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ARTICLE INFO ABSTRACT

Keywords: Studying electric-vehicle public-charging choices is an important aspect of accelerating electric-
Electric vehicles vehicle adoption. Understanding which factors would entice existing and potential users to
EV charging

charge their electric vehicles at public locations would provide important evidence for policy-
makers, vehicle manufacturers and charging providers. The academic and grey literature has
now matured to a point where a critical synthesis of the current state of knowledge is necessary.
To fulfil this, this review provides a synthesis and critical discussion of the most up-to-date evi-
dence on public charging choices based on which a conceptual framework to match choices and
their determinants is devised. Research gaps and further empirical evidence required in this area,
as these emerged from this review, include better understanding of the temporal patterns of
public charging, users’ preferences for different types of charging locations, payment models
(monthly subscription, pay as you go) and payment methods.

Public charging choices

Stated choice experiment
Revealed and stated preferences
EV charging speed

1. Introduction

Increasing the market share of electric vehicles (EVs) is a potentially effective route to decarbonise road transport and improve air
quality in cities (European Environment Agency, 2022). To successfully achieve this, reliable and sufficient charging infrastructure
needs to be developed (Coffman et al., 2017; Liao et al., 2017). Charging points and associated services are currently divided into
home, work, and public charging, with home charging being the most popular worldwide (Baresch and Moser, 2019; Chakraborty
et al., 2019; Delmonte et al., 2020; Hardman et al., 2018). In 2018, for example, private chargers accounted for over 90% of global
charging points (International Energy Agency, [EA, 2019). Although, home and workplace charging plays a fundamental role in
fulfilling most potential and existing EV users’ charging requirements, this does not mean public charging is not important (Hopkins
et al., 2023; Jochem et al., 2022).

The study of public charging choices regarding the availability of public charging is important for building confidence in future EV
purchases and in terms of addressing range anxiety and thus facilitating a faster transition to electric vehicle adoption (Greene et al.,
2020; Kester et al., 2018; Santos and Davies, 2020). It is also crucial to study public charging choices for infrastructure planning in
order to accommodate the existing demand for charging, and especially for EV owners without access to a driveway or a parking space
with an EV charger. A better understanding of the public charging preferences of potential and existing EV users is of utmost
importance for: the deployment of public chargers, such as where they should be placed; what charging speeds and public
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Table 1

Review articles related to electric vehicle charging infrastructure.
Topic Reference
The comparison of infrastructure across countries Funke et al. (2019)
System architecture and international standards Rajendran et al. (2021)
Players of infrastructure provision LaMonaca and Ryan (2022)
Models of optimal charging locations Kchaou-Boujelben (2021); Metais et al. (2022)
Infrastructure and grid integration Das et al. (2020)
Charging strategy for freight Teoh (2021)
Determinants of infrastructure economics for public charging Zhang et al. (2018)
Consumers’ charging preferences Hardman et al. (2018)

infrastructure designs would be required; how they should be priced; how many and when they should be deployed; and what public
charging information system should be made available to customers. Such knowledge would greatly benefit government decision-
makers to tailor policies to regulate and support the deployment of public charging infrastructure, vehicle manufacturers to design
and produce EV models that meet customers’ preferences and maximise the efficiency of charging infrastructure, and public charging
providers to plan future infrastructure and make related investment decisions. All of these together will support the development of an
adequate public charging infrastructure for the future.

The inadequate provision of public EV charging infrastructure is a pressing problem, especially in the light of the announcements
by several governments to bring forward more stringent CO2 emission targets and restrictions on conventional petrol and diesel ve-
hicles in urban areas. For example, the UK Government plans for at least 50% of new registrations to be low emission vehicles by 2030.
This target requires the number of charging points to increase tenfold - i.e., from 25,000 public charging points currently available to
280,000 by 2030 (Competition & Markets Authority, CMA, 2021). More generally, this is an emerging challenge, particularly for high-
density urban areas. For example, nearly half of households in Europe live in multi-family buildings and would face significant
challenges to install a home charging point due to the type of dwelling they live in (Azarova et al., 2020). For many of these
households, workplace and public charging would be essential. As a result of all this, it is imperative that the coverage of public
charging infrastructure is maximised.

The literature on public charging choices has now reached a mature stage with a substantial amount of empirical evidence being
published in the academic and grey literature (see Tables A1 and A2 in the Appendix A). This literature review is designed to provide a
synthesis of the current-state-of-knowledge and do so beyond anecdotal evidence or an unstructured pull of references. The synthesis
generated in this study provides solid evidence for researchers entering this field of study and would benefit charging point operators,
vehicle manufacturers and decision-makers to help them plan, design and supply public charging. Better knowledge of public charging
choices in turn will: (a) attract potential EV users who have less knowledge about EV and EV charging, (b) attract existing and potential
EV users who are risk-averse towards range, and (c) attract potential EV users who would be unable to charge their vehicles at home
because of the type of dwelling they live in.

Table 1 summarises previous literature reviews on charging infrastructure focused on a comparison of infrastructure across
countries (Funke et al., 2019), system architecture and international standards (Rajendran et al., 2021), players of infrastructure
provision (LaMonaca and Ryan, 2022), models of optimal charging locations (Kchaou-Boujelben, 2021; Metais et al., 2022), infra-
structure and grid integration (Das et al., 2020), and charging strategy for freight (Teoh, 2021).

To the best of our knowledge, only the review by Zhang et al. (2018) focused on examining the determinants of the economic
aspects of public charging points, which differs from the subject of enquiry in this present paper. Hardman et al. (2018) reviewed
studies on consumers’ charging preferences more generally rather than for public charging. The usage habits of home charging and
public charging are completely different in terms of temporal patterns (e.g. time and frequency of use). This is not trivial, and therefore
conducting a literature review to understand the factors of existing and potential EV users’ choices regarding public charging is in
order. This is particularly important and it needs to be examined separately from home charging considerations. In addition, Zhang
etal. (2018) and Hardman et al. (2018), although very informative, are now five years old, which, in a context of a rapidly developing
field, calls for an update on the ‘stock of knowledge’. This is exactly what this article intends to do, by providing an up-to-date source of
reference to an emerging and increasingly important aspect of the electrification of road transport and the deployment of public
charging infrastructure for electric vehicles.

This critical review of the literature is aimed at synthesising the published academic and grey literature on public charging choices
and answering the following questions: (1) How were public charging choice studies designed, implemented and analysed? (2) What
factors are likely to determine public charging preferences? (3) Are preferences heterogeneous? If yes, what are the factors that may
explain heterogeneity in preferences? (4) What are the areas for future research?

In the remainder of this paper, Section 2 provides a summary of studies including study design and analytical approach, respondent
profiles, countries of study, and type of choices studied. Section 3 discusses the explanatory factors found to be associated with public
charging choices. Section 4 presents findings regarding observed and unobserved heterogeneity in choices for public charging. Section
5 summarises the findings and offers a conceptual framework, which captures how explanatory factors are linked with public charging
choices. Finally, Section 6 summarises the research gaps in the area of public charging choices and provides recommendations for
future research.
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2. Methodology

This targeted critical literature review identified relevant academic publications via three repositories: Web of Science, Scopus and
Google Scholar. The keywords used to identify these studies were: ‘charging preferences’ OR ‘choices’ and ‘electric vehicles’. The
searches were limited to journal articles published in English from 2016 onwards to obtain an up-to-date picture of the literature and
its emerging findings. In addition to academic sources, the study targeted relevant grey literature from government, research institutes,
and national laboratories.

2.1. Overview of the literature related to public charging choices

Table Al in the Appendix A summarises relevant studies on public charging choices and preferences. The majority of studies
utilised stated choice experiments, including experiments where preferences were elicited in a hypothetical electric-vehicle charging
scenario. There were also a few of studies that employed revealed preferences, where actual charging choices were observed. For
example, some studies collected data from EV trials, such as Chakraborty et al. (2019), Kim et al. (2017), Lee et al. (2020), Sun et al.
(2016), Xu et al. (2017), and Yu and MacKenzie (2016).

Participants involved battery electric vehicles (BEV) users (e.g. Li et al., 2023; Visaria et al., 2022; Zhang et al., 2022), plug-in
hybrid electric vehicle (PHEV) users (e.g. Chakraborty et al., 2019; Sheldon et al., 2019), and potential EV users (e.g. Gutjar and
Kowald, 2023; Ma et al., 2022). In terms of study recruitment strategies, some studies used social-media platforms such as LinkedIn,
Facebook, Twitter, and Wechat (Ge and MacKenzie, 2022; Latinopoulos et al., 2017; Pan et al., 2019; ten Have et al., 2020), EV driver
associations and forums (Ge et al., 2018; Ge and MacKenzie, 2022; Latinopoulos et al., 2017; Visaria et al., 2022; Wen et al., 2016), and
charging service network providers (Kim et al., 2017; Visaria et al., 2022). In many cases, researchers collaborated with sample service
providers (e.g. internet panels, professional survey companies, online crowdsourcing platforms) to recruit respondents (Latinopoulos
et al., 2017; Ma et al., 2022; Moon et al., 2018; Nienhueser and Qiu, 2016; Sheldon et al., 2019; Zhang et al., 2022), whereas others
used official vehicle registration databases (Anderson et al., 2018; Chakraborty et al., 2019; Lee et al., 2020) or lists of postal addresses
to send invitations, which were then followed with phone calls (Gutjar and Kowald, 2023).

Sample sizes ranged from hundreds to thousands of respondents. The sample sizes of EV users were usually in the hundreds, but if
there were official registration databases available, then the number of respondents could reach several thousands (Anderson et al.,
2018; Chakraborty et al., 2019; Lee et al., 2020). The reviewed evidence comes from the US (Ge et al., 2018; Ge and MacKenzie, 2022;
Nienhueser and Qiu, 2016; Wen et al., 2016; Yu and MacKenzie, 2016), with the state of California being the focus of some papers
(Chakraborty et al., 2019; Lee et al., 2020; Sheldon et al., 2019), China (Li et al., 2023; Ma et al., 2022; Pan et al., 2019; Wang et al.,
2021; Zhang et al., 2022), and its capital, Beijing (Pan et al., 2019; Wang et al., 2021), Japan (Sun et al., 2016; Xu et al., 2017), South
Korea (Moon et al., 2018), the Netherlands (Kim et al., 2017; ten Have et al., 2020; Wolbertus and van den Hoed, 2019), Denmark
(Visaria et al., 2022), Germany (Anderson et al., 2018; Wolff and Madlener, 2019), and the UK and Ireland (Latinopoulos et al., 2017).

All reviewed studies involved choices of public charging infrastructure with slow, fast or ultrafast charging with the study outcome
(choice studied) being: (1) charging (or not) at public charging stations (Ge et al., 2018; Ge and MacKenzie, 2022; Li et al., 2023; Pan
et al., 2019; Wang et al., 2021; Wen et al., 2016; Yu and MacKenzie, 2016; Zhang et al., 2022); (2) choice of type of public charging
(Anderson et al., 2018; Gutjar and Kowald, 2023; Ma et al., 2022; Moon et al., 2018; Nienhueser and Qiu, 2016; Sheldon et al., 2019;
ten Have et al., 2020; Visaria et al., 2022; Wolbertus and van den Hoed, 2019), and (3) choice across home, place of work or public
charging point, or a mix of locations (Chakraborty et al., 2019; Lee et al., 2020; Wolff and Madlener, 2019; Xu et al., 2017).

In terms of type of charging, the majority of published articles did not specify whether it was en route or destination charging. Only
four studies focused on en route charging (Ge and MacKenzie, 2022; Li et al., 2023; Sun et al., 2016; Visaria et al., 2022), while five
articles looked at destination charging (Latinopoulos et al., 2017; Ma et al., 2022; Pan et al., 2019; Wang et al., 2021; Wen et al., 2016).
Regarding charging power, only two articles focused specifically on fast charging (Sun et al., 2016; Visaria et al., 2022), which was
generally adopted for charging, while the five studies that looked at destination charging, three of which mentioned the power of
public charging infrastructure, were mainly focused on both slow and fast public charging (Ma et al., 2022; Wen et al., 2016).

Only three studies specified the type of trips made by EV users, with two studies focusing on long-distance trips (Ge and MacKenzie,
2022; Visaria et al., 2022), and one study looking at commuting trips (Chakraborty et al., 2019). Four studies did not specify the type of
trip in their charging scenario, but did mention that these trips were to home (Ma et al., 2022; Pan et al., 2019; Wang et al., 2021),
workplace (Ma et al., 2022; Wang et al., 2021; Zhang et al., 2022), shopping (Pan et al., 2019; Wang et al., 2021) or recreation (Zhang
et al., 2022). The type of trip (commute, leisure, long-distance) was closely associated to the type of charging, with long-distance trips
mainly associated with en route charging (Ge and MacKenzie, 2022; Visaria et al., 2022), and commute and leisure trips in the context
of a shopping centre/workplace/home mainly associated to destination charging (Ma et al., 2022; Pan et al., 2019; Wang et al., 2021).

In general, very few studies extended their analyses to derive the relative value of attributes such as willingness-to-pay (WTP). As
shown in Table A1 (see, Appendix A), only five studies, which focused exclusively on EV users (Ge and MacKenzie, 2022; Nienhueser
and Qiu, 2016; Visaria et al., 2022; Wang et al., 2021; Wen et al., 2016), and three studies on current and potential EV users (Ma et al.,
2022; Sheldon et al., 2019; Wolff and Madlener, 2019) estimated the WTP for different attributes related to public charging choices,
although many studies involved ‘payment vehicles’ (e.g. charging cost) as part of their stated choice experiment (Ge et al., 2018;
Latinopoulos et al., 2017; Moon et al., 2018; Pan et al., 2019; ten Have et al., 2020; Wolbertus and van den Hoed, 2019).

The WTP estimates computed in these eight studies are summarised by country (i.e., Denmark, US, China, and Germany) in
Table A3 in the Appendix A. The relative valuation was estimated for charging location (Sheldon et al., 2019; Wolff and Madlener,
2019), cost in relation to detour time (Visaria et al., 2022), power (Sheldon et al., 2019; Visaria et al., 2022; Wen et al., 2016) and
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Table 2
Temporal attriutes associated with public charging choices.
Attribute Effect [positive / negative] (Association) Study
Time of day o Midnight [—] e Xu et al. (2017) M: 23:00—7:00;

Ma et al. (2022) 1: 10:00-17:00, 17:00-22:00,
22:00-10:00 + 1

e Charging hours [+]

Weekday vs. e Working day [+] e Xu et al. (2017) ™: for commercial BEVs using slow
weekend company and fast public charging
e Trip chain on working days [+] e Zhang et al. (2022) [21
Charging interval/ e Weather conditions (high temperatures, strong winds, e Kim et al. (2017) 31
frequency heavy precipitation) [—] e Xu et al. (2017) ™ only important for commercial BEVs

e Days interval for next trip [—]

Notes: references marked in bold refer to results that are specifically applicable to EV users, including Plug-in Electric Vehicles (PEVs)', BEVs, or
PHEVs users, while studies in regular fonts were relevant to potential users; the superscripts in the table represent: [1] Japan; [2] China; [3]
Netherlands.

PEVs refers to plug-in electric vehicles and includes BEVs and PHEVs.

duration (Ge and MacKenzie, 2022; Wolff and Madlener, 2019), number of chargers (Visaria et al., 2022), amenities (Ge and
MacKenzie, 2022; Visaria et al., 2022), state of charge and excess range (Wang et al., 2021), waiting (Wolff and Madlener, 2019) and
access time (Ge and MacKenzie, 2022), renewable energy (Nienhueser and Qiu, 2016; Wolff and Madlener, 2019), inductive charging
technology (Wolff and Madlener, 2019), deviation from planned route (Ge and MacKenzie, 2022), and time period of day (Ma et al.,
2022).

The analyses of choices mainly employed discrete choice models and included binary logit models (Li et al., 2023; Pan et al., 2019;
Wang et al., 2021), multinomial logit (MNL) models (Gutjar and Kowald, 2023; Lee et al., 2020; Ma et al., 2022; Sheldon et al., 2019;
Wolff and Madlener, 2019), mixed logit (MXL) models (Gutjar and Kowald, 2023; Ma et al., 2022; Moon et al., 2018; Nienhueser and
Qiu, 2016; Sheldon et al., 2019; Sun et al., 2016; ten Have et al., 2020; Visaria et al., 2022; Wang et al., 2021; Wen et al., 2016;
Wolbertus and van den Hoed, 2019; Xu et al., 2017; Yu and MacKenzie, 2016), and latent class discrete choice (LC) models (Ge et al.,
2018; Ge and MacKenzie, 2022; Pan et al., 2019; Wang et al., 2021; Wen et al., 2016; Yu and MacKenzie, 2016), random parameter
logit (RPL) models and random parameter logit with error components (RPLEC) models (Li et al., 2023), recursive simultaneous
bivariate probit (RSBP) models (Zhang et al., 2022), and dynamic discrete choice (DDC) models (Ge and MacKenzie, 2022).

Many binary logit and MNL models captured respondents’ taste heterogeneity, i.e. how choices varied across respondents given
observed characteristics (e.g., socio-economic or demographic characteristics). Some MXL and LC models captured the effect of un-
observed characteristics (e.g., level of risk aversion or charging concerns) assuming continuous or discrete distribution of related
parameters (weights) of charging attributes. Similar to MXL, RPL and RPLEC models also examine unobserved heterogeneity in in-
dividual preferences for route and charging-or-not choices en route, by modelling the random parameters and error components.

Trip chain choices and charge-or-not choices were analysed using the RSBP model, which is a statistical model used to analyse the
relationship between two binary dependent variables that may be jointly determined (Zhang et al., 2022). To take into account the
effect of time, DDC models were used to analyse how EV users made charging decisions over time with a sequence of charging op-
portunities en route, which allows to understand how past decisions affect future charging choices (Ge and MacKenzie, 2022). Kim
etal. (2017) estimated a latent class hazard duration (HD) model, which allowed for the inclusion of duration dependence, unobserved
heterogeneity and the effects of time-varying covariates, and for the treatment of charging regularity as a latent variable. There was
also a study in which the heterogeneity of respondents’ attitudes towards risk was captured using “Expected Utility Theory”, “Rank-
dependent Expected Utility Theory”, and “Prospect Theory” models (Latinopoulos et al., 2017). These approaches, as the authors
argued, were suitable for choices with uncertain outcomes (e.g. presence of dynamic charging prices; charge now or wait for lower
price).

In parallel, there have been several initiatives across government departments and agencies to capture and report aspects of public
transport infrastructure choices for potential and existing EV users. Examples include the California Air Resources Board (2019), the
California Energy Commission (Bedir et al., 2018), and the National Renewable Energy Laboratory (Wood et al., 2017) in the United
States. In the UK, there have been several studies undertaken by the Department for Transport (Department for Transport, 2022b;
Department for Transport, 2022a), the Electric Vehicle Association, England (Hink, 2021), Transport Scotland (2021), and the Na-
tional Grid ESO (Dodson and Slater, 2019). Also, another study was undertaken on behalf of the Energy Efficiency and Conservation
Authority in order to understand public charging choice and improve the user experience in New Zealand (Burroughs et al., 2021). The
determinants examined in these studies, the number of respondents, and the modelling approach are summarised in Table A2 in the
Appendix A.

Most of these reports conducted stated preference surveys involving potential and existing EV users (Department for Transport,
2022b; Department for Transport, 2022a; Hink, 2021). Only the New Zealand (Burroughs et al., 2021) and the National Grid ESO
(Dodson and Slater, 2019) studies analysed actual charging choices (releveled preferences) and charging events of existing EV users,
respectively. The survey-based samples of potential and existing EV users across these studies were around 1,000 whereas those
involving the study charging events of EVs reached several million records. The reports presented descriptive statistics instead of
statistical models to identify the factors driving public charging choices.
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3. Determinants of individual public charging choices

The thematic analysis of the literature identified four categories of determinants associated with public charging choices: (1)
temporal, (2) vehicle, (3) charging infrastructure, and (4) individual attributes. These are discussed in detail in the following
subsections.

3.1. Temporal attributes

The temporal characteristics of public charging for electric vehicles (EVs) refer to the patterns of charging-point usage over time,
including when and how often charging occurs. Understanding these temporal characteristics is essential for designing and managing
efficient and accessible public charging to meet the needs of existing and potential EV users (Gellrich et al., 2022). A summary of
temporal attributes and their levels is listed in Table A4 in the Appendix A. The value that potential and existing EV owners place on the
‘time of the day’ and ‘day of the week’ can inform the pricing strategies of charging service providers.

Table 2 presents a summary of positive and negative effects of temporal attributes. These temporal attributes can be further cat-
egorised into three groups: (a) time of day, (b) weekday (vs. weekend) and (c) charging interval/frequency. In the corresponding
studies, the ‘time of day’ either considered day vs. midnight charging choices or different time periods for public charging during the
day. ‘Weekday vs. weekend’ attribute refers to public charging preference variations between weekdays and weekends. The ‘charging
interval/frequency’ attribute was used to capture the effect of environmental conditions and on charging choices.

Unlike private home charging, which is more likely to occur overnight (Langbroek et al., 2017; Sun et al., 2018), public charging
was the preferred method of EV charging during the day (Ma et al., 2022; Moon et al., 2018). This is evident by both observed charging
data at charging points and preference-based studies. For example, Helmus and Wolbertus (2023) examined over 2 million charging
sessions at 1,689 public charging stations in Amsterdam, the Netherlands, and confirmed that public charging was more popular
between 8:00 and 23:00, with a peak between 16:00 and 19:00. Also, the National Grid ESO report in the UK (Dodson and Slater, 2019)
analysed 8.3 million charging events across the country and found that slow/fast public charging contributed to a smaller secondary
peak in the morning between 9:00 and 10:00 on weekdays.

Another source of real-world charging data is the BEVs themselves. For example, Martz et al. (2022) studied 2.6 million charging
sessions from approximately 21,000 BEVs across Germany for over a year. The analysis of the vehicles’ charging patterns provided
insights on the distance driven between charging sessions, charging frequency and energy requirements per BEV. Based on these data,
the authors were able to identify different vehicle-user groups (‘clusters’) according to their vehicles’ temporal charging patterns and
inferred the demand for potential charging points according to identified electricity load curves. Observed charging sessions can
complement revealed and stated preference studies when investigating potential demand for public charging points.

As shown in Table 2, Xu et al. (2017) modelled actual (revealed) charging choices across three options: home-slow, public-slow and
public-fast charging of EV users in Japan. Their study found a positive association between home charging and a negative association
with fast public charging during midnight. Also, Ma et al. (2022) introduced two different charging plans, as part of a stated choice
experiment for public charging, with each plan proving the time period during which charging would occur, the cost of charging,
‘walking distance to home/work’, and the ‘type of charger (slow/fast)’. Ma et al. (2022) showed that WTP for public charging was
highest between 17:00-22:00 on weekdays and lowest for that same time period at weekends (see, Table A3 in the Appendix A).

In Japan, Xu et al. (2017) found no significant difference in choices made by EV users across slow-home, slow-public and fast-public
charging between working days and weekends. However, relative to weekends, business EV users exhibited a significantly higher
preference for fast charging at public stations and then slow charging at the workplace during working days. These findings were
consistent with the report by Dodson and Slater (2019) for the UK, which found that the overall demand for charging at weekends was
approximately 25 lower %, on average, than on weekdays.

The difference in public charging preferences between weekdays and weekends could be associated with travel purpose/type of
travel (Xu et al., 2017; Zhang et al., 2022). For example, long-distance travel usually takes place at weekends and local commute/
business travel normally occurs on weekdays. Longer and more complex trip chains involving two or more destinations are more likely
to occur on working days, and this observation may explain the corresponding preferences for public charging (Zhang et al., 2022). As
a result, it is important to consider travel purpose when studying public charging choices.

The study of ‘inter-charging times,” which can be defined as the time-interval between charging sessions, also offers interesting
insights. For example, Kim et al. (2017) reported data from charging sessions at public charging stations over a four-year period in the
Netherlands and found that 90% of their sample charged their EV randomly at public charging stations, and 10% of their sample did so
regularly. The inter-charging times were, on average, 5.65 days and 2.75 days, respectively, with the regular users being more likely to
charge their vehicle at a specific charging station (Kim et al., 2017). Charging intervals were significantly associated with weather
conditions such as high temperatures, strong winds, and heavy precipitation. These weather conditions might have caused EV users to
postpone charging at a public charging point. The authors suggested that providers might mitigate the negative impact of weather on
public charging choices by ‘minimising exposure’ to harsh weather; for example, by reducing walking distance and/or improving
shelters (Kim et al., 2017).

3.2. Vehicle attributes

Several studies reported that public charging demand was significantly associated with driving range due to EVs’ different battery
capacities (Chakraborty et al., 2019; Li et al., 2023; Xu et al., 2017) and charge status, such as low battery state of charge (SOC) (Pan
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Table 3
Vehicle attriutes associated with public charging choices.
Attributes Effect Studies
Driving e Long driving range] [-] o Xu et al. (2017) M for commercial BEVs using fast public
range e Tesla owner [+] charging
e Chakraborty et al. (2019) [4]
e Electric range for PHEVs [+] e Chakraborty et al. (2019)

Electric range for PHEVs x Multi—point charging [—]
Charge Current state of charge (SOC) [—] Li et al. (2023) ©!; Wang et al. (2021) [61; Pan et al. (2019)
status [61; Xu et al. (2017) ™M; Ge and MacKenzie (2022) ©¥1; Zhang
et al. (2022)
e Mean of initial AR at origin [+], mean of average AR at the Li et al. (2023) ™1: not to charge preference
destination [+], mean of AR uncertainty [—] (the range of e Zhang et al. (2022) [21
the AR interval)
BEV remaining range [—]
o Excess range [—] e Wang et al. (2021) 6
Excess range to home [—], range is enough to next charging e Wen et al. (2016)
opportunity [—]

Notes: AR: available range; references marked in bold refer to results that are specifically applicable to EV users, including PEVs, BEVs, or PHEVs
users, while regular fonts indicate studies of potential users; the superscripts in the table represent: [1] Japan; [2] China; [4] California, US; [5] US;
[6] Beijing, China.

1 The ‘driving range’ is the distance an EV or a PHEV can travel using the electricity stored in its battery, thus a higher battery capacity will result in
a higher average driving range. In the case of PHEVS, of course, the vehicle will be powered on fuel once the battery has depleted.

etal.,, 2019; Wang et al., 2021; Xu et al., 2017; Zhang et al., 2022), available/remaining range (Li et al., 2023; Zhang et al., 2022), and
insufficient excess range to the planned destination (Pan et al., 2019; Wang et al., 2021; Wen et al., 2016) or the next opportunity to
charge the vehicle (Wen et al., 2016). Whilst the capacity of the battery and driving range are fixed, the SOC and the excess range are
not. The positive and negative effects of these determinants on public charging choices across countries or cities in the reviewed studies
are shown in Table 3 and a summary of attributes and their levels is presented in Table A5 in the Appendix A.

As shown in Table 3, Chakraborty et al. (2019) found that a higher driving range of PHEVs might entice drivers to use public
charging (vs. home or workplace), which is a counter-intuitive result. The reason behind this counter-intuitive result could be one of
PHEVs in the study included in the study, namely the BMW i3s (with the range extender). This particular car model can potentially
benefit from fast (and possibly free) charging sessions at public locations. On the other hand, the authors found that multiple stops for
public charging along the route were less likely to occur when the driving range of the PHEV was higher, which is an intuitive result, as
PHEV drivers can start and finish their trips on electric mode with a single charge. The study also showed that owners of a Tesla with a
relatively larger battery capacity were more likely to use public charging stations than owners of other EVs available on the market
(Chakraborty et al. 2019). In Japan, although Xu et al. (2017) reported no significant association between public charging and the
availability of fast chargers, they did find that company EV car users were less likely to use a fast public charger when a slow charger
was available at the workplace.

Insufficient charge status of EVs can trigger range anxiety and incentivise users to opt for public charging (Pan et al., 2019; Wang
et al., 2021; Wen et al., 2016; Xu et al., 2017). The charge status of an EV is commonly expressed by three attributes, including the
current SOC, the remaining range/ available range and the excess range. SOC is the current charge level displayed on the dashboard of
an EV whereas the remaining range / available range shows the distance that the vehicle can travel at the existing SOC, and the excess
range is defined as the difference between the range at SOC and the distance to the destination.

Previous studies showed users’ decisions to use public charging were negatively associated with SOC (Pan et al., 2019; Wang et al.,
2021; Xu et al., 2017), initial available range at the origin, average remaining range at the destination (considering any uncertainties
such as traffic conditions) (Li et al., 2023), excess range to the destination (Wang et al., 2021; Wen et al., 2016) and next charging
opportunity (Wen et al., 2016). In terms of driver characteristics, BEV users with little driving experience (less thanl.5 years) were
more concerned about average remaining range at the destination and therefore were more likely to use public charging than those
with more driving experience (Li et al., 2023).

In terms of the relative valuation of vehicle characteristics, Wang et al. (2021) reported: (a) when the SOC decreased by 10%, users
were willing to pay an increased charging rate of £0.083/kWh (or 0.7 yuan/kWh), and (b) when the excess range decreased by 10 kms,
users were willing to pay additional charge of £0.041/kWh (0.346 yuan/kWh). Finally, Li et al. (2023) reported that higher uncertainty
regarding the remaining/available range of a BEV at destination would entice users to charge their BEV at a public charging point and
the effect was higher for women and those on lower incomes.

3.3. Charging infrastructure attributes

Important attributes of charging infrastructure as reported in the reviewed studies included: (1) physical attributes, (2) charging
price, (3) speed, (4) accessibility, (5) convenience, and (6) charging-point information. As shown in Table 4, several studies suggested
that EV users would prefer public charging points that are cheaper to use, equipped with high-power chargers and thus shorter
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Table 4

Infrastructure charging attributes associated with public charging choices.
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Attributes

Effect

Studies

Physical attributes

Prices

Charging station
level of service

Priority of charging points at:

e Home (base/reference) vs. (1) work [—], (2) road:
charging as side activity [—1, (3) road: charging as main
activity [—];

o Entertainment (base/reference): (1) Grocery store [+], (2)
shopping centre [+], (3) short, near home [+], (4) short,
by freeway [+], (—1) gym [—], (—2) school [-];

e Gas stations [+];

Amenities:

e Toilets [+], all facilities (toilets, restaurant and

supermarket) [+];

Toilets, dining and WiFi compared with no amenities at all

[+];

No facilities nearby for slow and fast public charging [+],

shopping area for slow public charging [+], small shop/

café for slow public charging [—]

Charging power [+]

e Harsh weather [—]

e Number of charging points [+]

e Public charging prices [—]

e Home charging, at electricity rate paid at home [+] for
BEV and not significant for PHEV users

Free workplace charging, not significant for BEV and [—]
for PHEV users

Electricity cost if charge at this stop after the travel day
[—1, gasoline (petrol) cost if charge at this stop after the
travel day [—]

e Parking price [—]

e Network membership [+]

e Charging time [—]

e Waiting time [—]
Certainty of charging point availability [+]

Wolff and Madlener (2019) !
Sheldon et al. (2019)

e Sun et al. (2016) m

e Visaria et al. (2022) [10

Ge and MacKenzie (2022) 8!
ten Have et al. (2020) [3]

Ma et al. (Ma et al., 2022) !

Wen et al. (2016) 3!

Kim et al. (2017) !

Visaria et al. (2022) [0

Please see Table A7 in the Appendix
Lee et al. (2020) ™ for BEV owners

Lee et al. (2020) ™ for PHEV owners

Ge et al. (2018) 3): for PHEV

Pan et al. (2019) [

e Lee et al. (2020) [4]; Chakraborty et al. (2019) 4]
o Ge and MacKenzie (2022) [5]; Sheldon et al. (2019) [4];

Wolbertus and van den Hoed (2019) [3];Wolff and
Madlener (2019) [9]; Moon et al. (2018) 7!

e Wang et al. (2021) [2]; Wolff and Madlener (2019) [9];

ten Have et al. (2020) ™ for slow and fast public
charging
Wang et al. (2021) [21

e Parking time [+] .
¢ Dwell time > 30 min [+] o Wen et al. (2016) [
Accessibility o Coverage of charging facilities in trip chain [+] e Zhang et al. (2022) &
e Density of public charging stations [+] o Xuetal (2017) M1 ;
e Distance to access public charging stations [+] e Ma et al. (Ma et al., 2022) [2]; Moon et al. (2018) 7
e Access time [—] o Ge and MacKenzie (2022) 8!
e Detour to public charging stations [—] e Sun et al. (2016) M
e Not having to make a detour [—] e ten Have et al. (2020) : for ultrafast charging
e Deviation from the original plan [—] e Ge and MacKenzie (2022) ¥
Convenience e Inductive charging [+] o Wolff and Madlener (2019) ¥
o Self-service charging [+] e Moon et al. (2018) 7
e Plug and charge authentication [+] e Gutjar and Kowald (2023) [
o The availability of card-based payment [+] e Gutjar and Kowald (2023) [
Charging point e Location, price, status [+] e Moon et al. (2018) 71
i“fl‘?mlaﬁ‘m e Share of renewable resources [+] o Wolff and Madlener (2019) ®); Nienhueser and Qiu
online

(2016) 3

Notes: references marked in bold refer to results that are specifically applicable to EV users, including PEVs, BEVs, or PHEVs users, while regular fonts
indicate studies of potential users; the superscripts in the table represent: [1] Japan; [2] China; [3] Netherlands; [4] California, US; [5] US; [6] Beijing,
China; [7] South Korea; [8] New Zealand; [9] Germany; [10] Denmark.

charging times, offering convenience and accessibility to other activities and amenities and enhanced information systems (see, also
Tables A6 — Al1 in the Appendix A).

3.3.1. Physical attributes
The physical infrastructure attributes of a public charging station include location, power, number of charging points, and nearby
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amenities. Previous studies showed that, when modelled against home and workplace charging, public charging was the least popular
option across EV drivers (Chakraborty et al., 2019; Lee et al., 2020; Xu et al., 2017), PHEV drivers (Chakraborty et al., 2019; Lee et al.,
2020) and potential EV drivers (Wolff and Madlener, 2019) (see, Table A6 in the Appendix A).

In general, it is hard to derive a universal order of location preferences for public charging due to the geographic differences in data
and varied location alternatives considered in the reviewed studies (Anderson et al., 2018; Department for Transport, 2022b; Philipsen
et al., 2016; Sheldon et al., 2019; Wolff and Madlener, 2019). Table A6 in the Appendix A summarises the findings regarding public
charging preferences of current and potential EV users for different locations. As shown in Table 4, the choice of location involved the
choice between public charging, workplace charging and home charging, or a choice across several public locations (Sheldon et al.,
2019; Sun et al., 2016; Wolff and Madlener, 2019). For example, using a choice experiment, Sheldon et al. (2019) found that potential
EV users in California were more likely to charge their vehicle at home than at work or at a public charging point. Wolff and Madlener
(2019) reported that potential EV users in Germany were more likely to choose grocery stores and shopping centres to charge their EVs
and less likely to do so at gyms and schools when compared to entertainment venues, which was the reference category.

The relative valuation of location preferences expressed in terms of WTP were reported either at the charging session level (Sheldon
et al., 2019) or as monthly payment as part of a subscription with a charging provider (Wolff and Madlener, 2019). Californian re-
spondents were willing to pay up to £2.31 ($2.81) to charge at a grocery store (the highest valuation in the study) whereas they would
be seeking compensation, reported as willingness to accept, of up to £1.01 ($1.23) to charge their vehicle at a school. Under a monthly
payment model, German EV users would accept between £19.70/month (€22.31/month) to charge their vehicle at work and £40.84/
month (€46.26/month) to charge their vehicle on the road and while en route instead of their home.

Overall, several studies reported a significantly higher preference for faster charging speeds both amongst EV users (Wen et al.,
2016) and also potential EV users (Ma et al., 2022). For example, in a stated choice study for the US, Wen et al. (2016) found that
owners of plug-in electric vehicles (PEVs, which include BEVs and PHEVs) prioritised charging their vehicles at stations with the
highest (50 kW) and second highest power (6.6 kW) over stations with the lowest charging power (1.9 kW). Similarly, in a stated choice
study for China, Ma et al. (2022) found that Chinese consumers preferred fast charging compared to slow charging. The willingness to
pay (WTP) for fast charging was also estimated in a number of studies. Danish EV drivers, for example, were willing to detour for 0.28
min for an extra km per minute of charging, equivalent to £0.052 (0.44 DKK) using the 2020 official Danish value of travel time (Visaria
etal., 2022). US drivers were willing to pay, on average £0.041 ($0.05), for an extra mile per minute of charging (Sheldon et al., 2019),
and £1.58/hr ($1.91/hr) to use Level 2 instead of Level 1 charging (Wen et al., 2016).

The number of charging points, also expressed as the ratio of available over unavailable chargers, was an important attribute for
BEV users’ public charging choices (e.g. Visaria et al., 2022). Similar findings were reported across studies by the National Renewable
Energy Laboratory (Wood et al., 2017) and the California Energy Commission (Bedir et al., 2018), and the Energy Efficiency and
Conservation Authority in New Zealand (Burroughs et al., 2021). The relative valuation for charging points was expressed as WTP for
an available charger. For example, Visaria et al. (2022) estimated that Danish EV users were willing to make a 7.87-minute detour
(valued at £1.46 or 12.32 DKK) to reach an available charger, and a 0.53-minute detour (valued at £0.099 or 0.83 DKK) to reach an
occupied charger, respectively.

Amenities around public charging stations are expected to compensate for longer waiting times relative to refuelling and, un-
surprisingly, have been reported as being important for public charging choices (Ge and MacKenzie, 2022; ten Have et al., 2020;
Visaria et al., 2022). As shown in Table 4, examples of preferred amenities included shopping areas around slow public charging points
(ten Have et al., 2020) or different attribute-levels with a mix of points of interest such as toilets, supermarkets, and restaurants.
Studies also reported significant observed variations in preferences across the surveyed participants. For example, EV users over 60
years of age or households with children were more likely to use public charging services where toilets, supermarkets, and restaurants
were available (Visaria et al., 2022). However, there were some counterintuitive findings too. For example, ten Have et al. (2020)
reported that the absence of amenities near slow, fast, and ultra-fast charging increased the likelihood of EV users charging at these
charging points.

The relative valuation of amenities was expressed in terms of WTP to charge at a location with a specific type of service. Visaria
et al. (2022) estimated that relative to ‘no amenities nearby’, EV users in Denmark were willing to make a 1.23-minute detour (valued
at £0.23 or 1.93 DKK) to have toilets at the charging station, and a 9.55-minute detour (valued at £1.78 or 14.97 DKK) to have toilets,
restaurants and supermarkets. EV users in the US were willing to pay, on average, £17.25 ($21) for the availability of toilets, dining
facilities and Wi-Fi (Ge and MacKenzie, 2022).

3.3.2. Price

The price to charge the battery of a vehicle at public charging stations was introduced using various payment arrangements
including: (1) a charging time based fee (Ge et al., 2018; Nienhueser and Qiu, 2016; Wen et al., 2016) (e.g., 5.00 $/h), (2) a kWh based
fee (Ge and MacKenzie, 2022; Latinopoulos et al., 2017; Ma et al., 2022; Moon et al., 2018; Pan et al., 2019; Wang et al., 2021,
Wolbertus and van den Hoed, 2019) (e.g., €0.40/kWh), (3) a flat rate monthly charging fee (Wolff and Madlener, 2019) (e.g., €50/
month), (4) a payment for certain ranges (Sheldon et al., 2019; ten Have et al., 2020) (e.g., €5 for 100 km or $0.04 per mile). Among
these payment models, around half of these studies used kWh-based fees, which seemed to be popular, probably because they were
analogous to the price per litre or gallon of petrol (Hardman et al. 2018). Also, if parking charges applied at public charging points, EV
users would be less likely to charge their vehicle at those points (Pan et al., 2019).

In terms of what ‘type of payment’ for public charging users would prefer, Gutjar and Kowald (2023) found that relative to a flat-
rate charging option (e.g. unlimited charging at a fixed monthly price), kWh-based payment was the most preferred, while a duration-
based fee and a fixed-fee per charging session were the least preferred among German consumers. Also, Visaria et al. (2022) found that



D. Potoglou et al. Transportation Research Part D 121 (2023) 103824

among Danish EV users the flat fee pricing model for both public and home charging was the most popular payment method, followed
by the ‘no contract with the charging provider’ (pay as you go) and the monthly subscription fee and kWh-based charging price per
session. Danish EV users were willing to trade off 5.59 min of detour (valued at £1.04 or 8.76 DKK) to save £0.12 (1 DKK) per kWh in
the price they paid at the charging station (Visaria et al., 2022). Also, EV users who were male, with a higher education qualification, or
owned a Tesla, exhibited higher sensitivity to charging prices relative to other EV users (Visaria et al., 2022).

Several studies also included other related costs and fees. For example, Ge et al. (2018) included petrol prices within a scenario
involving a decision to charge before or after a day of travel. Lee et al. (2020) specified ‘home charging at the electricity rate paid at
home’ and ‘free charging at the workplace’ in two models studying the likelihood of public charging by BEV and PHEV users. As shown
in Table 4, BEV users in California were more likely to use a public charging point if home charging was paid at the home electricity
rate. PHEV users were less likely to charge their vehicle at public charging points when free charging was available at their workplace.

While various public charging opportunities may offer a certain charging fee depending on their payment model, EV owners with
network membership can access all public charging stations under the control of the same operator at a special/discounted charging
rate. Chakraborty et al. (2019) and Lee et al. (2020) found that EV users who subscribed to a specific EV public charging provider were
more inclined to use public charging points. That said, network membership may also pose network incompatibility issues within the
public charging market. Visaria et al. (2022), for example, measured the effect of interoperability on the choices of different charging
pricing schemes and found that in Demark, BEV users were willing to pay £6.76/month (57.1 DKK/month) to have network access in
all of Denmark and a similar price, £7.06/month (59.6 DKK/month), to have access anywhere in the EU, rather than have access to just
one network.

Charging prices can be dynamically adjusted by operators to generate more revenue in response to fluctuating customer demand for
electricity (Limmer, 2019; Limmer and Rodemann, 2019). This also provides an opportunity for cheaper rates during off-peak periods.
Many consumers are risk averse and prefer to charge “now” at a nominal price rather than wait for an uncertain price reduction
(Latinopoulos et al., 2017). Visaria et al. (2022) also reported that the monthly subscription model, which included peak and off-peak
charging price differences for public charging, was the least preferred option for Danish EV users. Both Latinopoulos et al. (2017) and
Visaria et al. (2022) suggested the importance of considering potential and existing EV users’ attitudes towards these pricing
differences.

3.3.3. Charging station level of service

The level of service at a charging station was expressed in terms of charging and waiting time, certainty of finding an available
charging point, parking time and dwell time (see, Table A8 in the Appendix A). Charging time was defined either as ‘the time it takes to
fully charge the vehicle’ (Ge and MacKenzie, 2022; Moon et al., 2018; Sheldon et al., 2019; Wolff and Madlener, 2019) or ‘the time it
takes to obtain a certain level of battery charge’ (Wolbertus and van den Hoed, 2019), which indirectly reflected its charging power.
The relative valuation of charging duration was reported either at the charging session level (Ge and MacKenzie, 2022) or as monthly
payment as part of a subscription with a charging provider (Wolff and Madlener, 2019). EV users in the US were willing to pay £0.33
($0.4) for a 1 min reduction of charging time (Ge and MacKenzie, 2022) and under a monthly payment model, potential EV users in
Germany were willing to pay £0.14/month (€0.16/month) for a reduction of 1 min in charging time (Wolff and Madlener, 2019).

Queueing or waiting time was negatively associated with public charging choices (ten Have et al., 2020; Wang et al., 2021; Wolff
and Madlener, 2019); that is, EV users would prefer to use public charging when waiting times were short (Wang et al., 2021). This was
in line with a government report from New Zealand, which examined the preference of 932 EV users (Burroughs et al., 2021). Waiting
times were generally measured in the range of 0——30 min (Wang et al., 2021; Wolff and Madlener, 2019). Waiting 30 min to charge an
EV was the least preferred option for German drivers, who were willing to pay £0.72/month (€0.82/month) for every 1 min reduction
in waiting time. On the other hand, respondents were indifferent between a 5-minute wait, 10-minute wait or no wait at all (Wolff and
Madlener, 2019). This finding is also in line with ten Have et al. (2020), who reported that a ‘certain’ waiting time of up to 5 min was
preferable to unknown or uncertain waiting times. Finally, parking (Wang et al., 2021) and dwell times (Wen et al., 2016) had a
significant positive effect on public charging choices, as longer dwell and parking time induced drivers to actively make full use of that
time.

3.3.4. Accessibility

Accessibility to charging stations has been measured either as the distance between the home or destination and charging stations
(Ma et al., 2022; Moon et al., 2018; Xu et al., 2017; Zhang et al., 2022) or as the excess distance (time) required to travel in order to
access a charging station (Ge and MacKenzie, 2022; Sun et al., 2016; ten Have et al., 2020). Several reports also confirmed that
accessibility is an important factor for public charging choices (Burroughs et al., 2021; Department for Transport, 2022b; Department
for Transport, 2022a, Hink, 2021) (see, also Table A9 in the Appendix A).

Overall, EV users preferred public charging stations involving shorter distances (Ma et al., 2022; Moon et al., 2018; Wolbertus and
van den Hoed, 2019) and access times (Ge and MacKenzie, 2022). For example, Ma et al. (2022) reported that Chinese consumers were
more likely to use public charging when the distance between the charging station and home/workplace/requested locations was
shorter. Meanwhile, shorter detours were preferred by EV users when they employed en route charging in Japan (Sun et al., 2016) and
Denmark (Visaria et al., 2022). The Danish study also revealed that EV users would opt-in for shorter detour times in order to charge
their vehicle at a public charging point (Visaria et al., 2022).

In terms of the relative valuation of accessibility, Ge and MacKenzie (2022) found that EV users in the US were willing to pay £2.05
($2.5) for a reduction of 1 min to access a charging station. They were also more likely to avoid charging en route if they could reach
the next charging station without deviating from the originally planned route and were willing to pay £200.37 ($244) to avoid the
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Table 5

Unobserved heterogeneity in choices and segmented groups.
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Subject Reference Segments Personal characteristics

EV users Wangetal. (2021)  Group 1 Charging service concerned group Younger, female, have richer driving experience, higher income, more
(76.2%): value SOC, queueing time, and risk averse
satisfaction
Group 2 Pragmatic concerned group Senior, male, low income, less risk aversion
(23.8%): SOC, ER, parking time, charging fee

Pan et al. (2019) Group 1 Risk averse group (30%):value ER Male, earning more than £600/month (5,000 yuan/month), purchased
EVs more than a year
Group 2 Risk seeking group (70%): SOC, Female, with income less than £600/month (5,000 yuan/month),
charging price, and parking price purchased their EV in the past year
Wen et al. (2016) Group 1 (20.3%): value charging price, ER, if -

the vehicle has enough battery to reach the next
EVSE
Group 2 (58.7%): price, ER, charging point Number of vehicles owned or leased
power, cost at home, and dwell time
Group 3 (21%): value cost at home Higher income level

PHEV Ge et al. (2018) Gas anxiety group (66%): have higher Had a longer using experience, buy PHEVs not only by financial benefits

users willingness to charge at public places to avoid

using petrol
Cost-minimizing group (34%): value Had a shorter using experience, buy PHEV because of financial benefits
recharge and refuel cost the same

Consumers  Latinopoulosetal.  Risk averse (pricing) group (67.9%) Aged over 60, employed, not having children, lower education level, not

(2017) owning or leasing an EV, have multiple trip chains, doing work-based
tour, driving EV < 1 year, higher EV loyalty, EV daily mileage < 40 miles,

Risk seeking group (32.1%) Characteristics are in the opposite with risk averse group

Note: The percentages in the brackets refers to the proportion of the sample being allocated into a specific group.

deviation (Ge and MacKenzie, 2022). Finally, an indirect measure of accessibility relates to the coverage (or density) of public charging
stations, which was expressed as the number of charging points within an areas. For example, Zhang et al. (2022) found that when the
coverage of charging facilities at the parking locations in the trip chain increased, Chinese BEV users were more likely to use public
charging as part of the trip chain.

3.3.5. Convenience

Convenience involves a number of features that a public charging point may exhibit and which improve the user experience. These
features may also facilitate a more effective use of the infrastructure. The features, listed in Table A10 in the Appendix A, include
inductive charging, serviced charging, plug and charge authentication and card-based payments.

Most, although not necessarily all, of these features were found to have a positive association with public charging choices (Gutjar

Fixed battery
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Time of day @
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+ Charging locations « Charging time + Station density + At Charging point * Inductive charging « Station information

+ Charging power + Watingtime + Distance from » AtHome + Self-service charging registered online
+ No. charging poles « Dwell and parking station to destination « At Workplace « Plug & charge « Share of renewables
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Fig. 1. A conceptual framework of determinants of public charging choices.
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Table Al

Overview of empirical studies on public charging preferences.

Author(s) (year) Research object Type of Type of travel Charging Willingness to  Data  Respondents Country Modelling
charging power pay approach
Gutjar and Kowald Choices across different public charging options ~ Not specified NA Not No SC 450 users and Germany MNL, MMNL
(2023) mentioned potential users
Li et al. (2023) Charge or not along the route En-route NA Not No SC 308 BEV users China BL, RPL,
mentioned RPLEC
Visaria et al. (2022) Choices among three public charging options En-route Long trip Fast Yes SC 558 BEV users Denmark MXL
Zhang et al. (2022) Travel and charge or not charge, or cancel travel ~ Not specified Work, recreation Not No SC 494 BEV users China RSBP
mentioned
Ge and MacKenzie Charge or not at stations along route En-route Long-distance trip Slow, fast Yes SC 309 PEV users us DDC, LC
(2022)
Ma et al. (2022) Charge choices among two options Destination Home, workplace, Slow, fast Yes SC 2,637 potential EV China MNL, MXL
request locations users
Wang et al. (2021) Charge or not at a destination Destination Home, work, Not Yes SC 300 EV users Beijing, BL, LC
shopping mentioned China
Lee et al. (2020) Choices across home, workplace, public, and Not specified NA Slow, fast No RP 7,979 PEV users California, MNL
mix use of these locations us
ten Have et al. Choices across destination charging (22 kW), Not specified NA Slow, fast, No SC 171 EV users Netherlands MXL
(2020) fast charging (50 kW), ultrafast charging (>350 ultrafast
kW), and no preference
Pan et al. (2019) Charge or not at a destination Destination Home, shopping Slow No SC 160 EV users Beijing, BL, LC
centre China
Wolff and Madlener Charging choices across home, work, roadside Not specified NA Slow, fast Yes SC 4,101 holders of a Germany CL
(2019) driving license
Wolbertus and van Choices between standard slow charging Not specified NA Slow, fast No SC 100 EV users Netherlands MXL
den Hoed (2019)  stations, charging hub, fast charging stations
Chakraborty et al. Choices among home, work, public, multiple Not specified Commute trips Not No RP 1,769 BEV users, California ECL
(2019) locations, not charge mentioned 1,432 PHEV users us
Sheldon et al. (2019)  Choices among public charging stations at Not specified NA Not Yes SC 1,261 potential California MNL, MXL
different locations mentioned PHEV users us
Anderson et al. Choices among public charging infrastructure Not specified NA Slow, fast No SP 843 BEV users Germany FA
(2018)
Ge et al. (2018) Charge or not Not specified NA Slow No SC 157 PHEV users us LC
Moon et al. (2018) Choices among public charging infrastructure Not specified NA Slow, fast No SC 418 current and South Korea MXL
potential EV users
Latinopoulos et al. Charge now or later under dynamic charging Destination NA Not No SC 118 current and UK & EUT, DEU, PT
(2017) pricing mentioned potential EV users Ireland
Xu et al. (2017) Choices between slow home/workplace and fast ~ Not specified NA Slow No RP 234 BEV users Japan MXL
public charging
Kim et al. (2017) Public charging choices Not specified NA Not No RP 9,027 EV users Netherlands HD
mentioned
Sun et al. (2016) Choices between fast charging stations En-route NA Fast No RP 24 BEV users Japan MXL
Wen et al. (2016) Charge or not at the destination in given Destination NA Slow, fast Yes SC 315 PEV users us MXL, LC
situation
Nienhueser and Qiu Choices for public charging options Not specified NA Slow, fast Yes SC 181 PEV users us MXL

(2016)

Notes: Binary logit model (BL); Multinominal logistic regression (MNL); Latent class logit model (LC); mixed logit model (MXL); Discounted expected utility (DEU); Expected utility theory (EUT); Prospect
theory (PT); Hybrid choice model (HCM) latent class logit model (BL); Hybrid choice model (HC) latent class logit model (LC); Error component logit model (ECL); Conditional logit model (CL); Frequency
analysis (FA); Dynamic discrete choice models (DDC); Random parameter logit model (RPL); Random parameter logit with error components model (RPLEC); Recursive simultaneous bivariate probit
model (RSBP); Mixed multinomial logit model (MMXL); Ordered logit model (OL); Ordered probit model (OP); Hazard-based duration model (HD); SC: revealed preference study with an experiment, RP:
revealed preference study without an experiment, RP: stated preference study.
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and Kowald, 2023; Moon et al., 2018; Wolff and Madlener, 2019). For example, consumers in South Korea were more likely to opt-in
for self-charging instead of serviced charging by station employees (Moon et al., 2018). German EV users were more likely to use
inductive charging than traditional cable charging, and they were willing to pay £7.40/month (€8.38/month) extra for that feature
(Wolff and Madlener 2019). Inductive charging only requires a driver to park their EV at a specific location for charging to commence
automatically.

EV authentication refers to the ability of the operator to automatically identify an EV and its user to enable faster charging and
payment. Gutjar and Kowald (2023) found that German consumers intending to buy an EV perceived ‘plug and charge’ (i.e., automatic
authentication and payment) as the most convenient method compared to app-based solutions, which rely on mobile phones and may
therefore not work due to internet connection issues, low battery or cold weather. The ‘plug and charge’ option also came on top of the
RFID-card (Radio Frequency Identity Card) solution, which is often incompatible across different charging networks. Finally, Gutjar
and Kowald (2023) also found that potential EV users in Germany preferred web-based (e.g, PayPal) and card-based (e.g. credit card)
payment methods rather than automatic debit transfer.

3.3.6. Charging station information

Charging station information may include location, price and availability of charging spaces but also the energy source of elec-
tricity. As shown in Table 4, these features were also associated with users’ and potential users’ decision to charge at a public station.
Similarly, open data (websites such as Zap-map in the UK, an app from the charging provider, or vehicle onboard maps) and sus-
tainability of public charging points were identified as important considerations (Hink, 2021).

Offering more information would be likely to attract EV users at those public charging stations (Moon et al., 2018; Wolff and
Madlener, 2019). For example, Moon et al. (2018) found that potential EV users in South Korea were more likely to use public charging
when station information (e.g. location, charging fees, charging station status) was available online (via Korea’s EV Charging Station
Monitoring System, an online information platform). Information on energy sources was also important for public charging choices for
potential and existing EV users. For example, Wolff and Madlener (2019), Nienhueser and Qiu (2016) and Wolff and Madlener (2019)
found that charging stations with a higher share of renewable energy were more likely to be chosen.

The relative valuation of renewable energy preferences expressed in terms of WTP were reported either as a payment per hour
(Nienhueser and Qiu, 2016) or as a payment per month (Wolff and Madlener, 2019). PHEV users in the US were willing to pay £0.50
($0.61) per hour for a 1% increase in renewable energy at Level 2 chargers and £1.49 ($1.82) per hour for a 1% increase in renewable

Table A2
Overview of grey literature.
Author(s) (year) Research object Determinants Data  Respondents Country Modelling
approach
Department for Key aspects of public Dependability, proximity, cost and speed, SP 1,006 non-EV UK FA
Transport charging sustainability users
(2022b);
Department for
Transport (2022a)
Department for Survey about public Charging behaviour (accessibility, SP 848 EV users UK FA
Transport (2022b)  charging frequency, reliability), charging
satisfaction, improvements needed
Hink (2021) Key aspects of public Payments, pricing transparency, open data, ~ SP 1,216 PEV users UK FA
charging reliability, weatherproofing and lighting,
signage, accessibility
Burroughs et al. Choices of the factors Access (27%), quantity (20%), location RP 932 EV users New FA
(2021) that can improve the (19%), miscellaneous (11%), queue (8%), Zealand
public charging power (8%), cost (7%)
experience
Dodson and Slater Charging choices of Time of day,Time of week,Time of season RP 8.3 million UK FA
(2019) empirical charging charging events
events
California Air Regulations for all Payment methods and security;clear California, -
Resources Board public level 2 and fast information about all fees; clear pricing us
(2019) charging infrastructure models; no compulsory membership;
interoperability billing standards; sharing
station information.
Bedir et al. (2018) Predict the number of 99,000 to 133,000 destination chargers, Us EVI-Pro
chargers needed by 2025  including at workplaces and public
for the state’s ZEV goals locations, and 9,000 to 25,000 fast chargers
Wood et al. (2017) Predict necessary Charging locations (corridor fast-charging us EVI-Pro

amount and ideal types
of locations for charging
stations

stations for long-distance travel, urban and
rural communities); About 8,000 fast-
charging stations would be required to
provide a minimum level of coverage
nationwide;

Notes: The Electric Vehicle Infrastructure Projections (EVI-Pro).
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Table A3

Overview of willingness to pay estimates in previous literature (in UK pounds).

Transportation Research Part D 121 (2023) 103824

Determinants Denmark ™

usr16171i8]

China 31 4] Germany !

5.59 min of detour or £1.04
(8.76 DKK) against 1 less DKK/
kWh in charging cost;

Less charging cost

Higher charging 0.28 min of detour or £0.052
power (0.44 DKK) for an extra km/min
Number of 7.87 mins of detour or £1.46
chargers (12.32 DKK) for an available
charger; 0.53 min of detour or
£0.099 (0.83 DKK) for an
occupied charger
Amenities 1.23 min of detour or £0.23

(1.93 DKK) for availability of
toilets vs. no toilets; 9.55 min of
detour or £1.78 (14.97 DKK) for
the availability of toilets,
restaurants, and supermarket vs.
none of that

Increase SOC

Increase of excess
range

Shorter charging
duration (min)

Shorter waiting
time (min)

Shorter access time
(min)

Higher share of
renewable
energy (%)

Inductive charging
technology vs.
cable charging

Charging locations

Avoid having to
deviate from
the originally
planned route

Time of day

£1.58/h ($1.91/h) for level 2
vs. level 1 7); £0.041 ($0.05)
for an extra mile from
charging 1

£17.25 ($21) for toilets,
dining facilities and Wi-Fi vs.
none 2!

£0.33 ($0.4) @

£2.05 ($2.5) 12!

[£0.50 ($0.61) per hour for
Level 2 EVSE; £1.49 ($1.82)
per hour for Direct Current
Fast Chargers (DCFC);] ®

[£2.31 ($2.81) for grocery;
£1.35 ($1.65) for mall, £1.13
($1.38) for quick charge near
home; £1.03 ($1.26) for
quick charge near freeway;
£0.0082 ($0.01) for at
transit; - £0.78 (—$0.95) for
gym; - £1.01 (— $1.23) for
school] [®!

£200.37 ($244) 2

£0.083/kWh (0.7 yuan/kWh) for
10%4

£0.041/kWh (0.346 yuan/kWh)
[41

£0.14/month (€0.16/month)

£0.72/month (€0.82/month)

£0.37/month (€0.42/month)

£7.40/month (€8.38 /month)

- £40.84/month (—€46.26/
month) for en-route charging
on the road vs. at home;—
£31.46/month (—€35.64/
month) for destination
charging on the road vs. at
home;—£19.70/month
(—€22.31/month) for charging
at work vs. at home;

[Workday: £0.19 (CNY 1.614) for
10:00-17:00; £0.24 (CNY 2.042)
for 17:00-22:00; £0.14 (CNY
1.194) for 22:00-10:00 + 1;

weekend: £0.18 (CNY 1.527) for

10:00-17:00; £0.22 (CNY 1.838)
for 17:00-22:00; £0.28 (CNY
2.372) for 22:00-10:0071] 13!

Notes: [1] Visaria et al. (2022); [2] Ge and MacKenzie (2022); [3] Ma et al. (Ma et al., 2022); [4] Wang et al. (2021); [5] Wolff and Madlener (2019);

[6] Sheldon et al. (2019); [7] Wen et al. (2016); [8] Nienhueser and Qiu (2016).

energy at Direct Current Fast Chargers (DCFC) (Nienhueser and Qiu, 2016). Also, German potential EV users were willing to pay £0.37
per month (€0.42/month) for a 1% increase in renewable energy at public charging points (Wolff and Madlener, 2019).

Gutjar and Kowald (2023) also found that potential EV users in Germany, who were young, female, or male but with high envi-
ronmental awareness, were more sensitive to the share of renewable energy at public charging points. Nienhueser and Qiu (2016)
found that for PEV drivers in the US, the WTP for renewable energy at public charging stations increased with income and age,
decreased with years of education and was higher for women.
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Table A4
Overview of explanatory factors for public charging choices: temporal attributes.

Respondents Measurement of Levels/supplement information Reference
attributes (+/—)

BEVs Midnight () Less likely to occur at midnight between 23:00 to 7:00 Xu et al. (2017)
Working day (+) A working day indicator Xu et al. (2017)
Potential EV Time period * High demand time periods: 6AM-9AM, 9AM-12PM, 6PM-9PM Moon et al. (2018)
users
Time of day High demand time periods: 17:00-22:00 > 10:00-17:00 > 22:00—10:00 for workday, = Ma et al. (Ma et al.,
22:00—10:00 > 17:00-22:00 > 10:00-17:00 for weekend 2022)
EV users Time of day * Fast charging sessions concentrated around the centre of the day;level 2 charging Wolbertus and van den
sessions show asmall peak in the morning and a larger peak in the afternoon Hoed (2019)
Length of trip chain (+) Zhang et al. (2022)

Complex trip chain (+)

Notes: ‘+’ indicates a significant positive effect on public charging choices, and ‘-’ represents a significant negative effect, * refers to the results of the
descriptive analysis and they are not significant.

4. Preference heterogeneity for public charging

As potential and existing EV users are the subjects making public charging choices, it is also useful to examine the personal
(observed) characteristics and efforts to capture unobserved heterogeneity of public charging choices (see Table A12 in the
Appendix A).

EV users most likely to use public charging were identified across the reviewed studies as younger (Wang et al. 2021), female (Lee
et al., 2020; Pan et al., 2019; Wang et al., 2021; Zhang et al., 2022), with lower education qualifications (Pan et al., 2019) and lower
income (ten Have et al., 2020). They were also more experienced drivers (Wang et al., 2021) and had owned an EV for more than a year
(Pan et al., 2019), lived in a flat (Chakraborty et al., 2019; Lee et al., 2020), did not have a home charging point (Zhang et al., 2022),
often made long chained trips (Zhang et al., 2022), and held risk-averse attitudes towards EV range (Pan et al., 2019). EV users with
previous experience (Xu et al., 2017) and those who used public charging frequently (ten Have et al. 2020) were more likely to use fast
charging. Also, those who placed importance on driving comfort and had higher education qualifications preferred ultra-fast charging
(ten Have et al. 2020).

As shown in Table 5, some studies captured unobserved heterogeneity in public charging choices by dividing the sample into
different groups via latent class discrete choice modelling (Ge et al., 2018; Latinopoulos et al., 2017; Pan et al., 2019; Wang et al., 2021;
Wen et al., 2016). Differences in public charging choices were explained by charging concerns (Wang et al., 2021; Wen et al., 2016)
and risk-taking attitudes (Pan et al., 2019). For example, Wang et al. (2021) found that 76.2% respondents in their sample were
‘charging-service concerned’ and valued SOC, queuing time and charging station satisfaction. These respondents were younger, fe-
male, had driving experience, a higher income, and were risk averse. The reference group, which comprised the remaining 23.8% of
the sample, were pragmatic about their charging needs and valued SOC, ER, parking time and charging fee. Similarly, Wen et al. (2016)
identified three subgroups of EV users based on their charging concerns: those who: (1) ‘chose to charge based on price and charging
needs’; (2) ‘charged at every opportunity’; and (3) ‘charged taking into consideration other factors such as SOC, dwell time and home
charging price’.

When considering risk attitudes towards SOC, Pan et al. (2019) showed that most EV users belonged a ‘risk-seeking group’ (70% of
the sample), and their choices were driven by price, SOC and parking price. The choices of the ‘risk averse group’ (30% of the sample)
were driven by the ER and its members were males, those earning more than 5,000 yuan/month ($687/£600), and had owned an EV
for more than 12 months.

PHEV users may act differently compared to EV users when facing the same charging options, as they can either use a public
charging point or refill their cars at petrol stations. Ge et al. (2018) segmented PHEV users into two groups: ‘petrol anxiety’ and ‘cost-
minimising’ users. The majority of PHEV users were more likely to be in the ‘petrol anxiety’ group, and would avoid using petrol as
much as possible, and, due to their environmental attitudes, would be willing to pay four times the cost of charging rather than refuel.
The ‘cost-minimising group’, only 34% of the sample, was more pragmatic and placed equal importance on charging and refilling and
would charge or refuel depending on the relative costs of electricity and petrol.

EV users charge-or-not decisions for public charging were influenced by risk-averse attitudes towards dynamic pricing (Latin-
opoulos et al., 2017). The results showed that the majority of current and potential EV users were more likely to be risk-averse and
preferred to charge immediately at the prevailing tariff at the time rather than charge strategically, which would have entailed waiting
for a better price.

5. Conceptual mapping of public charging choices
This section proposes a conceptual framework to capture the determinants of public charging choices for potential and existing EV
users. Fig. 1 reveals that public charging has and will continue to have an increasingly important role in road transport. The empirical

work examined in this study has the odd outlier and counterintuitive conclusion, but there is a clear set of common themes that
emerge. The determinants of public charging choices can be categorised into four levels: (1) temporal, (2) vehicle, (3) charging

14



D. Potoglou et al.

Transportation Research Part D 121 (2023) 103824

Table A5
Overview of explanatory factors for public charging choices: vehicle attributes.
Attributes Respondents Measurement of attributes (+/—) Levels Reference
SoC EV users SOC (—) 7%, 10%, 13%, 17%, 20%, 23%, 27%, 30%, 33%, 40%, 50%, Pan et al. (2019)
53%, 57%, 60%, 67%, 80%
EV users SOC (-) 0%; 20%; 40%; 60%; 80% Wang et al. (2021)
BEV users SOC (—) 45 km (23%), 65 km (33%), 85 km (43%), 105 km (53%), 125 Zhang et al. (2022)
km (63%), 155 km (78%)
PEV users SOC (-) State of charge at station t for respondent I (%) Ge and MacKenzie
(2022)
Initial SOC (-) Revealed study: values are different among respondents Xu et al. (2017)
Excess PEV users ER remaining in vehicle battery (-) 3-70 mi Wen et al. (2016)
range EV users ER (-) 0; 5 km; 20 km; 50 km Wang et al. (2021)
ER (-) * —5 km, 5 km, 10 km, 20 km, 40 km Pan et al. (2019)
PEV users Whether the current range is enough to 0: if current range < distance to next charging opportunity; 1: ~ Wen et al. (2016)
next charging opportunity (—) if current range > distance to next charging opportunity
Driving BEV users Battery capacity (+) Revealed study: values are different among respondents Xu et al. (2017)
range PHEV users Electric range (+) Revealed study: values are different among respondents Chakraborty et al.
(2019)
BEV users Initial available range at origin (+) 30, 50, 60, 70 km Li et al. (2023)

Available range uncertainty (interval) at

2, 10, 20, 30, 40 km

destination (—)

Notes: ‘+’ means significant positive effect for public charging choices, and ‘-’ represents significant negative effect; ‘** means the result is not

significant.
Table A6
Explanatory factors for public charging choices: physical infrastructure attributes.
Attributes Respondents Order of preference Reference
Charging location PEV owners Home only (53%), home & public (16%), home & work (13%), work only (8%), all (4%), Lee et al. (2020)
public only = work & public (3%)
BEV owners Home, work, not charge, multi-location, public Chakraborty et al.

Charging power

Amenities

Number of vacant

Private BEV
owners

EV users

PHEV owners

Potential EV
users

BEV owners
EV users

BEV owners
PEV owners

Potential EV
users
EV users

PEV users

EV users

chargers (+)

Activities during charging (77%) (shopping and leisure (18%), work (16%), chores (5%),
house/apartment (3%), education/day care (1%)), stop-to-charge (19%)

Prefer to use chargers located at gas stations ©

Home, public

Prefer to charge at fast stations encountered earlier on working days, then prefer
stations encountered later when choosing a station in peak hours *

Public car parks (4%), supermarkets (3%), retail stores/malls (2%), petrol stations (1%),
street side/roadside (1%), private car parks (1%), other destinations (1%) G

Motorway service areas (28%), at other destinations (26%), near home (10%), at
workplace/education (9%) ©

Home, multi-location, work, not charge, public

At home, at work, on the road: charging as side activity, on the road: charging as
main goal

Grocery, at work, mall, quick chargers near home, quick chargers by freeway, gym,
school

Motorway service stations; workplace, gas stations and shopping facilities; leisure
facilities and education institutions

Fast (level 3), normal (level 1 & level 2)

Ultrafast (>350 kW), fast (around 50 kW), standard charging (up to 22 kW)

Semi-fast charging power (22 kW AC), slow (3.7 kW AC) = fast (50 kW DC) stations
DC fast chargers, public L2 chargers, public L1 chargers

50 kW, 6.6 kW, 1.9 kW

Fast chargers (+)

Slow charging: near shopping area, without facilitiesFast charging: without facilities
Amenities with toilets, supermarket and restaurants

Amenities with toilets, dining and WIFI

None

(2019)
Anderson et al. (2018)

Sun et al. (2016)
Xu et al. (2017)
Sun et al. (2016)

(Burroughs et al., 2021)

(Department for
Transport, 2022b)
Chakraborty et al.
(2019)

Wolff and Madlener
(2019)

Sheldon et al. (2019)

Philipsen et al. (2016)

Xu et al. (2017)

ten Have et al. (2020)
Anderson et al. (2018)
Lee et al. (2020)

Wen et al. (2016)

Ma et al. (Ma et al.,
2022)

ten Have et al. (2020)
Visaria et al. (2022)
Ge and MacKenzie
(2022)

Visaria et al. (2022)

Note: Order of preference in bold imply that the results of the study were significant, while the order of preference not in bold represent the
descriptive analysis results and they are not significant, and the superscript ¥ refers to studies focused on fast charging stations, superscript € refers to
the grey literature.
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Table A7

Public charging price levels.

Attributes

Respondents

Measurement of attributes (+/—)

Attribute levels / supplement information

Reference

Charging price

Parking price

Home electricity
price

Workplace
charging price
Petrol price

Network
membership

Potential EV
users

EV users

PEV owners

BEV users
PHEV owners

EV users

BEV owners
PHEV owners

EV owners

Refuelling cost per mile (—)
Charging cost (—)

The total price of the charging session (—)

Charging cost per month (—)
Charging price (-)

Charging price (-)

Charging price (—)

Fast charging price (-)

Charging fee (—)
Charging price per hour (-)
Charging price per hour (—)

Charging price (—)

Working days: free charging (+)
Charging price ()

Free workplace charging (—)

Parking price while charging and while

not charging (—)
Cost of electricity at home (+)

Electricity cost at home at the end of the

travel day (—)
Free workplace charging (—)

The cost of petrol that will be used to

complete the travel day (—)
Network membership (+)

[$ per mile, like $ X gal petrol]": e.g. $0.04, $0.08

[KRW/ kWh] 2% 150, 200, 250, 300

[Booking now: £0.29/kWh—£0.42/kWh;booking later: £0.08/kWh—£0.72/kWh]?
[€50, €100, €150, €200]°

[CNY/kWh]? 1.5, 2.25, 3

[Yuan/kWh] % 0.5, 1.5, 2, 2.5;

[€5, €8.49, €11.76, €15.25 for 100 km]

[€/kWh, €0.20/kWh, €0.40/kWh, €0.60/kWh] 2

[1.2 yuan/kWh, 1.6 yuan/kWh, 2 yuan/kWh] 2

[0.50, 1.00, 1.50, 2.00, 5.00 $/h]*

[$1/hour, $1.12/hour, $1.24/hour, $1.06/hour, $1.24/hour for AC level 2 EVSE; $5.30 /hour,
$5.15 /hour, $5.60 /hour, $5.15 /hour, $5.60 /hour for DC fast charger] 1

[Free; $0.50/kWh; $1.00/kWh] 2

Free/not free

[$0.50/h, $1.00/h, $1.50/h, $2.00/h, $5.00/h]*

Yes/no

Yuan/h: 8 and 8, 8 and 6, 8 and 4, 4 and 0, 0 and 0

[cents/kWh] 2
Continuous variable. Max: $9.93; Min: $0.18; Mean: $2.05

Yes/no
Continuous variable. Max: $1.824; Min: $0; Mean: $0.1156

Yes/no

Sheldon et al. (2019)
Moon et al. (2018)
Latinopoulos et al. (2017)
Wolff and Madlener (2019)
Ma et al. (Ma et al., 2022)
Pan et al. (2019)

ten Have et al. (2020)
Wolbertus and van den Hoed
(2019)

Wang et al. (2021)

Wen et al. (2016)
Nienhueser and Qiu (2016)

Ge and MacKenzie (2022)
Sun et al. (2016)

Ge et al. (2018)

Lee et al. (2020)

Pan et al. (2019)

Lee et al. (2020)
Ge et al. (2018)

Lee et al. (2020)
Ge et al. (2018)

Lee et al. (2020), Chakraborty
et al. (2019)

Note: ‘+’ indicates a significant positive impact on public charging choices, ‘—’ represents a significant negative impact. The level ‘[]’ in square brackets and superscript numbers indicate different
payment models, 1 — charging time based, 2 - kWh based payments, 3 — fixed monthly charging fee, 4 — pay for a certain range.
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Table A8
Charging and waiting times attributes related to public charging infrastructure.
Attributes Respondents Measurement of attributes (+/—) Levels Reference
Charging Potential EV Full charge time (-) 30min,1h,4h,8h Moon et al. (2018)
time users Full charging time (-) 10 min, 30 min, 4 h, 8 h Wolff and Madlener
(2019)
Refuelling time (—) Petrol/status quo: 10 min, 15 min;Full charge time:Slow  Sheldon et al.
charge: 60 min, 120 min;Medium charge: 30 min, 60 (2019)
min;Fast charge: 15 min, 30 min;
EV drivers Fast charging time (—) 5 min, 10 min, 15 min, 20 min, based upon a session in Wolbertus and van
which 24 kW needs to be charged den Hoed (2019)
Full ranging time (—) 50 kW; 100 kW; 150 kW; 300 kW Ge and MacKenzie
(2022)
Waiting EV drivers Queueing time (—) 0, 15, 30 min Wang et al. (2021)
time Certainty of charging point availability: Certain: <5 min waiting time, uncertain: waiting time ten Have et al.
ultrafast charging (), fast and slow public =~ unknown (2020)
charging (+)
Potential EV Waiting time 30 min (-) 0, 5, 10, 30 min Wolff and Madlener
users (2019)
Parking EV drivers Parking time (+) 2h,4h,8h Wang et al. (2021)
time
Dwell time EV drivers Dwell time > 30 min (+) 0.25,0.5,1,2,4,8h Wen et al. (2016)

Note: ‘+’ means significant positive effect on public charging choices, and ‘-’ represents significant negative effect.

charging stations to

ON

Table A9
Accessibility attributes related to public charging infrastructure.
Attributes Respondents Measurement (4/—) Levels Reference
Density of public charging BEVs BEVs registered and driven in Tokyo/Kanagawa area (more than 55 stations per ~ Xu et al. (2017)
stations Tokyo and Kanagawa (+) 1,000 km?) compared to other area (less than 30
stations per 1,000 km?)
Coverage of charging facilities With or without charging facilities at parking Zhang et al. (2022)
) points
Distance to from the EV owners Fast charging distance to home 150 m, 400 m, 550 m, 700 m Wolbertus and van

den Hoed (2019)

home/consumers Potential EV Station accessibility (—) Average distance a consumer must travel to reach ~ Moon et al. (2018)
users the nearest public charging points: 2 km, 10 km,
20 km
Potential EV The distance of public chargers Within 1 km, 1-2 km, 2 km away Ma et al. (Ma et al.,
users from home/ workplace/frequent 2022)
)
Detour EV users Not having to make a detour for Detour (5 min driving or walking), no detour ten Have et al.
ultrafast charging (—) (2020)
BEV users Detour (km) (—) Working days (threshold = 1750 m), non-working Sun et al. (2016)
days (threshold = 750 m)
EV owners Detour (minutes) (—) 0/5/10 Visaria et al. (2022)
Access time to the charging ~ PEV users Access time to the charging 5 min; 15 min; 30 min Ge and MacKenzie
station station (—) (2022)
Deviation Deviation from the original plan Whether to deviate from the original plan if they
) choose not to charge (yes or no)
Type of charging stations BEV users Accessibility * Public accessible areas and public street (94%) Anderson et al.

(2018)

Note: ‘+’ means significant positive effect for public charging choices, and ‘—

B o

represents significant negative effect;

means the result is not

significant.

infrastructure, and (4) individual attributes. Public charging tends to take place during the day rather than during the night and may be
different during weekdays or weekends, or holidays. Vehicle attributes include battery capacity and driving range, which are fixed, but
also the SOC, remaining range, and the excess range to destination. According to Fig. 1, charging infrastructure attributes are cat-
egorised into physical attributes, price, charging station level of service, accessibility, convenience, and station information. Individual
attributes refer to the observed heterogeneities reported across studies and include socio-economic and demographic characteristics,
and level of risk aversion.

The lines and arrows in Fig. 1 show how the four levels of determinants (temporal, vehicle, infrastructure, and individual attri-
butes) are linked with public charging choices. Temporal attributes are an important consideration as the daily, weekly, and in-
between recharging patterns are essential for understanding public charging preferences of EV drivers. Vehicle attributes are also
important because higher fixed battery capacity/mileage creates more opportunities for EVs to use public charging. As some public
charging networks are (still) free and have high efficiency compared to home and workplace charging, while constantly changing SOC,
remaining range and excess range to destination may be influenced by range anxiety, which drives EV users to use public charging.
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Table A10
Convenience attributes related to public charging infrastructure.

Attributes Respondents Measurement (+/—) Levels Reference

Potential EV
users
Potential EV
users

Self-service availability Availability of self-charging

services (+)

Yes, no (employee charging) Moon et al. (2018)

Authentication Plug & charge (+) > RFID (4) > app (ref.) Gutjar and Kowald

(2023)

Payment methods Card-based (+) > debit transfer (ref.) > web-

based (—)

Whether use inductive Potential EV Inductive (+) Tethered charging (with cable), Inductive Wolff and Madlener

charging users charging (without cable) (2019)
Note: ‘+’ means significant positive effect for public charging choices, and ‘-’ represents significant negative effect.
Table A11
Information attributes related to public charging infrastructure.
Attributes Respondents Measurement (+/—) Levels Reference
Information about source of energy PEV users Renewable fraction (+) 0%, 25%, 50%, Nienhueser and
75%, 100% Qiu (2016)
Potential EV Share of renewables (+) (wind or solar energy in the 25%, 50%, 75%, Wolff and
users electricity mix used for charging) 100% Madlener (2019)

Renewable energy (+) 0%, 50%, 100%  Gutjar and Kowald
(2023)
Potential EV (Moon et al., 2018)

users

Whether the public charging point is
registered in an information system

Availability of station information (location,
charging fee, status of public charging points) (—)

Yes, no

Note: ‘+’ means a significant positive effect for public charging choices, and ‘—’ represents a significant negative effect.

However, this does not mean that they will necessarily charge at public stations, as temporal and vehicle attributes, and the char-
acteristics of the public charging infrastructure in terms of physical aspects, price, level of service, accessibility, convenience, and
station information also influence charging choices. At the same time, individual attributes, including socio-economic and de-
mographic characteristics and level of risk aversion, contribute to preference heterogeneity. Vehicle manufacturers are all too aware of
what EV users want, but this review is a reminder that range is absolutely crucial when it comes to electric vehicle choice (Potoglou
et al., 2020; Song and Potoglou, 2020). The indirect evidence provided in this review is clearly saying that range is an important
determinant in charging choices as well.

The individual and temporal attributes identified determine public charging choices, but they cannot be changed with policy.
Policy, can, however, seek to adapt public charging infrastructure to better satisfy EV users’ requirements. All in all, public infra-
structure needs to be easily accessible, frequent, and with enough fast charging points to satisfy demand at peak times, especially
morning and afternoon. It needs to be sheltered somehow, to protect drivers from harsh weather conditions, and amenities, especially
toilets, are important. The slower the charging speed, the more important extra amenities, such as shopping and leisure facilities, are.
All information regarding the public charging station, including pricing and methods of payment needs to be clearly and quickly
accessible, and payment needs to be hassle-free. There is also incipient evidence that EV users prefer electricity generated in a clean
manner, which is not surprising, as they are likely to be environmentally conscious. Clean electricity generation is, in any case, a must
when it comes to road transport electrification, as there is plenty of evidence that shows that emissions will increase, rather than
decrease, otherwise (Cox et al., 2022; Gomez Vilchez and Jochem, 2020; Liu and Santos, 2015; Woo et al., 2017). An open area for
further investigation here is also how potential preferences may be affected by a wider grid integration (e.g. vehicle-to-grid) (e.g.

Table A12
Explanatory factors for public charging choices: user (incl. potential) attribute.

Respondents Personal characteristics
EV users Who prefer public Young (Wang et al. 2021), female (Pan et al. 2019; Lee et al. 2020; Wang et al. 2021), with lower level of education (
charging Pan et al., 2019) and lower level of income (ten Have et al., 2020), purchased EV more than a year (Pan et al., 2019),
had rich driving experience (Wang et al., 2021), living in an apartment (Chakraborty et al., 2019) and not having a
house (Lee et al., 2020), without home charging point (Zhang et al., 2022), with long and complex trip chains (Zhang
et al., 2022), and holding risk-averse attitudes towards EV range (Pan et al., 2019)
Who prefer slow public Lower level of income (ten Have et al. 2020)
charging
Who prefer fast charging ~ Young (Wang et al., 2021), and rich fast charging experience (Xu et al., 2017), lower level of income (ten Have et al.
2020), higher current frequency of using fast charging (ten Have et al. 2020)
Who prefer ultra-fast Have lower level of income, put higher importance of driving comfort, and have higher level of education (ten Have
— charging et al. 2020)
PHEV users Who prefer public Less vehicle ownership (Lee et al., 2020), long time of using PHEVs and buy PHEVs not only by financial benefits (Ge
charging et al., 2018)
Potential Who prefer public White, believe local air quality is poor, and politically liberal leaning (Sheldon et al., 2019)
users charging

18



D. Potoglou et al. Transportation Research Part D 121 (2023) 103824

Ensslen et al., 2020; Sachan et al., 2020).

The recommendations above are blindingly obvious and intuitive, and one may wonder what the point of even listing them is. The
point is threefold: (a) as of 2023, no country has public charging stations that fulfil the requirements set above, so, as obvious as they
may seem, action has not been taken yet; (b) academics and policy makers have devoted substantial time and resources over the last ten
years trying to identify what these requirements are, and the present study synthesises them all in one place; and (c) ensuring these
requirements are met will guarantee that EV users’ demand is satisfied.

6. Conclusion

This paper provides an up-to-date critical review of the academic and grey literature on public charging choices and their de-
terminants. Findings from this critical analysis and synthesis of the literature show what determinants contribute to the public
charging choices of potential and existing EV users. This evidence will not only benefit public charging providers in the planning of and
investment decisions on charging infrastructure, but will also facilitate government policy measures to further deploy public charging
infrastructure and promote electric vehicle uptake. The synthesis of the empirical evidence is also integrated into a conceptual
framework that illustrates the complexities and dimensionality of public charging choices and shows how these are linked with the
range of determinants identified. This framework explains the importance of temporal, vehicle, charging infrastructure, and individual
attributes for current and potential EV users, who make or will potentially make those choices.

On the basis of the reviewed material there are also a number of research gaps that can be identified. Firstly, the evidence regarding
temporal charging preferences is far from conclusive, with different patterns across and within different countries, which in itself is not
a problem per se, except that it is difficult to find any reasons for these differences given the number of studies, the different sampling
strategies and the different approaches used. Temporal charging preferences therefore should be further explored, especially in
relation to travel purpose, trip length and charging speeds. Secondly, further research is needed to fully understand EV users’ pref-
erences for charging locations and payment models (e.g. monthly, pay as you go), especially in relation to safety, battery size of EVs,
type of charging (destination or en route charging), and travel purpose. Preferences for charging locations are influenced by those
factors but the evidence is sparse. Thirdly, more research is needed on preferences for different charging models and compatibility of
payment methods. Exploring those themes further would allow to build a more solid evidence base.
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