15, 930 11 of 17

/Vehide factors

DWPT equipped Behavioural factors
Vehicle category Speed
Battery voltage - Vehicle Behavioural _.| Headway
Instantaneous energy Model \ ! Model Alignmentl
Receiver rating ‘.‘ ," Range anxiety
Current SoC Y } \ User preferences
\Mass / “, -"
\ H
\ H
~ 3 ] ST
Journey factors y i Traffic factors
\ ) )
User Type Journe \ l.‘ ;ehm]e mix
Trip length ro= Y - Demand ---1 Traffic Model -— Iensny
Origin distance Model ! | F le;a:}e. |
Destination distance 5 ISFEE imits {upper an
\__Routing Preference J i \lower) /
\
~ \
\
\ -
Infrastructure factors \ Cost factors
Charging location (spatial) Infrastructure \ Economic Fixed cost (access charge)
Charging length rY Model Model ==7 Variable cost (unit energy)
Charging capability ode Time (monetarisation)
Charging availability (time)

—
- J

Figure 2. Taxonomy—Ilinking Factors identified from focus groups to demand.

The focus group participants mentioned that the EV drivers are usually sensitive to
costs associated with charging, concurring with previous studies [38—-42]. Two concerns
arose regarding cost. One was the investment cost and the recognition that, in order
to mitigate the high investment cost of DWPT being passed on to the users, supportive
government policies and financial subsidies, and incentives would be essential for wider
uptake of the charging infrastructure, again concurring with existing studies [41]. Second
was that the focus group suggested that EV users’ charging behaviour is influenced by
cost-driven factors such as (a) the actual cost to charge and (b) the impact of the charging
method on operational efficiency. It is recognised in the literature that the actual cost to
charge includes one or more components such as access fee, a kWh-based charge, usually
varying with the time of use (ToU) and payment processing fees [42]. Studies have shown
that smart pricing strategies based on ToU can shift charging to the off-peak period that is
beneficial to the grid and, most consumers have been willing to accept this costing method.
However, there is a lack of uncertainty in the willingness to use smart charging schemes
between private and commercial users. Unlike static charging solutions, DWPT allows
a vehicle to charge while in motion, avoiding financial losses that may be incurred due
to vehicle downtime associated with stationary charging solutions. Indeed, Oliveira et al.
(2020) [24] concluded that taxi drivers are more likely to lose earnings due to charging
time associated with wired solutions. Furthermore, time-sensitive services like freight
and public transport systems may not have enough time to get the required energy with
stationary solutions [43,44]. By reducing the vehicle downtime owing to charging stops,
dynamic wireless charging can be an effective solution in such scenarios [45].

Batteries constitute a significant proportion of the EV cost [46]. DWPT offers the
opportunity to reduce the battery size whilst reducing vehicle cost, increasing range, and
vehicle’s utility (for example, capacity). Participants were also concerned about the costs
associated with installing the hardware and software that are required for DWPT charging.
The participants mentioned that customers expect these costs to be recouped either with a
low charging price or improved operational efficiency. A similar opinion was reported in
Oliveira et al. (2020) [24].

The focus group discussions suggested that the use case for the DWPT infrastructure
has interdependencies with factors relating to journeys undertaken by the users, such as
origin and destination of the trip, purpose of the trip and routing preference. The EV
users who generally drive fewer miles than the battery range prefer destination charging
at home or work [38]. Private EV users generally fall in this category. On the other hand,
long-distance and energy-intensive operations such as freight and public transport services
such as buses, coaches and taxis require public charging solutions at different locations.
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Moreover, fixed-route services such as buses and coaches cannot detour; therefore, they
rely on charging facilities along the route in addition to the infrastructure within the
depots [45,47]. In general, these journey-related factors influence the willingness to alter the
route for accessing a charging solution. Philipsen et al. (2015) [48] reported that users are
more willing to accept a detour of 5 km or 10 min to a fast-charging station. Furthermore,
Philipsen et al. (2016) [49] indicate that participants prefer to make a detour rather than
accept waiting times for charging.

The participants mentioned that the design of the system needs to be interoperable,
catering for a wider type of vehicle and operating conditions. However, a challenge is that
there are several factors relating to vehicle characteristics as well as the technology and type
of the charging system that affect the energy demand of an EV. Battery capacity is a primary
factor that determines the range of an EV. A larger battery capacity enables the vehicle
to travel longer distances. Therefore, when faced with a specific journey requirement,
they may seek fewer charging opportunities than vehicles with smaller battery capacities.
Previous research found SoC to be a key factor that determines the energy demand of an
EV during a charging event. It is well recognised that specific real energy consumption
that determines the SoC depends on several parameters, including battery temperature,
utilisation of in-vehicle systems such as heating and ventilation, vehicle load, vehicle
acceleration/deceleration, rolling friction, aerodynamic drag, and road gradient. Mishra
(2018) [50] recommends operating EV batteries within a threshold range rather than taking
advantage of the full range between 0% and 100%. For Li-ion batteries, the optimum SoC
area is determined to be between 20% and 80%. Maintaining SoC at these levels reduces
the rate of battery degradation and expands operation lifetime. Respecting the SoC range
is essential; however, a driver or fleet owner may choose to operate outside this range.

A particular challenge is to develop a DWPT system capable of higher power transfer
efficiencies with a wider range of lateral and vertical misalignments (air gap) between the
primary source coils embedded within the road and secondary on-board coils (receiver) [51].
Naberezhnykh [52] recommends the system design to consider driver lateral misalignment
of up to 15 cm for optimum usage of the charging system. The power transfer efficiency is
shown to drop gradually as vertical misalignment grows [28]. Further, the air gap differs
with the vehicle type, and it can vary with the loading conditions. The speed of the vehicle
is expected to affect the power transfer efficiency. With an increase in the vehicle speed, the
interaction time between the primary and secondary coils reduces, resulting in lower power
transfer efficiency [52]. Other vehicle characteristics such as mass and vehicle length affect
the energy demand of EVs. Further simulation and/or demonstrator work is required to
demonstrate the relationship between the vehicle speeds and power transfer efficiencies.
Heavier vehicles require more mechanical power, consuming higher energy. Vehicle type
(length) determines the maximum number of vehicles in a section. It also influences the
number of secondary coils (receivers) that can be fitted to the vehicle.

These findings reiterate the need for standardisation of DWPT systems and associ-
ated technologies to ensure that the deployed systems are safe, efficient and interoperable.
Furthermore, standards allow manufacturers to develop and optimise their systems to
the infrastructure [52]. Several organisations such as the International Organisation for
Standardisation (ISO), International Electrotechnical Commission (IEC), and Society of Au-
tomotive Engineers (SAE) are currently developing standards related to DWPT, irrespective
of the barriers faced due to the technical complexity and current level of maturity of the
technology [53].

Studies have shown that charging behaviour is heterogeneous [54,55] among drivers.
In general, factors including range anxiety, user comfort and other individual preferences
contribute to charging decision making [39]. Range anxiety among EV users is a psycho-
logical barrier that can be induced by insufficient range to reach a destination or complete
daily trips within a stipulated time, associated with the time required for charging and
charger location. An EV driver with a higher level of range anxiety may access a charging
facility when the SoC is higher than the recommended threshold. Furthermore, a higher
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level of range anxiety can potentially lead to dangerous driving behaviour and negatively
affect drivers” emotions. As the driver’s experience with the EV increases, the driver may
correctly predict the EV’s range concerning their range requirements, thus reducing the
range anxiety [56]. The focus group participants mentioned that an in-vehicle system
capable of providing a real-time charging recommendation for the driver could be helpful
to overcome this challenge [57].

The participants raised issues concerning willingness to adapt driving style to suit the
traffic and improve charging efficiency. The alterations to normal driving behaviour may
cause inconvenience to drivers and affect their charging decision making. For example,
whilst accessing the charging lane, the driver may not be able to overtake other vehicles
and need to drive within a specific speed range. In addition, the driver may need to
maintain distance with the leading vehicle (headway) and vehicle alignment, which can be
challenging even for an experienced driver [37]. Yang and Lu (2018) [56] acknowledged that
it is necessary to account for these behavioural and psychological factors for a successful
mass adaptation of EV infrastructure. In those vehicles with advanced driver-assist or
automated driving systems, the vehicle’s alignment can be controlled by electronic systems,
thus improving driver comfort. Further measures such as driver training, road markings,
and lane guides can improve charging efficiency and user comfort [42]. However, further
user-based research is expected to yield satisfactory measures for users to choose DWPT
charging mode.

These categories and factors within the categories can be used to support the de-
velopment of DWPT. Based on the above discussion, it is recognised that there will be a
logical flow that will determine if a charge event takes place, the power demand and the
energy that is transferred. The gateway will be the vehicle condition; the capability of
the vehicle—if it is equipped with a receiver and the ability to store energy or consume
energy—will determine a request to charge and the power transferred. Following this, the
journey or mission of the vehicle will determine the probability of a charge event—the
longer the journey, the higher energy consumption, etc., the greater the probability of a
charge request. This probability will be moderated to an extent by the immediate cost-
benefit of charging dynamically or statically. As described in the preceding discussion,
if a charge event is required, then the choice of how to meet that charge event—static or
dynamic—is a complex interplay between access costs, energy cost, monetarisation of time,
etc. The behaviour of the user and the traffic environment then determines the transit
time—a quicker transit time means less energy transferred, but further, a transit event that
is permeated by stop-start traffic will also impact upon energy transfer. Finally, the availabil-
ity of infrastructure, either geographically—leading to different vehicle routing—or having
a cap based on power supply—leading to a limit on vehicles that can be serviced—will
impact power levels and energy transfer.

The identified parameters, those that determine the behaviours outlined above, can be
further used to estimate demand on the network using simulation modelling techniques,
such as the Agent-based model (ABM) or Bayesian network model. An Agent-based model
(ABM) is a class of simulation in which a system is modelled as a collection of autonomous
decision-making entities called agents that interact with each other, allowing exploration
of emerging behaviour of the system, usually difficult to predict in the real world [58].
Bayesian network models are structured based on Bayes’ theorem, capable of updating the
prior probability of some unknown variable when some evidence describing that variable
exists [59].

6. Limitations

DWPT is a technology that is uncommon and rapidly evolving; therefore, identifying
and inviting participants with specific expertise was difficult. While all efforts were made
to invite stakeholders with expertise in different areas relating to DWPT technology and EV
charging in general, the findings reported in this study may have insufficient depth in some
of the topics. All the attendees were UK based; therefore, the ideas generated might not be
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directly transferable to the rest of the world. However, the study generated a vast amount
of relevant knowledge that can form a basis for decision making when implementing this
technology to support the transition to electrification within the transport sector.

7. Conclusions

In response to policy commitments, there is a requirement to electrify road transport. It
is also recognised that road transport is a complex system requiring a range of solutions that
include improvement at the vehicle level and innovation in charging infrastructure. One
potential innovation is electric road systems (ERS), and specifically, dynamic wireless power
transfer (DWPT) due to its wider market appeal relative to alternatives. Implementation of
ERS requires that the challenges are identified in order that appropriate solutions can be
implemented. One issue is that current techno-centric approaches do not properly consider
the complex relationships between organisations, the people enacting business processes
and the system that supports these processes.

This research was the first activity to focus on identifying the challenges for DWPT
considering the political, economic, societal and technology perspectives and in a UK
context. The research successfully brought together 38 key stakeholders and generated over
8 h of key discussion. A taxonomy of externalities—the factors that impact negatively or
positively—relevant to DWPT in the UK context was generated. The taxonomy classified
the externalities/factors into six categories.

Condition of the vehicle—will it accept a charge and what power?
Journey that is undertake—does the mission require a charge event?
User behaviour—what will be the type of charge that will result?
Economics—will there be a cost-benefit to a charge event?

Level of traffic—what will be the potential energy transferred?
Infrastructure—what is the availability for a charge event?

The definition of the factors within each category will determine if a charge event
occurs and the amount of energy transferred. There will be a clear logical flow, i.e., the
condition of the vehicle will be the entry point, the journey will define a need, the economics
will define the choice, the infrastructure will define the energy available, the behaviour
will modify that energy transfer within limits defined by the traffic. The taxonomy and
logic flow will allow for creation of a systems model that will inform the decision-making
process of rolling out the DWPT system. The results of this research are supported by the
existing literature in this area and form the basis for decision-making when implementing
DWPT as part of the wider UK electric vehicle charging infrastructure and hence support
the ambition to electrify all road transport. Combined with the factors reported in this
study, real-world testing will identify additional parameters that will allow the successful
implementation of the DWPT system.
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Appendix A

Table A1. Summary of literature regarding Dynamic Wireless Power Transfer (DWPT) an electric

road system (ERS).

Author

Title

Summary

Publication

Hutchinson Luke;
Waterson Ben; Anvari

Potential of wireless power

Paper discusses the technicalities of electric
vehicles, dynamic charging infrastructure,

Journal: IET Intelligent

Bani; Naberezhnykh  transfer for dynamic charging - . I . Transport System
Denis of electric vehicles different projects organisations developing WPT ;.10 1049 /jet-its 20185221
2019 solutions along with ISOs
Electric road svstems: The paper looks at Electric Road Systems (ERS) in

Jesko Schulte; Henrik . y : comparison to the current diesel system. The MDPI, Sustainability
N Strategic stepping stone on E K for S icS inable Devel Switzerland

y the wav towards sustainable ramework for Strategic Sustainable Development  (Switzerland)
2018 y was used to assess whether ERS could be a doi:10.3390/su10041148

freight transport?

stepping stone on the way towards sustainability

Francesco Deflorio;
Luca Castello
2017

Dynamic
charging-while-driving
systems for freight delivery

services with electric vehicles:

Traffic and energy modelling

This paper develops and implements a specific
traffic model based on a mesoscopic approach,
where energy requirements and charging
opportunities affect driving and traffic behaviours

Transportation Research Part C:
Emerging Technologies
doi:10.1016/j.trc.2017.04.004

Nicolaides Doros;

An Urban Charging
Infrastructure for Electric

This paper investigates the park and ride bus

Cebon David; Miles Road Freight Operations: A routes, the refuse collection operations, and two IEEE Systems Journal
John oad “reish Lperations: home delivery operations for6 charging doi:10.1109/]JSYST.2018.2864693
2019 Case Study for infrastructure for electric road freight operations
Cambridge UK ght op
Chen Feng; Taylor This paper presents the historical overview of the

Nathaniel; Kringos
Nicole
2015

Electrification of roads:
Opportunities and challenges

technology development towards the
electrification of road transportation and explores
in more details the Inductive Power Transfer (IPT)
technology

Applied Energy
doi:10.1016/j.apenergy.2015.03.067

Gil A; Taiber J
2014

A Literature Review in
Dynamic Wireless Power
Transfer for Electric Vehicles:
Technology and Infrastructure
Integration

This paper presents a literature review on the
advancements of stationary and dynamic wireless
power transfer used for EV charging. addressing
power limitations, electromagnetic interference
regulations, communication issues and
interoperability, in order to point out the
technology challenges to transition from stationary
to dynamic wireless charging and the
implementation challenges in terms

of infrastructure

Springer Link, Sustainable
Automotive Technologies 2013
doi:10.1007 /978-3-319-01884-3_30

GPaolo Lazzeroni;
Vincenzo Cirimele;

Economic and environmental
sustainability of Dynamic
Wireless Power Transfer for

This paper looks at the possible variations of the
energy mix and the effects related to the increase in

Renewable and Sustainable
Energy Reviews

Aldo Canova electric vehicles supporting the electric energy demand related to the increase . :

2020 reduction in local air in the circulating electric vehicles. doi:10.1016/j rser:2020.110537
pollutant emissions
Dynamic wireless power . .

Katsuhiro Hata; transfer system for electric This paper looks at a novel seconc.la.ry—mde control IEEE Applied Power Electronics

. . A method for power control and efficiency e
Takehiro Imura; vehicles to simplify ground L . Conference and Exposition
. . . maximization. These control strategies and the
Yoichi Hori facilities—power control and controller desien proposed are based on the WPT (APEC)
2016 efficiency maximization on o 81 prop doi:10.1109/ APEC.2016.7468101
. circuit analysis and the power converter model.

the secondary side
Electric vehicle charging This conceptual paper synthesizes the perspectives

Tharsis Teoh strategies for Urban freight found in literature on the charging strategy Routledge Taylor & Francis Group

2021 transport: concept concept, and provides a definition based on do0i:10.1080/01441647.2021.1950233
and typology Orlikowski’s structurational model of technology
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