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Abstract——This paper focuses on the development of electric
vehicle (EV) charging infrastructure in the UK, which is a vital
part of the delivering ultra-low-emission vehicle (ULEV) and
will transition into low emission energy systems in the near
future. Following a brief introduction to global landscape of EV
and its infrastructure, this paper presents the EV development
in the UK. It then unveils the government policy in recent
years, charging equipment protocols or standards, and existing
EV charging facilities. Circuit topologies of charging
infrastructure are reviewed. Next, three important factors to be
considered in a typical site, i. e., design, location and cost, are
discussed in detail. Furthermore, the management and
operation of charging infrastructure including different types of
business models are summarized. Last but not least, challenges
and future trends are discussed.

Index Terms——Electric vehicle (EV), charging point, charging
infrastructure, smart charging.

I. INTRODUCTION

CLIMATE change poses a great challenge to the sustain‐
able development of human civilization. Governments

around the world are working to reduce carbon emissions, of
which road transport tend to account for a significant propor‐
tion. As a result, vehicle emission targets have been put in
place in many countries. Electric vehicles (EVs) featured as
environmentally friendly have thus got extensive attention in
recent years [1]-[3]. According to [4], the total sale number
of global EVs reached 3 million by 2017. With more than
half of the global sales contributed by China, over 1 million
EVs were sold in 2017, which was over 50% increase from
2016. In the meantime, nearly 40% of new vehicles regis‐
tered in Norway were EVs in 2017, followed by Iceland
with 11.7% and Sweden with 6.3%. Rapid developments in
battery production technology with higher energy density,

higher number of charge cycles, better safety and lower cost
enable the ever increasing EV uptakes. Furthermore, EV
sales worldwide are primarily driven by policies targeting at
low-emission transport and energy consumption. Taking into
account the existing and announced policies, the estimated
so-called New Policies Scenarios will be 125 million EVs
on the road by 2030. More aggressive EV30@30 scenarios,
which estimate 30% of global sales share of road transport
will be EVs by 2030, have an ambitious target of 228 mil‐
lion EVs. This goal is in line with the Paris Agreement.

Meanwhile, with the rapid development of EV, its supply
equipment or charging infrastructure is essential. Apart from
the technological innovation of EV, effective charging infra‐
structure plays a fundamental role in supporting the wider
adoption of EV. By 2017, it has been estimated that there
were about 430 thousand public chargers globally [4]. Over
100 thousand of them are fast chargers. In comparison, there
were nearly 3 million private chargers for homes and work‐
places in 2017. Considering the projection of EVs by 2030,
worldwide electricity consumption from EVs reaches 400
TWh in the New Policies Scenarios and 928 TWh in the
EV30@30 scenarios, which are 7 times and 17 times in‐
crease compared to 2017, respectively, [4]. It is suggested
that around 130 million private chargers and 13 million pub‐
lic chargers need to be installed by 2030. Potentially, this is
a massive market globally with billions of investment in in‐
frastructure.

In the UK, the government has aggressive emission tar‐
gets by 2030 and 2050. It is convinced that the majority of
greenhouse gas emission is contributed by transport [5]. The
UK government has therefore established an ambitious road‐
map to be world leader in EV design, development and man‐
ufacture, and to be one of the most attractive locations for
EV-related inward investment in the world [6], [7]. This pa‐
per focuses on EV infrastructure development in the UK, in‐
cluding the landscape of EV, incentive schemes for EV and
its charging infrastructure, charging standards, and the statis‐
tics of existing facilities. Moreover, typical design and busi‐
ness model of EV charging infrastructure will also be dis‐
cussed. Last but not least, this paper will present emerging
challenges for the development of EV and its charging infra‐
structure.

II. EVS IN THE UK

The UK government initially published an ultra-low emis‐
sion vehicle (ULEV) strategy to encourage the growth in the
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ULEV market in 2009. The ULEVs are the vehicles that
emit less than 75 g of CO2 per kilometer travelled, the vast
majority of which are hybrid electric or pure electric. A strat‐
egy called “Driving the Future Today” was published in Sep‐
tember 2013 and committed to cutting carbon emissions
from transport, aiming at zero emission for nearly all cars
and vans by 2050. The key elements of the proposed pack‐
age for supporting ULEVs during 2015-2020 were set out in
the following year [8]. The Automated and Electric Vehicles
Bill 2017-2019 was introduced in the House of Commons in
October 2017, which also intended to help deliver the zero-
emission aim of 2050 [9].

The government has continuously published some grant
schemes to incentivize the development of EVs as well. The
grant for plug-in cars and vans was launched in 2011 and
the grant structure has reformed since March 2016 [10],
[11]. The price will get reduced by grants when buyers pay
for EVs approved by the government. EVs are categorized
into several groups and the allocated grant relies on the cate‐
gory of EV [12]. In October 2016, the government commit‐
ted an additional £4 million to the plug-in van grant scheme,
extending the eligibility to larger electric trucks.

For electric buses and taxis, the grant schemes were ini‐
tially announced in April 2014, and the details of the
scheme were published in March 2015 [8]. Also, the govern‐
ment confirmed a £150 million boost to support cleaner bus‐
es and taxis in November 2016 [13]. In March 2017, a fur‐
ther £64 million was available to support two schemes relat‐
ed to plug-in taxis [14].

Furthermore, both private and business users of ULEVs re‐
ceive a number of tax benefits ranging from fuel duty, vehi‐

cle excise duty (VED) and value added tax (VAT) that are
applicable to all ULEV users to the taxation of company
cars (CCT) and benefit charges for business users only. For
example, regarding VAT, the electricity used to recharge a
plug-in vehicle at home attracts only 5% level of VAT, much
lower than road fuels (20%) [15].

New ULEV registrations and their percentage of all new
registrations are shown in Fig. 1. During 2017, 53203 new
ULEVs were registered for the first time in the UK, a 27%
increase from 41837 in 2016. This accounted for 1.7% of all
new vehicle registrations, up from 1.2% one year before and
0.9% two years before. New registrations of ULEVs have
been rapidly increasing since 2014 [16]. In [17] and Tabel I,
it is estimated that by 2040, the market size for the whole
Great Britain (GB) system is massive. The annual energy de‐
mand could reach 11 to 15 TWh with the total equipment
and installation cost of £2 billion.
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Fig. 1. New ULEV registrations in the UK from 2011 to 2017.

III. INCENTIVES, STANDARDS AND STATISTICS OF EV
INFRASTRUCTURE

In addition to making EV more affordable, the effective
charging infrastructure network is another fundamental part
to enable further promotion and wider use of EVs across the
country. The government incentives and technical standards
of the charging infrastructure are discussed below.

A. Government Strategy for EV Infrastructure

The development of EV infrastructure has been encour‐
aged since 2009 [6], [18], [19]. A government strategy for
plug-in vehicle infrastructure called “Making the Connec‐
tion” was published in 2011, which set the development
framework of recharging infrastructure to support EV own‐
ers and industry in the UK, and aimed to stimulate the

growth of EV market [20]. In 2014, the Alternative Fuel In‐
frastructure Directive was agreed by the European Union
(EU), and the UK is legally bound to implement the require‐
ments although having voted to leave the EU in June 2016
[21], [22]. Besides, the Bill in October 2017 allowed the
government to regulate if necessary to improve the consum‐
er experience of EV charging infrastructure, to ensure the
provision at key strategic locations and to require that charg‐
ing points have “smart” capability [9].

According to the government response on the proposed
“Directive” in September 2017, the government will publish
National Policy Framework (NPF) to present information on
the current quantity, spread and reach of alternative fuels in‐
frastructure across the UK (e.g. EV charging points) and out‐
line the future development of the infrastructure, and how

TABLE I
SUMMARY OF MARKET SIZING ESTIMATES IN GB, 2040

Application

Workplace commuters

Fleet vans

Public car parks

Motorway

Total

Usage

12 million cars, 182 visits/year, 7.6 h/visit

0.6 million cars, 254 visits/year, 12 h/visit

33 million cars, 164 visits/year, 2.3 h/visit

99 billion cars & vans miles/year

Annual energy (TWh)

5.9-8.3

2.6-3.4

1.8-2.4

0.7-0.9

11.0-15.0

Outlet

900000-2400000

300000-600000

40000-110000

1000-8000

1000000-3000000

Cost of charger (billion £)

1.6-4.4

0.7-1.3

0.1-0.2

0.1-0.2

2.0-6.0
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these levels of infrastructure are likely to be achieved. Also,
the national legislation imposing certain requirements on in‐
frastructure operators will also be introduced.

B. Grant Schemes for EV Charging Infrastructure

A series of grant schemes have continuously sprung up
since 2010. The government set up the plugged-in places
(PIPs) scheme in 2010 to match funding for local business
and public sector consortia to build their own electric charg‐
ing points [23]. The scheme ceased the operation in 2013
and its successors are separate installation grants for public
sector bodies and local authorities focusing on the workplac‐
es and on-street residential charging points, respectively. Ear‐
lier in the same year, the Office for Low Emission Vehicles
(OLEV) launched a £13.5 million grant scheme to subsidize
householders installing charging equipment at home. In re‐
cent years, three grant schemes have been published for the
installation of home, workplace and on-street residential
charging infrastructure by OLEV, respectively [24].

The EV home-charge scheme (EVHS) provides a grant of
up to 75% towards the cost of installing charging points at
domestic properties. The workplace charging scheme (WCS)
is a voucher-based scheme that provides support for eligible
businesses, charities and public sector organizations. For
each application, the funding is limited to £300 for each
socket up to a maximum of 20 across all sites. The on-street
residential charge-point scheme (ORCS) provides grant fund‐
ing of 75% of the capital costs up to a maximum of £7500
for local authorities.

Specifically, these grant schemes refer to the guidance for
consumers or applicants, installers and manufactures. Mini‐
mum technical specification for manufacturers of charging
point units are particularly pointed out. Authorized installers,
approved charge-point models and eligible vehicles are also
listed in the schemes.

Furthermore, the government has pledged £80 million to
improve the charging infrastructure for EV owners and £30
million to study, design and develop revolutionary vehicle to
grid (V2G) technologies [13].

C. Technical Standards of Charging Infrastructure

Apart from some basic standards like British Standard BS
1363-13 (a plugs socket-outlets adaptors and connection

units) and British Standard BS EN 60309-2 (plugs, socket-
outlets and couplers for industrial purposes) for generally do‐
mestic and industrial plug and socket system [25], [26],
there are two specific ones for EV charging system in the
UK, namely British Standard “EV conductive charging sys‐
tem” (BS EN 61851) and British Standard “plugs, socket-
outlets, vehicle connectors and vehicle inlets - conductive
charging of EVs” (BS EN 62196). These documents specify
the requirements from plugs, socket-outlets, vehicle connec‐
tors and vehicle inlets to charging mode and communication.

There are four different types of EV charging system re‐
ferred to as “modes” [27], [28]. Modes 1-3 are based on al‐
ternating current (AC) charging while mode 4 is based on di‐
rect current (DC) charging. Modes 1 and 2 use standard wall
socket. But in-cable control and protective device (ICCPD)
is not incorporated in mode 1. So it is not recommended for
charging EV. In contrast, modes 3 and 4 are specialized sys‐
tems with a dedicated circuit and dedicated socket outlets,
both of which have wide range of charging capabilities with
mode 3 up to 50 kW and mode 4 up to over 100 kW, respec‐
tively. On top of the different types of output power (AC/
DC), the charger of mode 4 is built into the charging point
itself, while that of mode 3 utilizes the on-board charger of
the vehicle, which is another core difference between them.

Tesla has installed bespoke chargers with an adapted type
2 tethered plug that can provide DC energy up to 145 kW
across the UK since 2015. This type of charger belongs to
DC rapid here.

Three typical categories of charging speed exist in prac‐
tice [29], [30], i.e., slow, fast and rapid. The charging type,
corresponding mode and connector type are summarized in
Table II. It is noteworthy that DC power is only used for rap‐
id charging in mode 4 featured as tethered cable on the infra‐
structure side. For rapid charging, mainly three vehicle-side
sockets are utilized by vehicle manufactures. One is type 2
connector (43 kW three-phase output) and the other two are
DC connectors called CHAdeMO (usually 50 kW output)
and the combined charging system (CCS or Combo 2), re‐
spectively. The schematic structure of type 2 is shown in de‐
tail in Fig. 2. It has been widely used in both AC and DC
charging modes and in both the infrastructure and the vehi‐
cles. Two rapid connectors of the latter are simply displayed
in Fig. 3. Further information is given in [29].

TABLE II
EV CHARGING SPEED, MODE AND CONNECTOR TYPE

Charging type

Slow: 2.4 kW, 3 kW

Fast: 3.7 kW, 7.4 kW, 11 kW, 22 kW

AC rapid: 43 kW

DC rapid: 20-50 kW

Mode

2

3

3

4

Connector type

Infrastructure side

1) BS1363
2) BS EN 60309-2

1) BS EN 62196-2 type2
2) BS EN 62196-2 type 3
3) Tethered lead

Tethered lead

Tethered lead

Vehicle side

1) BS EN 62196-2 type 1 (J1772)
2) BS EN 62196-2 type 2

1) BS EN 62196-2 type 1 (J1772)
2) BS EN 62196-2 type 2

BS EN 62196-2 type 2

1) CHAdeMO
2) Combo 2 (CCS)
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As is shown in Fig. 2, the type 2 connector contains sev‐
en pins - two small and five larger ones. Two small pins are
in the top row and used for signaling. The central one in the
middle row is used for earth, while the outer “Live 1” and
“Neutral” pins are used for the power supply. The two pins
in the bottom row are used for three-phase AC connection.
The current of the connector is rated at 63 A per phase for
three-phase power supply or 70 A on a single phase.

For manufacturers of EV charging equipment who seek
authorization from OLEV, they should apply to OLEV first
by filling an application form. Their products would become
authorized in the EVHS and WCS if the form provides
enough evidence that the equipment is compliant with the
corresponding standards set out in the minimum technical
specification.

D. Statistics of Public Charging Points

The number of EV charging points has been increasing
steadily in recent years from a few hundred in 2011 to 4967
charging locations with 14231 connectors by 2017 [31]. Fig‐
ure 4 shows the breakdown of charging points or connectors
by charger speed, namely “slow” charging units (up to 3
kW), “fast” chargers (7-22 kW), “rapid AC” and “rapid
DC” charging units (43-50 kW).
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Fig. 4. Charging points by type from 2011 to 2017.

The numbers of rapid charging connectors by type during
2011 and 2016 are shown in Fig. 5. By the end of 2017, the
number of rapid connectors has grown over 2600 across
CHAdeMO, CCS, Tesla and type 2 rapid chargers from just
over 30 CHAdeMO connectors in 2011.

The profile of charging points/connectors (by Nov. 2019)
in each of the UK regions is shown in Fig. 6. Greater Lon‐
don has the biggest share of charging points followed by the
South East England and Scotland, while Northern Ireland
and Wales have the least.

In May 2018, it is announced that National Grid has
teamed up with Pivot Power to invest £1.6 billion in build‐
ing grid-scale 50 MW batteries and rapid EV charging docks
across the UK [32]. The 2 GW boosted capacity is equiva‐
lent to two-thirds of the installed capacity of the long
planned Hinkley Point C nuclear power plant but only for a
quarter of time with a fraction of the investment.

IV. DESIGN, LOCATION AND COST OF EV CHARGING

INFRASTRUCTURE

In a typical EV charging point project, the following three
factors are of the most importance, namely design, location
and cost.

A. Design of Charging Points

Charging points are usually floor-mounted or wall-mount‐
ed. The main components of such charging point mounted
on the floor or on the wall are shown in Fig. 7 and Fig. 8,
respectively [33]. It usually consists of four parts, including
power supply, communication system, management system
and charging system.
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AC current connection only  

Fig. 2. AC connector type 2.
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Fig. 3. DC connector. (a) CHAdeMO. (b) Combo 2 or CCS.
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Fig. 5. Rapid charging connectors by type from 2011 to 2016.
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Fig. 6. Profile of charging connectors (total 16464).
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LAN connectionLAN connection

GPRS connection

Power connection Main power supply

Socket access door

Sign post housingYellow coiled cable

Charging point display (using RFID)
Access tag (using RFID)

Feeder pillar in housing

External
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Internal
feeder pillar

Fig. 7. On-street restricted access charging points (floor-mounted).

Yellow coiled cable
Wall mounted sign

Local power supply

Wall mounted 3-pin
or blue commando

socket

Direct power connection
(i.e. no feeder pillar)

Fig. 8. Off-street open access charging points (wall-mounted).

B. Circuit Topologies of Charging Infrastructure

Globally, several topologies for charging stations are pro‐
posed which can be categorized into mainly two most popu‐
lar types, namely back-to-back AC/DC converters [34]-[36],
and transfomerless charging stations [37]-[39]. The back-to-
back AC/DC converters consist of a front-end AC/DC con‐
verter interfaced with the network via a transformer, whilst
the transformerless ones usually decrease the current by con‐
necting the charging station directly to a medium-voltage lev‐
el. All these topologies could perform bi-directional charg‐

ing, which could be integrated with battery energy storage
system and to provide grid support services. The differences
mainly lead towards power density, modularity and reliabili‐
ty. For urban area with limited spaces, a transformerless to‐
pology with higher power density may be the better option.
For shopping centers and motorway where the infrastructure
requires modularity and less control, back-to-back AC/DC
converter may be the choice. AC/DC and /DC/DC charging
station with high modularity and simpler control would be a
suitable choice for charging stations in shopping centers or
alongside highways.

From the perspective of charging, it can be further catego‐
rized into conductive and inductive charging technologies
[40], [41]. For conductive charging, there are mainly five
types of converter topologies: power factor corrected (PFC)
AC/DC rectifier topologies [42] - [44], isolated DC/DC con‐
verter topologies [45], on-board two-stage plug-in EV char‐
ger topologies [46], [47], integrated on-board charger topolo‐
gies, and level 3 off-board charger topologies. Integrated on-
board chargers combine the charging stage with the DC/DC
converter between the energy storage source and the DC-
link of propulsion machine inverter. Therefore, it reduces the
component size, weight and cost of the infrastructure [48] -
[50]. For fast charging, conventional on-board charger may
not be a feasible solution due to cost, size and weight issues.
Off-board charging technologies are therefore dominating in
this area. Charging unit within a charging station may share
the same common AC link or common DC link [51]. Both
three-phase AC/DC converters [52], [53] and DC/DC power
converters [54], [55] can be adapted. In [56], a modular mul‐
tilevel converter-based solution for transportation electrifica‐
tion is introduced, where both on-board and off-board charg‐
ing solutions are presented. The charging topology compari‐
son can be found in Table III. On the other hand, inductive
charging mainly relies on inductive power transfer (IPT)
technology, which transfers power to load via varying mag‐
netic fields without physical contact. There are mainly two
types of IPT, namely transformer-based IPT systems [57]
and resonant converter based IPT systems [58], which is the
mainstream solution at the moment [59], [60].

TABLE III
CHARGING CIRCUIT TOPOLOGY COMPARISON

Topology

PFC, rectifier AC/DC [61]

Isolated DC/DC converter
[45]

Active frontend converter,
double compensated DC/
DC converter [62]-[64]

Integrated on-board chargers
[48], [49], [65]

Off-board chargers [52]-[55]

Power supply

Single-phase or
three-phase AC

Single-phase or
three-phase AC

Three-phase AC

Single-phase or
three-phase AC

Three-phase AC/DC,
low to medium
voltage level

DC/DC converter

Isolated, dual active
full bridge

Resonant/dual active
full bridge

Buck-boost/LCC
resonant/interleaved

Buck-boost/three-level
AC/DC/bridgeless di‐
rect AC/DC

Phase shifted full
bridge/LCC

Advantages

Reduced harmonics, robustness, high
power factor and high efficiency

Wide output voltage range

Reduced dimension of AC filter,
minimized conduction losses, reduced
output capacitor ripple

Wide input voltage ranges, reduced
components, size, weight and cost, one
converter for all modes

High efficiency, good power quality, may
be directly connected to medium voltage
network

Drawbacks

High conduction losses

Control complexity could be
high

It may require external trans-
former, and may not be bi-
directional

It may not be bi-directional

It may require isolation trans-
former
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C. Comparison of Charging Point Locations

EVs can be charged using different types of charging
points. But due to different locations, different designs need
to be adapted. There are mainly four types of charging point
locations namely domestic, workplace, public car park and
on-street parking.
1) Domestic

More than 60% of UK domestic dwellings have garage or
other types of off-street parking [66]. Homeowners are the
largest group of motorists in the UK whilst 78% of them
have access to off-street parking [67]. Although EV drivers
charge at different locations throughout the day, 35% of
them charge at home with off-street parking [67], which usu‐
ally happens between 5 p.m. to 8 p.m.. Residential off-street
charging points are usually privately installed and unshared.
In domestic environment, charging points are mainly wall-
mounted. Due to the fact that most of the residential dwell‐
ings in the UK only have single-phase power supply, residen‐
tial customers will usually have slow (2.4 kW), standard (3
kW) or fast (7 kW) charging points. In typical residential ap‐
plications, a single-phase power supply with 13 A BS 1363
socket outlet will be used for mode 2 charging. While BS
1363 socket is limited for 13 A, many manufacturers are lim‐
iting the maximum charging current to 10 A for mode 2
[30]. Meanwhile, mode 3 usually operates at 3.7 kW (16 A)
or 7.4 kW (32 A) with commando sockets or tethered ca‐
bles. Not all vehicles on the market can make use of the 7.4
kW (32 A) mode 3 system, but it may become increasingly
common in the future. Even with slow charging point, it is
still considered to be one of the biggest appliances in resi‐
dential domain. Figure 9 shows the weekly residential charg‐
ing profile from [68].

From the perspective of distribution network operator, it
shows a similar evening peak demand across all areas. Lon‐
don is noticeably lower for the evening peak hours possibly
due to smaller share of cars used for commuting and lower
average commuting distance compared to the rest of the UK.
At weekends, the influence from commuters is much lower.
If EV uptake becomes norm across the UK and home charg‐
ing is still dominating, distribution network reinforcement
needs to take place to mitigate expected spikes in demand
from EV charging.

2) Workplace
Existing EV owners mostly rely on home recharging sup‐

ported by workplace charging to commute [69]. Companies
with parking facilities are often willing to have charging
points installed mainly because of their corporate social re‐
sponsibility (CSR), staff EV scheme, the convenience for vis‐
itors or even EV fleet requirements of the company. Further‐
more, considering the available government grants and tax
benefits, workplace charging points can be installed at a sur‐
prisingly low cost, which is therefore very attractive for em‐
ployers. Workplace sites usually have restricted access to em‐
ployees and visitors. It is very rare that these charging points
will be made accessible to the general public. Meanwhile,
unlike home charging, workplace charging has access to
three-phase power supply. Therefore, apart from slow and
standard charging points, it is common to see fast or even
rapid charging points at workplace. A three-phase mode 3
system will usually operate at 11 kW, 22 kW or 43 kW.
Since workplace parking usually lasts for several hours, the
demand for rapid charging is relatively low. In general, the
existing power capacity should be sufficient for some fast
charging points. But it may be insufficient for a large num‐
ber of fast charging points.

With regard to charging behavior, Fig. 10 shows similar
results compared to residential charging. London has lower
demand for EV charging at workplace, potentially due to
space constraints [68]. This is also possibly because the
charging points are more commonly used by visitors rather
than commuters.

3) Public Car Park
Home and workplace charging can be further supplement‐

ed by the expanding public EV charging network. This in‐
cludes leisure centers and sports facilities, retail outlets, com‐
munity facilities, parks and other green spaces, education fa‐
cilities and motorway services stations. Public car parks are
either owned by local councils or private businesses. They
are usually enforced and users pay for parking by either pay
and display, pay on foot, pay by phone or automatic number
plate recognition (ANPR) managed. Most of the public car
parks are found in town or city centers for customers or visi‐
tors, where parking bays are limited and cost can be at a pre‐
mium. Signing parking bays to EVs may only need to be jus‐
tified against the business model and popularity of EVs in
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the local area. In addition, parking legislation needs to be re‐
viewed to ensure that EV parking spaces are not abused by
both non-EV owners and EV owners who park with little
charging or completely without charging. Motorists often
park at these locations for a limited time depending on their
purpose of visit. Therefore, slow or standard charging may
not be very helpful for these applications. In commercial ap‐
plications and public car parks, charging points may operate
at higher rates with rapid AC (mode 3) or DC (mode 4)
charging to reduce charging times accordingly. Therefore,
power supply could be a major challenge to these locations
if there is no existing grid connection other than light cir‐
cuits. In the meantime, charging points can be floor-mounted
or wall-mounted in external car parks. On the other hand,
they are usually wall-mounted in internal car parks including
multi-story ones [33]. The charging points should also be
hard-wearing with anti-graffiti coatings.

Comparing the charging behavior for public with residen‐
tial and workplace, according to Fig. 11, the early morning
peak suggests that a large number of these charging points
are used by commuters, which may be close to train station
or near workplaces. It is likely that these commuters do not
have access to off-street parking during night time.

4) On-street Parking
On-street parking locations are usually owned and operat‐

ed by local or transport authorities. Similar to public car
parks, as the sites are usually limited for availability and are
often located in town or city centers, parking at these loca‐
tions will generally be at a premium. Also, the maximum
permitted stay for these locations lasts usually 3-4 hours dur‐
ing the day, in which time users would usually expect to
achieve at least 80% of the full charging of their vehicles
[33]. Hence, rapid AC (mode 3) and DC (mode 4) charging

are recommended for these locations. Meanwhile, on-street
charging points are usually floor-mounted or footway-mount‐
ed. There is usually a high demand for curbside space in
busy high streets. It could be difficult to find a suitable loca‐
tion for a charging point that is not currently occupied by a
well-utilized parking bay. The space for the infrastructure in‐
stallation is at a premium because it must be installed at the
edge of the footway. Energy supplies may be available from
existing feeder pillars nearby. Last but not least, on-street
charging points should also be hard-wearing with anti-graffi‐
ti coatings.

D. Installation Cost of Charging Points

Typical cost of a charging point can be split into three
parts: capital cost, installation cost and operation cost. The
cost of purchasing and installing charging points can be cred‐
ited to several factors. The most important factor is whether
it is restricted-access or open-access [33]. The restricted-ac‐
cess charging points have significantly higher capital costs
and installation costs than open-access points as there are ad‐
ditional costs associated with the purchase and implementa‐
tion of feeder pillars.

According to [29], [70], the capital cost of an EV charg‐
ing point is summarized in Table IV.

Installation cost is the most variable in a charging point
project. Without detailed information of the site, it is impos‐
sible to estimate the installation cost. It is affected by too
many factors including but not limited to the charging point
model, location and power supply. In practice, the installa‐
tion could cost as much as the charging point itself [33].

Generally, operation costs include maintenance, servicing,
warranties, data services and insurance [29]. Unlike capital
cost and installation cost, these are not always covered by
government grants. An estimated annual operation cost is
summarized in Table V.
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Fig. 11. Weekly demand profile averaged over full year at DNO licensed
area level for slow/fast public charging for an average EV.

TABLE IV
CAPITAL COST (EX VAT) OF EV CHARGING POINTS

Type

Slow/normal (mode 3)

Fast type 2 wall mount 7 kW (mode 3)

Fast dual type 2 wall mount 7 kW (mode 3)

Fast dual type 2 ground mount 7 kW (mode 3)

Fast dual type 2 wall mount 11 kW or 22 kW (mode 3)

Fast dual type 2 ground mount 11 kW or 22 kW (mode 3)

Rapid dual outlet (mode 3/4)

Rapid triple outlet (mode 3/4)

Cost (£)

500-1000

750-1500

1700-2700

1700-5000

1800-4000

3000-5000

15000-26000

16000-30000

TABLE V
OPERATION COST (EX VAT) FOR EV CHARGING POINT

Item

Annual maintenance inspection

Annual warranty in year 2 or year 3

Annual warranty in year 4 or year 5 and beyond

Annual (continuous) data connection and collection fee

Annual insurance for user damage to charging point

Cost for fast charging (£)

100-200

100-250

150-500

60-200

500-1000

Cost for rapid charging (£)

300-2300

500-2600

700-3000

60-300

1000-3000
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V. MANAGEMENT AND OPERATION

Charging points can either be operated as a standalone de‐
vice or connected to a back-end system via network connec‐
tion. Most of the public car parks need to implement access
control and billing function for their charging points. With‐
out a live network connection, standalone charging point
will have very limited functionality, especially when the of‐
fline user authentication and payment system is involved.
Moreover, there is no remote observability over standalone
charging points to monitor, diagnose or upgrade the char‐
gers. Therefore, public car park operators would rather pre‐
fer connected charging points considering advantages
brought by the connectivity over the cost of running such
service [30].

A. Management and Supervisory Control System

There are mainly two types of shared charging point oper‐
ation model, open-access or restricted-access [33]. For open-
access charging points, users only need to plug in their vehi‐
cle to charge. No further interactions can be made between
users and charging points. Therefore, most of charging
points are free to charge, yet may incur parking costs. On
the contrary, restricted-access charging points usually come
with several features, which include user access, user dis‐
play, remote connection to supplier operation system and lo‐
cal connection to other EV charging points [33]. Users will
be provided with radio frequency identification (RFID) or
similar technology-based tag or card provided by the charg‐
ing point supplier to access the charging point. As shown in
Fig. 12, it will also contain mobile-network-based communi‐
cation system, e.g., general packet radio service (GPRS) mo‐
dem, to communicate with back-end energy charging and us‐
er management system. Based on the consumption readings
taken from integrated energy metering solution within the
charging point, back-end system can bill users based on the
usage of electricity. More importantly, with such structure
and operation mechanism, it is possible to provide cloud-
based smart charging services.

Secured connection

EV charging points

Communication
network

Charging point management system

Secured connection

Fig. 12. EV charging point communication schematic.

B. Business Model of Charging Points

At the moment, electricity cost to charge EVs at home are

roughly £225 per year based on an estimated annual mileage
of 7500, which is equal to £0.03 per mile [71]. In terms of
public charging points, the average cost is £0.08 to £0.12
per mile. There are mainly three types of business models
for recoupling the cost of energy consumption.
1) Free Charging

For workplace charging, it is common for employer to pro‐
vide free charging to staffs and visitors. Similarly for public
car parks, many of them are often free of charge as well to
attract customers to visit their business [72]-[74]. At current
stage, compared to publicity, the financial proposition is not
very attractive to business owners. They are more than hap‐
py to absorb the charging cost. Considering the average hour‐
ly cost of £0.70 to the business owner, it is hardly a bank-
busting amount while the customers will be shopping in the
meantime [75].
2) Subscription

Some charging point network operator runs their scheme
on a subscription basis which charges a monthly member‐
ship fees with or without additional charges. POLAR Plus,
part of POLAR charging network operated by Chargemaster,
is one of the biggest charging point network operators in the
UK, which has more than 2000 charging points with around
4000 connectors. Members pay £7.85 per month plus addi‐
tional 10.8 pennies per kWh per charge where applicable.
Yet the majority of their charging points are free. It is also
introduced as membership fee, connection charges, license
fee, etc.

However, the Government has recently proposed the Auto‐
mated and EVs Bill [9]. It is anticipated to enable govern‐
ment to establish regulations, which allow to require opera‐
tors to provide standardized measure of accessing public
charging points in the near future, ensuring that customers
can access any charging points without a specific member‐
ship [70].
3) Pay as You Go (PAYG)

PAYG allows charging point owners or network operators
to bill EV users based on the energy delivered during charg‐
ing events via instant or regular payments. It simplifies the
EV charging costs for customers. In a survey done in [76],
58% of drivers expressed a preference for PAYG model. As
a sustainable business model, it is also endorsed by charging
point operators [77] - [79] and OLEV [80]. At the moment,
standard charging point charges around £0.20 per kWh while
rapid charging costs around £0.30 to £0.40 per kWh, which
is in comparison to an average domestic electricity price of
£0.14 per kWh [81].

VI. CHALLENGES, PILOT PROJECTS AND FUTURE TRENDS

A. Expansion of Generation, Transmission and Distribution
due to Increasing Charging Demand

The growing amount of EVs will drive the total demand
and peak demand higher. As a result, the overall reliability
of system might be compromised and additional capacity of
generation is required. Also, the grid must have the ability to
deliver necessary electricity for EV charging even under
transmission congestion. Besides, at distribution level where
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EVs are particularly prevalent, the grid should accommodate
the huge spikes [82] - [86]. Reference [87] presents an EV
charging point control methodology to achieve thermal and
voltage management of low-voltage (LV) networks. An opti‐
mized framework is proposed to effectively control the
charging points even with limited information. To cope with
high penetration of EVs, the capacity expansion and facility
upgrade in existing generation, transmission and distribution
parts need to be planned in an integrated way considering
both technical and economic benefits. Working with the
Welsh Government, Western Power Distribution (WPD) has
initiated the superfast electricity project in 2018. It is pio‐
neering in providing three-phase larger capacity service to
help the LV network with increased and unbalanced de‐
mands from EV charger [88].

B. Faster Charging Technology

Larger EV batteries require faster charging technology to
enable long mileage whilst maintaining reasonable charging
time. In 2017, several fast charging standardization bodies re‐
leased new descriptions or protocols to charge EV at up to
200 kW, including China Electricity Council, CHAdeMO
and CharIN. Even if some high-power chargers are installed
for demonstration in pilot projects, there are no EVs that can
charge at the full-rated power yet. CHAdeMO has published
their protocol up to 200 kW. A draft protocol CHAdeMO 2.0
allowing charging rate up to 400 kW will be published in
2018 [89]. Similarly, CCS 2.0 and Chinese GB/T 20234.1
are also focusing on 200 kW rated charging standards. Al‐
though Tesla’ superchargers can only charge up to 120 kW,
which is nowhere near 200 kW, they are the only commer‐
cially available charging facilities for EVs, which is faster
than any other existing technology.

C. Planning of Charging Infrastructures

The availability of convenient charging plays a key role in
alleviating range anxiety for long-distance trips and promot‐
ing the wide adoption of EVs. Long-term allocation of charg‐
ing infrastructures within an entire region decides the num‐
bers, sizes and locations of infrastructures to meet the EV
charging requirements, which is a complex optimization
problem [90] - [92]. The charging demand in the future
should be estimated considering the increase of EV numbers
and their charging behaviors. Some of the factors, such as
the types and models, the cumulative impacts on the grid,
the geographic location, and the management of these charg‐
ing infrastructures, should be paid attention to as well [93].

D. Wireless Charging

Wireless charging system has been widely discussed for
high-power applications, especially for stationary EVs. Com‐
pared with plug-in system, wireless charging is advantageous
in user friendliness, simplicity and reliability. Currently, wire‐
less charging system can be categorized as inductive power
transfer, capacitive wireless power transfer, magnetic gear
wireless power transfer and resonant inductive power trans‐
fer [94] - [98]. Meanwhile, wireless charging in motion has

been sought out [99], [100]. However, large air gap and coil
misalignment result in low energy efficiency and system reli‐
ability. Reference [101] presentes an innovative roadway
wireless power transfer system for EVs. In 2019, to boost
the “Road to Zero” plan of the UK in improving the infra‐
structure for EVs, a total of £37 million will be used to
transform the network of EV charging points. In particular,
it will focus on “pop-up” pavement points and wireless
charging [102]. This could be very helpful for those who do
not have access to off-street parking.

E. Smart Charging

It is the intelligent charging of EVs, where charging be‐
havior can be shifted based on grid loads, renewable genera‐
tion and in accordance to the need of EV owners [103] -
[106]. EV owners can get monetary benefits offered by the
utility if they participate in a program that allows controlled
charging or responds to price signal during the periods when
curtailment capacity is needed for the grid [107]. The incen‐
tive programs, e.g., dynamic prices, should be designed to di‐
rect the charging behaviors effectively and economically
[108] - [111]. A reliable communication system with a uni‐
form messaging protocol is another challenge, opposed to
current large number of proprietary protocols employed by
EVs and manufactures of charging equipment. The latest Au‐
tomated and EV Bill proposed by Department for Transport
has set out an ambitious plan of increasing access and avail‐
ability of charging points for EVs [9]. It points out that all
chargers need to be smart in order to provide a robust charg‐
ing infrastructure to help mitigate energy crisis brought by
EV uptake.

Electric Nation, one of the WPD’s innovation project, is
one of the world’s largest trials. It covers more than 40 dif‐
ferent makes and models of EVs, providing smart charging
services to over 500 EV drivers. In Fig. 13, it can be seen
that the annual electricity consumption is to some extent cor‐
related to the battery capacity [112].
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Fig. 13. Annual consumption of charger by battery capacity.

As shown in Fig. 14, there is a great potential in imple‐
menting smart charging. Amongst all the valuable project
findings, it is suggested that by implementing smart charg‐
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ing, it can mitigate regional network stress and avoid or de‐
fer distribution network reinforcement. In the meantime, it al‐
so tries to understand the acceptance of customer for this
type of demand-side management services.
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Fig. 14. Flexibility by time of plug-in weekdays (verticle lines indicate
range of flexibility).

F. V2G

An EV typically absorbs power from the electrical system,
but it can also work as a distributed storage and release
power back into the grid, which is known as V2G technolo‐
gy that can bring potential benefits to both EV owners and
grid utility [113] - [116]. To further implement V2G, related
technologies of facility manufacture, e. g., batteries in EVs
and two-way inverters within infrastructures, the business
mode for managing EV interaction with the grid, and the
construction of smart grid with smart meters, should be put
in place first to support the integration of EVs and power
grid. It has been long discussed in literature to utilize smart
EV charging technology to provide grid ancillary service to
improve system stability and reliability [109], [117]-[119].

In July 2017, the UK government launched a £20 million
V2G competition, which has been further boosted to £30
million in early 2018 with more than 20 V2G projects in‐
volving manufacturers, infrastructure operators, energy sup‐
pliers and academia.

VII. CONCLUSION

This paper introduced the development of EV infrastruc‐
tures in the UK, including government strategy, standards,
design, placement and cost. The successive governments
have planned grants and incentives for infrastructure to en‐
courage their growth. In addition, EV infrastructure manage‐
ment and operation have also been discussed to provide an
insight towards a sustainable future-proof smart charging net‐
work.

The EV uptake in the UK will be substantially increased
with the current strategy and roadmap from the government,
with a potential projection of 10 million EVs by 2030 [120].
It is anticipated that the development of charging infrastruc‐
ture is crucial to provide fundamental support to a mass-mar‐
ket. While the government has been heavily investing in the
development of battery technologies in recent years, it is not

negligible to look into the fast-growing electricity demand
from EV across the whole country. Especially in big cities
with air pollution congestion, charging takes place where the
population density is much higher than anywhere else of the
country. Considering the relatively fragile infrastructure of
electricity distribution network, the deployment of EV charg‐
ing infrastructure would require careful long-term planning
and improvement in design, not only in locations, but also in
converter circuit topology, cost, consumer centric design, re‐
inforcement of electricity distribution network, and social
and environmental factors. Apart from improving the energy
density of battery technology, the development of EV charg‐
ing requires strong support in grid development and renew‐
able energy sources integration. Moreover, business models
for public EV charging should continue to be exploited and
regulated to guarantee a sustainable development in the long
term. In the meantime, it is also very important to develop
the design, tools and policies to resolve issues related to EV
charging for on-street parking.
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