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Abstract: This study identified the main factors affecting car selection decisions through
discrete choice experiments based on a large dataset collected in four European coun-
tries in 2023 using stated choice questionnaires. The choice set includes six current and
popular car powertrains with factors related to vehicle features, user characteristics, and
specific geographical contexts, which can influence the adoption of vehicles with electrified
powertrains. An easily applicable multinomial logit model was first proposed to explore
the effects of selected attributes and the model’s ability to reproduce user preferences
with different incentive policies, geographical contexts, and energy prices. A mixed logit
model and a segmented multinomial logit model were introduced to consider the sample’s
heterogeneity. The first captures the preference dispersion among respondents related to
incentives and operational costs. The second, which specifically classifies users based on
car market segments, showed a greater variation in factors related to the purchase cost and
battery range. The models estimate the weight of nine factors, offering support for targeted
policy recommendations. Cost-related factors confirm their relevance in choices, and the
analysis shows that users who want to enhance their vehicle range by 1 km are willing to
pay approximately EUR 80.

Keywords: discrete choice experiment; electric vehicles; stated preference; EV adoption

1. Introduction

Electric mobility is a solution for road transport that contributes to achieving the
sector’s environmental sustainability goals; it does so by improving air quality and reducing
greenhouse gas emissions. The European Green Deal [1] aims to achieve a carbon-neutral
European Union (EU) by 2050, and a shift toward using electric vehicles (EVs) is one of
the main goals planned for the next few years. This is consistent with the decarbonisation
process of all sectors, especially transportation, which is responsible for nearly a quarter of
Europe’s greenhouse gas emissions. Nevertheless, the percentage of new EV registrations
in Europe, including battery electric vehicles (BEVs) and plug-in hybrid electric vehicles
(PHEVs), although growing rapidly in recent years, was only 21.5% on average in 2022 [2]).
Moreover, this growth is not homogeneous across Europe; some countries, especially in
the north, have reached peaks of 80%, but more than half of the European countries have a
percentage of new EV registrations well below 20% [3].
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1.1. Literature Review

Discrete choice experiments (DCEs) are widely used to investigate the factors influ-
encing EV adoption. Numerous experiments have been conducted at the urban level
using local datasets or by considering larger areas, such as countries. Several studies have
proposed different modelling formulations to estimate the diffusion of EVs in urban areas
and to investigate the effects of variables such as the sociodemographic characteristics of
the population, personal opinions, and travel-related information.

A literature review was conducted using Google Scholar and Scopus. The latter was
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searched using keywords such as “battery electric vehicles”, “plug-in electric vehicles”,
“consumer preferences”, “penetration”, “adoption”, “discrete choice model”, “mixed logit
model”, and “stated choice/preference”.

The analysis of related studies focuses on three main factors:

e How is the SC survey structured? What alternatives are offered? What attributes
are investigated?

o  Which models of the logit types have been used, and what are the alternatives?

e  What are the main findings?

A synthetic view of the characteristics of the surveys contained in the past literature
is proposed in Appendix A. Most research was conducted in China, Republic of Korea,
and the US. Surveys carried out within the EU relate to only two countries (Italy and
Germany), and none offer a European perspective. Considering the alternatives, most
surveys proposed choice scenarios in which the EV alternative (BEV or PHEV) is proposed
against an ICEV, whereas only [4,5] included hydrogen fuel cell vehicles (HFCVs), which is
not, however, the focus of this study.

When considering directly measurable attributes, monetary costs—namely, purchase,
maintenance, and fuel costs—are the most recurrent barriers to EV adoption, with particular
emphasis on purchase price. The authors of [6] highlighted the key role of the purchase cost
difference between zero-emission or emission-reducing technologies and emission-emitting
technologies in EV adoption. Incentives on purchase and utilisation (i.e., access to TLZ, bus
lanes, free parking, or tax exemptions) can partially or completely mitigate the negative
effect of the purchase price [7-10]; however, sometimes they are not even sufficient [11].
Thus, many authors proposed recommendations that were addressed to policymakers. As
an example, the authors of [12] suggest new financing schemes (such as soft credits) to allow
more consumers to afford the upfront cost, whereas the authors of [10] propose a “free fuel”
incentive, i.e., free or discounted energy tariffs. They explore the potential disparities in
the impact of EV purchase incentive policies in different contexts, exhibiting the greater
effectiveness of purchase incentives in low-income, low-traffic, and low-density cities.
In contrast, incentives for utilisation are more effective in high-income, high-traffic, and
high-density areas. An interesting approach is taken by the authors of [13], who quantify
the average equivalent value that public authorities should grant every year to keep the
BEV adoption rate constant. Possible aspects of the market dynamics of the electric vehicle
sector, such as battery production, which can be affected by the adopted supply chain
logic [14], sourcing, and recycling, can influence vehicle costs and, thus, end-user choices.
Furthermore, price volatility, particularly in energy, fuel, and raw materials, significantly
impacts vehicle adoption decisions, as it can alter consumer perceptions and the economic
feasibility of such investments [15,16].

After the purchase price, the availability and reachability of charging infrastructure is
the second highest barrier to EV adoption, as it is perceived to be insufficient by most of the
interviewed individuals [8,17-19]. This issue is partially related to range anxiety, i.e., the
belief that a single charge is not sufficient, even though some opinions are in opposition. In
fact, on one side, the authors of [8,11,20,21] suggest that the autonomy range, together with
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a reduction in charging time, is the most urgent technical upgrade to be carried out in the
EV market in order to enhance adoption in their own countries, i.e., China and the US. In
contrast, the authors of [19,22], who carried out studies in Italy and Germany, found that
the driving range has started to be perceived as reliable. Other related attributes are the car
segment [23] and the lack of availability of large-size EV options [24].

Finally, the relationship between the adoption and perception of environmental issues
should also be noted. The authors of [5,25] found that Korean consumers are positively
pushed toward EVs if the energy required for vehicle recharging comes from renewable
sources. Meanwhile, the authors of [17,26,27] found the same results only in specific
subgroups, mainly younger and higher-income individuals. Moreover, a novel and effective
proposal would be the use of personal carbon trading (PCT) and tradable driving credit
(TDC) proposed by the authors of [28].

The effects of the users’ socioeconomic characteristics and personal attitudes on EV
adoption are explored in the literature [29-31]. Collecting socioeconomic data is good
practice for checking the consistency and representativeness of the sample. However, these
data can be integrated into models such as mixed logit (MXL) and latent class models
(LCMs). These models can catch psychological traits that would otherwise be neglected. It
was observed that several socioeconomic factors have a crucial influence on EV penetration
and diffusion in a society. Some are quite expected, such as “opposing with the upfront
purchase price and marginal driving cost” [32] or the lower sensitivity of low-education
classes relative to environmental issues [17]. Other approaches are instead more interesting,
such as those regarding the social norm, as explored by the authors of [30,33,34], or common
perceptions [35]. This information is also used to segment EV adopters into classes [7,27] in
order to address target policies for each group.

1.2. Research Contribution and Structure of This Study

This study aims to extend the knowledge of user preferences for cars with alternative
powertrain technologies, identifying the principal factors that may influence choices. How
do attitudes shift with respect to adopting an EV change depending on the size of the city
and with respect to opportunities to charge EVs using public infrastructure? Can users
be incentivised to buy electrically powered vehicles? Is it more effective to discourage
vehicles that use internal combustion engines (ICEs) than to incentivise EVs? How do
these factors change for different vehicle market segments (for example, small or large
vehicles)? The discrete choice model (DCM) application, estimated using data from state
choice (SC) surveys, attempts to answer these timely questions by identifying the factors
influencing choices and estimating their weight. The SC survey allows us to investigate user
preferences for a phenomenon that is not common in the real world by proposing a series
of adoption choice situations between two hypothetical cars with different powertrains
described via a list of attributes.

Most surveys used to collect data offered an alternative EV option (BEV, PHEV, or both)
compared to traditional ICE vehicles. This study extends the analysis of user preferences
by explicating the most popular and current alternatives for vehicle powertrains, including
their typical features. The choice set includes six alternatives, including hybrid electric
vehicles (HEVs), biofuel-powered ICEVs (BIOICEVs), and natural gas and liquefied gas
(LPG/NGV) vehicles.

Secondly, the literature shows that Europe is underrepresented among the most
analysed countries. The survey used for the modelling process was obtained with the
support of the H2020 EU-funded project INCIT-EV (https://www.incit-ev.eu/, accessed on
22 January 2025), in which data collection was performed to understand future EV drivers’
needs and expectations in order to propose advanced charging solutions. The dataset used
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in this study was collected from four European countries: Italy, Spain, the Netherlands,
and Estonia. The selection was based on the active participation of project partners in
these areas. A European perspective on EV adoption was examined and added to the
actual scientific literature while exploring different diffusion levels of electric mobility
(typically more established markets in the Nordic countries than in the south). The four
countries included in the analysis have different characteristics (income level, sensitivity
to sustainability, technological progress, etc.) that can be useful in extending the models
obtained across other European regions with similar socioeconomic conditions in order to
approximate their preference for EV adoption.

Electric mobility scenarios have varied greatly in recent years since new car models
have been introduced in the market; they have also varied due to new players in the
industry, with rapid changes in their features, including price, range, and the technology
implemented. For this reason, the date of the distributed survey is a relevant point in
this study because the “picture” obtained is updated and based on a large sample of
participants that can help estimate reliable models. Thus, the data used in this study are
recent (collected in 2023) and much larger than the average used in previous research
(n = 16,735 choice scenarios). This can provide a more accurate and broader overview of
the European situation in supporting policymaking at the European level. According to
the project’s objectives, to provide tools that policymakers can use in different European
countries, this study consistently uses established methodological approaches that are
widespread in the literature and easily applicable. Given the meaning of the attributes and
parameters used in the model, the defined method is easily interpretable and simplifies
understanding and applicability for a wide range of researchers.

After providing an introduction and problem statement, Section 2 of this study de-
scribes the methodology used, including identifying factors influencing users’ choices
in vehicle adoption, data collection through the SC survey, and estimation techniques
for the DCM. Subsequently, the obtained results are analysed in Section 3 and further
explored through specific applications, such as the sensitivity analyses of parameters and
an investigation of random parameters and segmentation models.

2. Methodology

This study proposes quantitative models estimated using data from SC questionnaires,
which asked respondents to select their preferences from a predefined set of alternatives.
To define the situation as realistically as possible, six options were provided according to
the most currently adopted powertrain systems for cars: ICEV, LPG/NGYV, BIOICEV, HEV,
PHEYV, and BEV. The final version of the survey contained an initial set of questions to inte-
grate the socioeconomic variables in the sample. The structure of the survey and pilot tests
has been described by the authors of [36]. The factors relevant to users’ choice of vehicle
were identified at a preliminary stage by reviewing the relevant scientific literature and
then refining the selection with the involvement of INCIT-EV project partners. Two pilots
were helpful in better defining the levels of each attribute or the addition of new factors, as
the extensions of socioeconomics questions, for example, were managed with more details
at a later stage [36].

The model investigates the effect of selected factors on the probability of a partic-
ular choice being made among a set of alternatives, which was initially estimated by
assuming a multinomial logit (MNL) formulation. Although the adopted structure cannot
include any covariance among alternatives and assumes identical distributions for random
utilities, its main advantage is its easy applicability and transferability. As explained in
Section 1.2, the proposed modelling approach is based on an established and widely used
MNL model with a simple formulation and good flexibility for greater replicability. This is
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further enhanced by required common and generally available data, even in different and
resource-constrained contexts, ensuring broad applicability across varying scenarios. In
addition, a further model was estimated with the MXL formulation to consider behavioural
heterogeneity among individuals, assuming random distributions for selected parameters.

2.1. Identification of Factors for User Adoption

Vehicle size is a key factor affecting adoption choices [23]. If considered in the survey,
more targeted responses can be obtained, as the respondent selects the preferred and
probably best-known type of car and the related choice situation. Three market segments
for cars were included in the study based on 45% of total model sales in 2019 [36]:

e  Car segment B: Subcompacts (such as Ford Fiesta, Renault Clio, and Volkswagen Polo)

e  Car segment C: Compacts (such as Volkswagen Golf, Ford Focus, and Skoda Octavia)

e Car segment D/E: Mid-size and large (such as Volkswagen Passat, Mercedes C-series,
and BMW 5-series).

Other factors that may influence choices are related to certain vehicle characteristics,
such as the range a vehicle can cover with a single full charge/refuel (RANGE, proposed
between 100 and 800 km, depending on the powertrain and car segment) and the mini-
mum time duration for charging operations allowed from the vehicle (CHARGINGTIME,
between 15 min and 2 h) to charge 50% of the battery [26]. This latter value was chosen
because, typically, the state of charge (SOC) is maintained between 20% and 80% to max-
imise the health state of the battery. Factors related to purchase and vehicle use costs
are commonly included when modelling user preferences [37,38]. This study tailored the
purchase costs (PRICE) for the three car segments based on current average prices. These
costs also incorporate some aspects of market dynamics, particularly for EVs. For exam-
ple, the production costs or those associated with batteries directly influence the market
price of electric vehicles, and we can assume that they are contained in them. The other
car-related costs are operating costs (OPERCOST), which include only the expenditure for
fuel, electric energy, or a mixture of both in covering 100 km. The three options proposed
for operative costs are the baseline price (current market price) and their possible increases
(+25%) or decreases (—25%). Although OPERCOST represents a variation and does not
define a cost, the survey proposed this attribute as a monetary value to facilitate the user’s
understanding of this point. Incentives may also influence user choices [31,39,40]. The
most common incentive for purchase (PURCHINCENT) is a price discount, whereas for
utilisation (UTILINCENT), incentives include free parking and free access to limited traffic
zones (LTZs). The proposed attribute levels also include the “disincentives” for ICEVs.
These attributes are defined according to the most popular push and pull strategies for pro-
moting e-mobility, i.e., measures that render less sustainable choices (push) less attractive
and encourage positive behaviours (pull). As vehicle-related factors are relevant in choices,
other elements may also play a role, such as the socioeconomic characteristics of the user.
Population features such as the average income (INCOME) and education level (EDUCA-
TION) may have a meaningful effect on powertrain choice if people with higher incomes
can afford the higher costs of EVs, and the educational level affects awareness of the envi-
ronmental impact of car usage. Finally, choices can be influenced by geographic conditions
such as city characteristics and size (CITYSIZE) or the diffusion level of public charging
infrastructure [32]. The latter can be defined as a percentage of public spaces, car parks,
shopping centres, and petrol stations equipped with a charging point for EVs (DIFFUSION).
Table 1 shows the defined levels for each factor related to the vehicle’s characteristics.
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Table 1. Level description of identified factors included in the experiment.

Car Features

Levels Description

Engine

ICEV (gasoline/diesel)
Bio-fuel ICEV
LPG/CNGICEV (gas)
HEYV (hybrid electric vehicle)
PHEV (plug-in HEV)
BEV (battery electric vehicle)

Price [EUR] (PRICE)

15,000
20,000
25,000
30,000
35,000
40,000
45,000
50,000
60,000
70,000

Operating cost per 100 km (only fuel/energy) (OPERCOST)

+25%
Baseline
—25%

Incentive on purchase (PURCHINCENT)

Disincentive (taxes based on CO, emissions and engine power)
None
Low (EUR 3000 with scrapping)
Medium (EUR 6000 with scrapping)
High (EUR 10,000 with scrapping)

Incentive on utilisation (UTILINCENT)

None
Limited (in Italy, access and free parking in LTZs)
High (in Italy, access to bus lane, LTZs, free parking)

Range (with a single full refuel/recharge) (RANGE)

200 km
300 km
400 km
500 km
600 km
700 km
800 km
1000 km

Charging time (to recharge 50% of the battery)
(CHARGINGTIME)

2 h (slow charging)
1 h (accelerated charging)
30 min (fast charging)
15 min (ultra-fast charging)

Diffusion of infrastructure in public spaces (petrol stations,
parking, malls, etc.) equipped with charging
points (DIFFUSION)

Only home/work private charging
1 out of 5 (20%)
1 out of 2 (50%)
3 out of 4 (75%)
All (100%)

2.2. Stated Choice Survey

The SC survey was designed based on car-related attributes and their levels (Figure 1).
Respondents were asked to choose the car segment they were most likely to use or buy
at the beginning of the survey. Then, each respondent faced a series of choice situations
between two vehicle alternatives (A and B) and had to choose which car they would buy or
use. The alternatives were described using the values of attributes, which were adapted
based on the car segment selected by the user in the preliminary question. The interviewees
were requested to provide details of their socioeconomic characteristics.
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A B

\Vehicle typology _ BEV BIO-FUEL ICEV |
COSTS AND INCENTIVES
Purchase price 45,000€ 35,000€
Operating cost
ner 100 ki 3.38€ 4.6 €

10.000€ with scrapping
Incentives on purchase | _ (tobe deductegr None

from purchase price)
Incentives on

None None

utilization
'RECHARGING/REFUELING OPERATION.

400 km 800 km

Range with a single
recharge/refuel
Charging time

to recharge 50% of the battery

|ELECTRIC VEHICLES CHARGING INFRASTRUCTURE

1 hour Not Applicable

Diffusion in terms of public 3 OUT OF 4 (75%)

spaces equipped with charging

points. It describe the scenario in Scenario with 75% of public spaces
which to imagine buying the car (parking lots, malls, petrol stations, ...)
| (even if the vehicle is not electric) equipped with electric charging points |

Figure 1. Example of choice task in proposed web-based survey (levels refer to car segment C).

The design of the choice scenarios, developed as part of the INCIT-EV project, was
supported by Ngene 1.3 (ChoicheMetrics, Sydney, NSW), a software tool used to design
DCEs utilising various methodologies and settings. For this design, the method selected
was the Bayesian D-efficient fractional factorial design, setting 60 rows. Ngene was used
to manage various survey design features, including orthogonality (10 blocks added),
correlation structure, and the balance of attribute levels. The tool also ensured that the
combinations of attribute levels presented to participants were realistic by setting criteria
to exclude unrealistic combinations; for instance, the incentives for purchasing an ICEV
were limited and lower than those related to EVs. Participants had to imagine that they
were in the situation of having to purchase a new vehicle. Figure 1 provides an example
of a choice task presented to respondents, showing all details of options A and B. In the
questionnaire, attributes were expressed in commonly used units to help participants
better understand the differences among the options. However, during data analysis, these
units were converted to scale levels to facilitate the interpretation of the results after the
estimation process. Specifically, each attribute level was associated with coding to preserve
the linear and ordinal variation in attributes (for example, each price value is associated
with a corresponding code in units of EUR/EUR 10,000).

The distribution of the web-based survey was outsourced to a specialised agency
using appropriate panels of respondents in the European countries involved. Respondents
were rewarded for participating in the experiment. Data collection occurred in January
and February 2023 and included 16,735 responses from approximately 3350 users from
Italy, Spain, Estonia, and the Netherlands. The survey was translated into the official
languages of the four countries to ensure that participants could properly understand it.
This decision also impacted the number of countries chosen for the economic feasibility
of data collection. These countries were selected due to the presence of project partners
in the area and to explore different contexts in the spread of the EV market. For example,
it is known that e-mobility is more widespread in Nordic countries than in southern
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Europe, such as Spain and Italy, and users may have different perceptions of the factors
influencing their purchase choice. The respondents made choices based on their preferences,
considering the cost-related attributes, vehicle features, and policies discussed in Section 2.1.
Table 2 shows the main characteristics of the collected sample. The authors of [41] report
some preliminary statistical analysis results of the collected dataset before modelling and
the relationship between alternative preferences and socioeconomic characteristics. For
example, participants with a high income (above EUR 5000/ month) selected BEVs 40% of
the time when available among the alternatives, compared to only 30% for those having
an income lower than EUR 2000/month. A similar gap is observed when analysing the
variable related to respondents” education levels. Individuals with at least a high school
diploma tend to choose BEVs more frequently when offered (43%) than other respondents
(31%). In addition, the size of the user’s city of residence also seems to influence their
choices. Specifically, those living in small cities with fewer than 100,000 inhabitants chose
BEVs in only 30% of cases when offered, compared to 43% among the residents of cities
with over 500,000 inhabitants.

Table 2. Main socioeconomic features of collected sample.

Question Options % of Sample

Driving License No 14%
Yes 86%

. ) No 88%
Electric Vehicle Owners Yeos 12%
Charging Infrastructure Owners No o1

Yes 9%

Italy 25%

Country Spain 25%
Estonia 25%

Netherlands 25%

Not declared or non-binary 0.3%
Gender Male 45.4%
Female 54.3%

18-29 37%

30-39 27%

Age (years) 40-49 18%
50-59 12%

60-69 5%

70+ 1%

Urban 62%

Context Suburban 21%

Rural 16%

Very smalll city (less than 50,000 35%

inhabitants)

Small city (50,000-200,000) 28%

City size (CITYSIZE) Medium city (200,000-500,000) 19%

Medium-large City (500,000-1,500,000) 9%

Large city (more than 1,500,000) 8%
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Table 2. Cont.

Question Options % of Sample
<EUR 1000 11%
EUR 1000-2000 31%
EUR 2000-3000 24%
Income (per month) (INCOME) EUR 3000-4000 16%
EUR 4000-5000 8%
EUR 5000-7000 4%
EUR 7000-10,000 2%
>EUR 10,000 2%
Primary school 3%
Secondary school 19%
Education (EDUCATION) High school 39%
Bachelor degree 26%
Master’s degree 10%
Doctorate 3%

2.3. Discrete Choice Model's Formulation

The collected data were used to build and estimate different versions of DCMs. These
models were based on utility maximisation [42,43], in which users chose the alternative
with the highest perceived utility value. The proposed model includes six car powertrain
types in the set of alternatives. The utilities describe the value users ideally assign to each
alternative i when compared during the selection process. Perceived utility U; is composed
of a systematic component V; (usually obtained as a linear combination of attributes for
each alternative x;) and a random component, which can be expressed as follows:

U =Vi+e = Bx;+¢

where U; is the utility of alternative i, V; is the systematic part of utility, ¢; is the random
term, 3 is the vector of model parameters, and x; is the vector of attributes of alternative i.

Assuming the formulation of the MNL model, the estimate of probability p(i) related
to each alternative i can be obtained as a function depending on the associated utilities
from the defined set of choices:

(i) = exp(V))/Lexp (1)
]

The MNL model is a commonly adopted modelling option, but it has some limitations
that can be accepted according to the aim of the analyses. For example, this model assumes
that all individuals have the same preference coefficients for choice alternatives, thus ig-
noring behavioural heterogeneity among users. In addition, it does not consider possible
correlations among alternatives in the modelling process. To explore a more advanced mod-
elling approach that addresses these issues, the MXL model was chosen to account for user
behavioural heterogeneity. This approach investigates heterogeneity by assuming it affects
the systematic component of utility rather than the stochastic term, which can be analysed
using alternative methods [44]. Unlike the MNL model, which assumes independence
among errors and applies the IIAs (independence of irrelevant alternatives) property, the
MXL model allows for more realistic alternative relationships through a flexible stochastic
component [43]. This type of model, using numerical integration techniques such as Monte
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Carlo simulation, allows the accurate estimation of model parameters by including individ-
ual variability. User behavioural heterogeneity is captured by enabling coefficients to vary
randomly across individuals, and this flexibility helps mitigate covariance problems. This
is carried out by modelling selected parameters as random distributions [45,46], which can
be normal, log-normal, uniform, triangular, and other functions [44]. The probability that
an individual n chooses alternative i in the MXL model is given as follows:

ol e
pni) = [ T exp() L

where the following are defined:

o {(B|0) represents the probability distribution of random parameter f3;
e O represents the parameters of the random parameter distribution.

3. Results

Using the estimated MNL model (assuming preference homogeneity among users),
three explorative scenarios were investigated to understand the effects of specific attributes
included in the model in order to estimate user choices. The preference heterogeneity in user
choices was examined by estimating a random parameter model (MXL). The heterogeneity
was assumed to affect the systematic component of the utility by randomising three of
the selected factors. Finally, the sample’s variety was also investigated using a segmented
MNL model based on the three car type classes (seg. B subcompact, seg. C compact, and
seg. D/E mid-size/ large).

3.1. Multinomial Logit Model

The MNL model was specified and estimated based on data collected with the SC
survey, shown in Section 2.2, and the model formulation in Section 2.3. Additionally, a
direct measure derived from the estimated parameters is presented in Section 3.1.2. In
fact, the willingness-to-pay (WTP) analysis on the RANGE parameter was included to
determine how much users are willing to pay for an increase in vehicle autonomy, which is
a key factor for adopting BEVs.

3.1.1. Model Specification and Estimation

A fundamental step in model building involves specifying the model by selecting a
linear combination for the systematic utilities associated with each alternative, including its
key attributes. The definition and description of each variable are included in Section 2.1,
and the detailed levels for vehicle-related attributes are reported in Table 1. The socioeco-
nomic variables included were CITYSIZE (five levels based on the number of inhabitants),
EDUCATION (six levels based on educational level), and INCOME (monthly income in
EUR, eight levels) (see Table 2 for the details). For the proposed model, the utilities were
defined as follows:

Vice = ASCicg + ﬂpn-ce X price;cp + Bopercost X Opercost g + ﬁpuychimm X purchincent -

Viioice = ASCgioicke + Bprice X Pricegioicg + Bopercost X 0percostgiocp + Bpurchincent X purchincentp o cp + Butitincent X utilincentgorce

ViraNGv = ASCLpGNGV + Bprice X Price pongy + Bopercost X 0percost; pongy + Bpurchincent X purchincent; pongy + Butitincent X utilincentypongy

Vuevy = ASCHEV + Bprice X Priceypy + Bopercost X 0percost ypy, + ‘Bpu,ch,»nmt x purchincent gy + Butitincent ¥ utilincentygy

Veuey = ASCpHEV + Bprice X Pricepypy + Bopercost X 0percostpyey + Bpurchincent X purchincentpyey + Butitincent X utilincentpypy

+Beitysize X Citysize + Beducation X education + Bincome X income
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VBEV = nBl’rin x priceBEV + :BUPL’VCDSt X OperCOStBEV + :Bpurchincenf X purChincentBEV + ,Butilincfnt X utilincentBE\/ + .Bchargingtime X chm/gingtimeBEV

+,5range X rangegpy + ,Bcilysize X citysize + Beogycation X education + Biycome X income

The model was estimated using Biogeme 3.2.10, an open-source Python package
designed for the maximum likelihood estimation of parametric models, particularly DCMs.
This tool allows for the estimation of the B-parameters of the model according to a defined
specification, formulation, and dataset. Table 3 presents the estimation results.

Table 3. Estimated -parameters of MNL model and main goodness-of-fit indicators.

[3-Parameter Value Rob. Std Err Rob. t-Test Rob. p-Value
ASC_1 (ICEV) 1.16 0.142 8.2 222 x 10716
(B?SI((::—EZV) 0.78 0.14 5.57 2.56E-08

(L?éﬁé\/) 1.45 0.141 10.3 0
ASC_4 (HEV) 1.31 0.138 9.53 0
ASC_5 (PHEV) 0.82 0.0917 8.94 0

B_CHARGINGTIME  0.0064 0.00921 0.695 0.487
B_CITYSIZE 0.0606 0.0243 2.49 0.0127
B_EDUCATION 0.028 0.029 0.964 0.335
B_INCOME 0.0516 0.0194 2.66 0.00775
B_OPERCOST —0.062 0.00729 —8.51 0
B_PRICE —0.176 0.029 —6.06 1.38 x 1077
B_PURCHINCENT 0.0345 0.0133 2.6 0.00936
B_RANGE 0.139 0.0193 7.21 5.78 x 10713
B_UTILINCENT 0.0424 0.0196 2.16 0.0307

Sample size: 12,064; null log-likelihood: —8362.128; final log-likelihood: —8034.407; BIC: 16,200.39.

Considering the statistics computed for the obtained solution, all the estimated param-
eters are coherent with the expected signs. Indeed, it is possible to observe the negative
values of parameters associated with costs, such as OPERCOST or PRICE. In contrast,
positive values are exhibited in PUCHINCENT, UTILINCENT, INCOME, EDUCATION,
and RANGE. All the attributes are statistically significant, except for the charging time
attribute (CHARGINGTIME), which exhibits the lowest estimated value (close to zero and
positive sign consistent with the expectations) and the minimum absolute value of the f-test
indicators. This attribute is not related to charging infrastructure but is used to approximate
the maximum vehicle charging power. As shown in Figure 1, it was presented in the
questionnaire as the time needed to charge 50% of the battery in order to facilitate user
responses. The attribute was included in the model to explicitly consider this factor, which
is commonly used in the literature, and highlight its negligible weight in car adoption
preferences as observed during the survey.

In contrast, the attribute related to charging infrastructure diffusion (DIFFUSION),
which was initially included in the initial model’s specification, was excluded from the
final version of the model because its associated parameter exhibited low significance
(the observed t-test value was approximately 0.54, with a standard error larger than the
estimated parameter, and it was significantly lower than one, which is typically considered
as the threshold). Moreover, the negative sign estimated, disagreeing with the expectations,
confirmed this modelling decision. This parameter is not directly related to a technical
characteristic of the vehicle but rather to the charging infrastructure. During the survey,
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the percentage of public spaces equipped with infrastructure was presented (Figure 1),
and the dataset analysis in [41] shows how this variable exhibits unexpected behaviour.
Indeed, while preferences for BEVs increase as expected with moderate levels of public
charging infrastructure availability, they decrease significantly and unexpectedly when
the availability reaches higher levels. These results suggest that maybe the levels of this
attribute were not clearly described and highlight potential issues in the survey that would
require further investigation. For these reasons, this attribute related to the diffusion
level of charging infrastructure was excluded from the final version of the model. The
estimated parameters of the MNL model shown in Table 3 were obtained with a new model
estimation method that did not include DIFFUSION in the parameter’s list. However,
estimating the model by excluding a parameter included in the choice tasks could impact
the values of other parameters as it might consider, albeit minimally, the effects. Indeed,
the decision process of some users, even if marginally given the obtained results, may
have been influenced by this variable, and this effect could affect the estimation of the
other parameters included in the model. Nevertheless, its exclusion was deemed preferable
based on the considerations mentioned above.

3.1.2. WTP Analysis for Vehicle Range

Estimating model parameters renders conducting analyses that provide a deeper
understanding of user preferences possible. Among these, the WTP is a key metric that
quantifies the amount consumers are willing to pay for specific improvements in product
attributes. This measure is particularly important as it helps assess users’ values with
respect to different features, guiding product development and pricing strategies [47]. In
this analysis, we focus on evaluating the WTP for enhancements in the range of autonomy
of EVs [21]. The RANGE factor was chosen for this analysis because the limited perceived
range is one of the main barriers to the adoption of EVs, directly affecting consumer
confidence and choice. Unlike other attributes, range affects daily usability and overall
vehicle value perception, making it a critical factor in EV adoption. The WTP for each unit
of increase in range is calculated as a ratio between the coefficient of the variable of interest
(B_range) and the coefficient for price (3_price), considering the unit measures assumed
for the variables in the estimation process. The calculation of WTP with the ratio of the
selected attribute parameter to the estimated marginal utility of income, i.e., the negative
price parameter, is possible because the utility considered is linear [47]. This evaluation
assumes the homogeneity of user preferences:

ﬁmnge (0139)
WTP = — =—
,Bprice (_0'176)

102%€ €
=0.789 [km} =789 =

To account for the uncertainty associated with the estimate, the standard error (SE) of
the WTP was calculated as follows:

2 2
SE(WTP) = (Wmnge)) + (ﬁmnge X SE(ﬁprice))

. 2
IB price ,Bprice

The estimated standard error of the WTP is 16.9. To provide a range of truthful values
for the WTP, a 95% confidence interval was computed:

WTP =789 +16.9 i
km

The calculated WTP value represents the price range that users are willing to pay to
increase the vehicle’s autonomy range. The obtained result is, on average, consistent with
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similar estimated values in the literature, ranging from values exceeding EUR 100/km,
particularly in northern European countries [48,49], to slightly below EUR 40/km [21,22].
The result obtained is, therefore, intermediate to these extreme values in the literature. The
WTP can offer valuable insights for pricing strategies and EV development by highlighting
consumers’ importance relative to range autonomy.

3.2. Investigation of the Effect of Attributes on Users’ Behaviour

Despite the positive results related to the estimated (3-parameters, a possible model
limitation is that EVs have limited diffusion in the market. Therefore, collecting data
with revealed preferences (RPs) was not useful. It is challenging to gather meaningful
insights about their typical features from actual market data, and as is the case in this
study, datasets collected by an SC survey are frequently considered. However, there may
be disparities between respondents’ stated preferences and their actual behaviour in real
market situations [50]. This bias could be particularly pronounced in decisions regarding
EV adoption because many consumers may not be familiar with EV alternatives or their
unique characteristics. Moreover, considering the limited time budget during surveys,
providing a full description of EVs to respondents was not feasible. Taking into account
the possible bias, the proposed model was applied to explain the effect of variations in
specific attributes on user choices rather than to predict the share of EVs in future scenarios.
Research relying on stated preference data is considered less reliable for estimating market
share. However, it can still offer valuable insights into the relative significance of various
decision-making factors [40,51]. The estimated model was applied to selected scenarios
to test it, highlighting the effect of city-related factors on the car powertrain-type choice
(Section 3.2.1). A sensitivity analysis was performed in a typical city, thus blocking context-
related factors, to investigate the effects of possible incentive and disincentive policies
(Section 3.2.2) and market changes in electricity and fuel costs (Section 3.2.3).

3.2.1. Effect of Geographical and Socioeconomic Conditions

The proposed application compares how the choice among six powertrain alternatives
may change under several geographical conditions. These differ based on the size of
the city and two specific population features, namely, education and income. For this
purpose, three hypothetical contexts with different city and population characteristics were
considered (Table 4. Characterisation). The geographical conditions were designed by
assuming a joint increase in the values associated with the connected attributes in order to
limit the number of presented cases and explore reasonable and consistent scenarios.

Table 4. Characterisation of charging features among defined geographical conditions.

Geographical Conditions City Size Education Income [EUR/Month]
C1 very large medium-high 30004000
C2 medium medium 2000-3000
C3 very small medium-low 10002000

With the values of the other attributes required for the estimation maintained constant,
the model was applied to the three presented geographical conditions. Figure 2 exhibits
the simulation results. According to expectations, the analysis shows that inhabitants of
larger cities are more inclined to adopt cars equipped with electric powertrains (PHEV or
BEV) than those of a medium or small city. A stated preference for LPG/NGVs is clear
from Figure 2 in all geographic contexts analysed, and this is probably because the category
includes more types and often presents helpful conditions, especially from an economic
point of view.
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Figure 2. Distribution of powertrain adoption preferences for different geographical conditions.

3.2.2. Effect of Purchase and Utilisation Incentives

For each geographical condition, a sensitivity analysis was conducted to investigate
the influence of specific policies or powertrain attributes on the purchase of EVs. For this
purpose, three incentive scenarios were assumed in one defined geographical context. In
particular, to analyse the role of incentives, the previously defined geographical context
“C2” was considered to represent a common situation in Europe (average wages in Euro
Area: EUR 2066/ month; average city size: 228,970 inhabitants [52]): medium-sized city
(200,000-500,000 inhabitants) and standard levels of education and income of the popula-
tion. Powertrain-type-related attributes, such as price and operative costs, were included
with standard and fixed values. Four scenarios were defined for this specific application:

e  The baseline scenario does not include any incentives or disincentives.

e  The scenario “Inc_purch” includes a disincentive (taxes) on purchase for ICEVs and
economic incentives of different levels for HEVs (limited), PHEVs (medium), and
BEVs (high).

e  The scenario “Inc_util” provides incentives during use. PHEVs are encouraged with
incentives, such as access to and parking in LTZs, while BEVs also have access to bus
lanes and free parking.

e The scenario “Inc_purch+util” combines the incentives of the two previously
described scenarios.

Considering the built scenarios, the model was evaluated for its ability to respond to
these actions. The impact of incentives increases the preferences for PHEVs and BEVs by
1% and decreases the adoption of ICEVs by up to —1.2%. Analysing the variation compared
to the base scenario in more detail (Table 5), the impact of purchase incentives is greater
than that of utilisation incentives for electrified powertrains. The effects of both incentive
strategies are different for BEVs and hybrid solutions: The discount for purchase produces
the same result (+0.5%) even if the discount level is different, whereas the different incentive
levels for use produce different benefits (+0.4% for BEVs, +0.1% for PHEVs, and negative
for HEV). Regarding policymaking, the cost of introducing bonuses for utilisation could be
much lower and, in any case, would produce an increase of almost one percentage point in
the choice of BEVs.
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Table 5. Variation in adoption preferences in different incentive scenarios compared to baseline

scenario.
Alternatives ICEV BIOICEV LPGNGV HEV PHEV BEV
Baseline [p(i)] 20.7% 14.6% 23.4% 19.5% 14.1% 7.7%
Inc_purch [Ap(i)] —0.9% —0.2% —0.3% 0.4% 0.5% 0.5%
Inc_util [Ap(i)] —0.1% —0.1% —0.2% —0.1% 0.1% 0.4%
Inc_purch-+util [Ap(i)] —1.2% —0.4% —0.6% 0.2% 0.9% 1.0%

3.2.3. Effect of Fuel and Energy Costs

The operating costs in the model only consider fuel, electric energy, or a mixture of both
depending on the vehicle type. However, they are used to investigate the effects of possible
variations in market prices for vehicle power supply by setting the operating cost attribute
value. In geographical condition “C2”, the explorative scenarios were analysed to evaluate
the effect of an increase in fuel cost (“Op_fuel+”) and in electricity cost (“Op_energy+"). As
expected, the increase in the cost of fuel increased the choice of electric-powered vehicles
by 1%, whereas a decrease in traditional engine use is more moderate at approximately
0.5% (Table 6). In the scenario “Op_energy+”, the increased cost of electricity has a smaller
positive effect on the share of ICEVs. The impact of increased operational costs on PHEVs
is particularly interesting. It might be expected that the impact on PHEVs would be similar
because of their dependence on both energy sources. In contrast, fluctuations in fuel costs
reveal their importance concerning energy-related issues. The change in fuel costs caused
an increase of 1% compared to a decrease of 0.6% caused by an increase in electricity costs.

Table 6. Variation in adoption preferences under different operative cost conditions compared to
baseline scenario.

Alternatives ICEV BIOICEV LPGNGV HEV PHEV BEV
Baseline [p(i)] 20.0% 13.7% 24.5% 19.5% 15.2% 7.2%
Op_fuel+ [Ap(i)] —0.5% —0.4% —0.6% —0.5% 1.0% 1.0%

Op_energy+ [Ap(i)] 0.4% 0.3% 0.5% 0.4% —0.6% —0.9%

3.3. Estimation of Random Parameter Model

The analyses presented in Section 3.2 are based on the multinomial formulation in
3.1, which neglects behavioural heterogeneity among individuals. A more complex mod-
elling formulation (MXL) was estimated to explore this aspect. This model type considers
randomness in one or more parameters, represented by probability density functions. In
this case, initially, a normal distribution was adopted, and to select the parameters to be
randomised, experiences reported in the literature were first used, supported by an iterative
process of testing the variables and keeping fixed parameters that reduced their significance
when randomised. Indeed, to limit the computational time, not all parameters can be set
as random (more than 6 h, Table 7). These evaluations were conducted by observing the
robust t-test and robust p-value values associated with the mean and standard deviation of
the random parameters.

The final selection of randomisation is for the parameters “OPERCOST,” associated
with changes in fuel and electricity costs; and “PURCHINCENT” and “UTILINCENT”,
associated with incentive policies. This approach highlights the heterogeneity of users
that impact the choices considering these factors. The parameters of the MXL model were
estimated by assuming the formulation presented in Section 2.3 using the Monte Carlo
simulation technique. Specifically, the estimation was iterated several times by increasing
the number of draws for numerical simulations until a stable solution was reached (in
this case, 2000 draws). The increase in the number of draws assumed for Monte Carlo
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simulations results in a consequent increase in the computational time. The use of a
normal distribution as a random function aimed to observe the behaviour of the parameter
with greater flexibility. To further refine the estimation of the MXL model, an additional
experiment was conducted by adopting a truncated normal distribution for the parameter
OPERCOST. This approach ensures the negativity of the estimated parameter, aligning
with the expectation that users should perceive costs negatively. This adjustment reflects
the intuitive understanding that users consistently associate costs with a disutility. Table 7
shows the estimated parameters of the MXL formulation with an increasing number of
draws, different random parameter distributions assumed, and a comparison with previous
MNL results.

Table 7. Estimated parameters for MNL and MXL models with a different number of draws.

MXL (OPERCOST

MXL MXL Distributed Using

MNL

(Draws = 1000)

(Draws = 2000)

Truncated Normal)
(Draws = 2000)

B-parameter

Par. value (t-test)

Par. value (t-test)

Par. value (t-test)

Par. value (t-test)

ASC_1 1.16 (8.2) 1.32 (7.21) 1.28 (7.09) 1.28 (6.66)
ASC_2 0.78 (5.57) 0.894 (5.17) 0.863 (5.09) 0.852 (4.93)
ASC_3 1.45 (10.3) 1.66 (8.36) 1.61 (8.11) 1.62 (7.33)
ASC_4 1.31 (9.53) 1.5 (8.01) 1.46 (7.78) 1.45 (7.25)
ASC_5 0.82 (8.94) 0.951 (7.32) 0.92 (7) 0.911 (6.47)
B_CHARGINGTIME 0.0064 (0.695) 0.00682 (0.62) 0.00742 (0.692) 0.00951 (0.836)
B_CITYSIZE 0.0606 (2.49) 0.068 (2.42) 0.0661 (2.42) 0.0662 (2.4)
B_EDUCATION 0.028 (0.964) 0.0346 (1.02) 0.0339 (1.02) 0.0365 (1.06)
B_INCOME 0.0516 (2.66) 0.0562 (2.48) 0.0542 (2.46) 0.0534 (2.45)
B_OPERCOST_mean —0.062 (—8.51) —0.0745 (—6.49) —0.0727 (—6.24) —0.195 (—2.99)
B_OPERCOST _std - 0.172 (2.52) 0.166 (2.26) 0.336 (1.91)
B_PRICE —0.176 (—6.06) —0.197 (=5.75) —0.192 (—5.67) —0.19 (—5.56)
B_PURCHINCENT_mean 0.0345 (2.6) 0.0391 (2.43) 0.0389 (2.47) 0.0398 (2.46)
B_PURCHINCENT _std - —0.18 (—1.62) 0.114 (0.72) —0.002 (—0.016)
B_RANGE 0.139 (7.21) 0.16 (6.42) 0.155 (6.24) 0.153 (5.95)
B_UTILINCENT_mean 0.0424 (2.16) 0.0414 (1.75) 0.0417 (1.83) 0.0439 (1.89)
B_UTILINCENT _std - —0.375 (—1.76) —0.287 (—1.11) —0.147 (—1.89)

Sample size = 12,064

11(0) = —8362.128

11(f) = —8034.407

11(f) = —8031.116

11(f) = —8030.907

11(f) = —8033.159

Optimisation time:

0:00:04 h

2:01:07 h

4:00:34 h

6:43:46 h

3.4. Modelling Choice Including Car Market Segmentation

As mentioned, at the beginning of the survey, before the SC answers, users were
first asked to choose the vehicle category they were interested in; then, the key features
of all alternatives proposed in the DCE were adapted to the selected class (for example,
purchase price). Therefore, the effect of heterogeneity on the perception of users interested
in different car market classes may be included in modelling to better analyse their choices
using the class-based segmentation of observations.

The class-segmented model is based on the MNL formulation proposed in
Section 2.2, with the nine parameters estimated independently for each car market seg-
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ment (B—subcompacts, C—compacts, and D-E—mid-size and large). The Biogeme Python
package applies segmentation to the selected model.

Figure 3 shows the estimated parameters in the disaggregated model compared with
the aggregated versions (MNL and MXL). The parameters related to costs (B_PRICE,
B_PURCHINCENT, and B_UTILINCENT) exhibited meaningful differences among the
three car segment classes. Whereas the operative cost-related parameter (B_OPERCOST)
values are similar, the price strongly influences the segment B vehicle class according to
expectations. Indeed, buyers of small cars may be more interested in saving money than
buyers who prefer executive cars. For the same reason, segment B’s parameter related to
purchase incentives is still higher. In contrast, utilisation incentives have a greater effect
on segment D-E buyers, who may be more interested in comfort and extra services (bus
lane access and parking in LTZs). The segmented model based on vehicle classes and the
MXL model presents different parameter variabilities, thus showing user heterogeneity.
For example, the price attribute (B_PRICE) shows considerable variability among the
three segments, but this was not significant in the randomisation of the MXL model.
The more complex MXL model captures sample heterogeneity, while the simpler MNL
model segmentation succeeds in focusing on differences in the choice of specific classes
of users. The two approaches thus result in two different outcomes depending on the
objective chosen.

| ey i ke e .
0 i
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0.028 0.052 -0.062 -0.176 0.035 0.139 0.042
0.037 0.053 -0.195 -0.190 0.040 0.153 0.044

Figure 3. Estimated 3-parameters of aggregated (MXL and MNL) and disaggregated models (SEG B,
SEG C, and SEG DE).

The segmented model was then applied to test the effect of selected classes on vehicle
adoption preferences. This application requires knowledge of the attribute values for all
considered car market segments, which could discourage replicability in other contexts.
For this reason, analyses on the aggregate MNL model, such as those related to the impact
of incentives or fluctuations in fuel costs, were not replicated with the disaggregated model.
Instead, a decision was made to conduct an analysis related to the estimates obtained for the
different classes of vehicles, assuming two extreme contexts and attribute sets. Thus, two
scenarios were defined: a worst case where geographic conditions (city size and population
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features) and other factors such as operating costs and incentives were unfavourable to
BEV adoption, and a best case where, on the contrary, attribute set levels would push
the choice toward electric vehicles. Figure 4 shows the results for the three market class
segments. Segment D-E buyers are more inclined to adopt an EV, whereas segment B users
tend to adopt more traditional engines in unfavourable and favourable contexts. Users
who chose the middle car segment (C) have preferences similar to those of the D-E class in
the unfavourable scenario, while they differ more in the favourable scenario.
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= 20% i 20% ‘ -
= £ | |
15% | = 15% |
I e |
H . | |
5% ‘ ‘ - 5% ‘ ‘ ‘ I
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mSEGB mSEGC mSEGD-E mSEGB mSEGC mSEGD-E
@) (b)
Figure 4. Vehicle adoption preferences for market class segment in unfavourable (a) and favourable
(b) BEV cases.

4. Discussion and Conclusions

A DCM is estimated to analyse the role of different factors in users’ choices for adopting
EVs, with a choice set of six powertrains (ICEVs, BIOICEV, LPG/NGYV, BEV, PHEV, and
HEV). Using these specific alternatives ensures a comprehensive set of choices aligned
with the market to enhance the realism of the scenarios presented to respondents. Several
typical attributes are included, such as range, price, and the characteristics of the urban area,
including city size, average income, and education. The parameter related to the maximum
car charging power presented by the minimum charging time (CHARGING) shows the
lowest estimated and minimum absolute t-test values. This commonly used and relevant
factor in the literature has no significant effect on the dataset used in this study. This result
can be interpreted by analysing certain contextual elements. For example, a correlation
between the vehicle’s purchase price and the market class is possible. Higher-end vehicles
usually offer lower charging times. Since the attribute levels were adjusted to the realistic
values based on the chosen vehicle class, the charging time value may have been less
influential for the respondents. Furthermore, the charging time, although related to the
vehicle’s performance, is more linked to charging infrastructure. The respondents perhaps
tend to underestimate this parameter’s importance because of their limited access to high-
power charging networks. A greater diffusion of high-powered charging infrastructures
enabling vehicle-charging capabilities could influence users’ perception of this attribute.
The supply of charging infrastructure deserves in-depth analyses, in addition to the users’
charging behaviours and preferences, and it is a subject of other ongoing studies. Charging
preferences regarding power and location must be analysed to properly guide policymakers
in their charging infrastructure network design process.

The effect of some parameters was investigated in detail with three applications of the
estimated MNL model. The first application was conducted by assuming three geographic
contexts to investigate the effects of city-related attributes (population size, average income,
and level of education) on EV adoption. These characteristics significantly influence the
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diffusion of EVs. Large cities with a population with high income and education provide
a favourable environment for electrified mobility, as expected. This result highlights
how the geographic context, which is synthetically defined by city size, income level,
and the average education level of the population, influences users’ choices, and thus
should be considered during policy definitions aimed at incentivising the adoption of
EVs. Then, the model was tested in an average geographic context, a medium-sized city
with a medium-income and educated population, to assess the effect of purchase and
utilisation incentives (free access to restricted zones of the city and free parking). The effect
of utilisation incentives is not the same for three electric powertrains (HEV, PHEV, and
BEV), which are realistically effective only for BEVs. Significant and variable changes in
electricity and fuel costs have been observed in recent years. The application of this model
allows the exploration of scenarios that consider changes in the market costs of vehicle
fuels. Increasing fuel costs appear to have a greater effect than changes in electricity costs.
This result may suggest that policies that disincentivise the use of fossil fuels may be more
effective in pushing toward the adaptation of EVs.

The MNL model is an easily interpretable modelling option that assumes that all
individuals have the same preference coefficients for choice alternatives, thus ignoring user
behavioural heterogeneity. To explore a more advanced modelling approach to address
these issues, an MXL model was estimated. Incentives (for use and purchase) and operating
costs are the three parameters that showed significance after randomisation. Although the
MNL model has this limitation, it enables segmented analysis by dividing users into classes
according to a specific characteristic. Vehicle adoption preferences can vary among the
three market class segments included in the experiment (subcompact, compact, and large
cars). According to the MNL model with car market segmentation, higher segment users
are more interested in purchasing BEVs than the lower segment, which prefers traditional
powertrains. In addition, the weight of some factors analysed changes greatly among the
three vehicle market segments. For example, the weight of the purchase price is much more
influential for users who typically choose vehicles from the cheapest considered segment
(B). Participants who choose high-class (seg D-E) vehicles give greater weight to incentives
for use, and vice versa, they are not influenced by purchase price benefits. This result
shows, as in the case of the geographical context, that the type of car segment should be
considered to define targeted and, consequently, more effective incentive policies. The
two methods that investigate sample heterogeneity allow different results based on the
chosen objective. In particular, the MXL model is a tool that captures the dispersion of
preferences within the sample of users, assuming random distributions for the parameters
used in the linear function of the systematic utility. Meanwhile, the simpler MNL model’s
segmentation highlights differences in the choices estimated for predefined user groups.
This dual analysis of user heterogeneity, with different complexities and outcomes, can
provide a new and useful contribution to EV adoption research as it shows the versatility
of methodologies and increases their replicability. The proposed MXL model allows for the
investigation of heterogeneity affecting the systematic component of utility by randomising
a subset of coefficients (incentives and operating costs). Other methodologies analyse
instead the heterogeneity related to the stochastic component of utility, which does not
emerge in the MXL model [44]. The results obtained with the MXL model may differ
and have different policy implications from models that analyse stochastic heterogeneity.
The easily interpreted and applicable MXL model may not consider all variabilities in
individuals’ choices, which are also caused by variations that cannot be explained by the
observable variables included in the systematic term of the utility. The estimated model
analysing heterogeneity for the large dataset collected allows for good robustness and
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reliability, but it also requires significant computational time, which was contained by
limiting the selection of parameters to be randomised to three.

The estimated DCMs evaluate the effects of the main vehicle characterising factors
in users’ choices in four European countries for adopting different powertrains. This
can provide a synthetic understanding of relevant aspects influencing decision-making,
which can support the development of targeted policy recommendations. The weights and
attributes of the proposed models derive from user choices, and thus show the possible
elements that can be used to guide policy choices. Indeed, defining and applying fixed
policies that can be generalised to different contexts are not recommended. However,
investigating the role of factors, including socioeconomic features, in a modelling approach
can provide flexibility for identifying the set of actions with the expected effects consistently.

Future research, starting with the models obtained in this analysis, could investigate
in more detail the applicability and design of incentive and disincentive (push and pull)
policies in various typical contexts. The supply of charging infrastructure deserves in-
depth analysis, in addition to the users’ charging behaviours and preferences, which are
investigated in other ongoing studies. New technological opportunities, including vehicle-
to-grid (V2G) solutions, were not investigated in this survey but could have a specific effect
on user choices. V2G technology can accelerate EV adoption because it can change the
business model [21]. In fact, V2G technology allows EVs to communicate with the power
grid to draw electricity for charging or to deliver stored energy to the grid. Bi-directional
energy flow allows EVs to act as mobile energy storage units, enabling advantages for
operators and better electricity tariffs for the user. Moreover, V2G improves the stability of
the power grid by ensuring the resilience of charging points.

In addition, technological car improvements toward vehicle automation enable more
optimised driving styles that can reduce energy consumption. These more virtuous driving
behaviours can increase a vehicle’s driving range, which was found to be an influential
factor in EV adoption in our analysis.
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Appendix A

Table 1. Literature review analysis (MNL = multinomial logit; ML = mixed logit; LC = latent class; RPL, RPM = random parameters logit; ICLV = integrated choice

and latent variable).
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53 ML LCM X X X X X X X
7] MNL LCM X X X X X X X X Replaceable battery, V2G availability
8] ML LCM X X X X X X X X
20 ML X X X X X X X X X Acceleration
24 ML X X X X X X Smart car options
27| ICLV X X X X X X Risk aversion
cluster-
[4] based-MNL ML X x HFCV
54] RPM LCM X X X X X X X X Depreciation rate; carbon trading income; Brand
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13 BN X X X X Restriction’s policy
371 X X X X X X X Vehicle value after 3 years
5] ML X X HFCV X X X X X X
12 LCM LM X X HEV X X X X Risk aversion
21 ML X X X X X V2G availability
18 ML X X X X X X X X X X
19 LCM X X X X X X X X Power
55 ML X X X X X X X
56 ML X X X X X X X Maximum speed; Observability




Future Transp. 2025, 5, 16 22 of 24

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

The European Green Deal; Vol. COM(2019) 640 final; European Environment Agency: Seoul, Republic of Korea, 2019.

European Automobile Manufacturers” Association (ACEA). Vehicles in Use Europe 2022; European Automobile Manufacturers’
Association (ACEA): Seoul, Republic of Korea, 2022.

European Environment Agency New Registrations of Electric Vehicles in Europe. Available online: https:/ /www.eea.europa.eu/
en/analysis/indicators/new-registrations-of-electric-vehicles (accessed on 22 January 2025).

Lashari, Z.A.; Ko, J.; Jung, S.; Choi, S. Choices of Potential Car Buyers Regarding Alternative Fuel Vehicles in South Korea: A
Discrete Choice Modeling Approach. Sustainability 2022, 14, 5360. [CrossRef]

Moon, S; Lee, J.; Choi, H.; Woo, J. Impact of Energy Production Mix on Alternative Fuel Vehicle Adoption in Korea. Transp. Res.
Part D Transp. Environ. 2022, 105, 103219. [CrossRef]

Li, Z,; Fan, H.; Dong, S.; Liu, D. Green Premium Modeling Based on Total Cost Ownership Analysis: From the Chinese Electric
Vehicle Sales Forecasting Perspective. . Clean. Prod. 2023, 430, 139679. [CrossRef]

Han, H.; Sun, S. Identifying Heterogeneous Willingness to Pay for New Energy Vehicles Attributes: A Discrete Choice Experiment
in China. Sustainability 2024, 16, 2949. [CrossRef]

Jia, W,; Chen, T.D. Investigating Heterogeneous Preferences for Plug-in Electric Vehicles: Policy Implications from Different
Choice Models. Transp. Res. Part A Policy Pract. 2023, 173, 103693. [CrossRef]

Ling, Z.; Cherry, C.R.; Wen, Y. Determining the Factors That Influence Electric Vehicle Adoption: A Stated Preference Survey
Study in Beijing, China. Sustainability 2021, 13, 11719. [CrossRef]

Lodhia, S.K.; Rice, J.; Rice, B.; Martin, N. Assessment of Electric Vehicle Adoption Policies and Practices in Australia: Stakeholder
Perspectives. J. Clean. Prod. 2024, 446, 141300. [CrossRef]

Belgiawan, P.F.,; Dharmowijoyo, D.B.E.; Novizayanti, D.; Farda, M.; Prasetio, E.A.; Dirgahayani, P. Does Range or Fiscal Policies
Matter on EV Adoption in Jakarta Metropolitan Area? Transp. Res. Interdiscip. Perspect. 2024, 23, 101027. [CrossRef]

Oryani, B.; Koo, Y.; Shafiee, A.; Rezania, S.; Jung, J.; Choi, H.; Khan, M.K. Heterogeneous Preferences for EVs: Evidence from Iran.
Renew. Energy 2022, 181, 675-691. [CrossRef]

Lu, T; Yao, E.; Jin, E; Pan, L. Alternative Incentive Policies against Purchase Subsidy Decrease for Battery Electric Vehicle (BEV)
Adoption. Energies 2020, 13, 1645. [CrossRef]

Cagliano, A.C.; Mangano, G.; Rafele, C.; Carlin, A. Lithium-Ion Battery Procurement Strategies: Evidence from the Automotive
Field. IFAC-Pap. 2020, 53, 12688-12694. [CrossRef]

Du, Z.; Zhang, G.; Lin, B. Exploring Vehicle Preference Dynamics: Analyzing the Influence of Oil Price Volatility on Consumer
Car Purchase Decisions—A Comparative Survey Experiment. Energy Oxf. 2024, 312, 133616. [CrossRef]

Kaufmann, R.K. Energy Price Volatility Affects Decisions to Purchase Energy Using Capital: Motor Vehicles. Energy Econ. 2023,
126, 106915. [CrossRef]

Abotalebi, E.; Scott, D.M.; Ferguson, M.R. Why Is Electric Vehicle Uptake Low in Atlantic Canada? A Comparison to Leading
Adoption Provinces. |. Transp. Geogr. 2019, 74, 289-298. [CrossRef]

Qian, L.; Huang, Y.; Tyfield, D.; Soopramanien, D. Dynamic Consumer Preferences for Electric Vehicles in China: A Longitudinal
Approach. Transp. Res. Part A Policy Pract. 2023, 176, 103797. [CrossRef]

Rommel, K.; Sagebiel, J. Are Consumer Preferences for Attributes of Alternative Vehicles Sufficiently Accounted for in Current
Policies? Transp. Res. Interdiscip. Perspect. 2021, 10, 100385. [CrossRef]

Jia, W.; Jiang, Z.; Wang, Q.; Xu, B.; Xiao, M. Preferences for Zero-Emission Vehicle Attributes: Comparing Early Adopters with
Mainstream Consumers in California. Transp. Policy 2023, 135, 21-32. [CrossRef]

Philip, T.; Whitehead, ].; Prato, C.G. Adoption of Electric Vehicles in a Laggard, Car-Dependent Nation: Investigating the Potential
Influence of V2G and Broader Energy Benefits on Adoption. Transp. Res. Part A Policy Pract. 2023, 167, 103555. [CrossRef]
Danielis, R.; Rotaris, L.; Giansoldati, M.; Scorrano, M. Drivers’ Preferences for Electric Cars in Italy. Evidence from a Country
with Limited but Growing Electric Car Uptake. Transp. Res. Part A Policy Pract. 2020, 137, 79-94. [CrossRef]

Sousa, N.; Almeida, A.; Coutinho-Rodrigues, J. A Multicriteria Methodology for Estimating Consumer Acceptance of Alternative
Powertrain Technologies. Transp. Policy 2020, 85, 18-32. [CrossRef]

Kim, J.; Seung, H.; Lee, J.; Ahn, J]. Asymmetric Preference and Loss Aversion for Electric Vehicles: The Reference-Dependent
Choice Model Capturing Different Preference Directions. Energy Econ. 2020, 86, 104666. [CrossRef]

Beak, Y,; Kim, K.; Maeng, K.; Cho, Y. Is the Environment-friendly Factor Attractive to Customers When Purchasing Electric
Vehicles? Evidence from South Korea. Bus. Strategy Environ. 2020, 29, 996-1006. [CrossRef]

Choi, H.; Shin, J.; Woo, J. Effect of Electricity Generation Mix on Battery Electric Vehicle Adoption and Its Environmental Impact.
Energy Policy 2018, 121, 13-24. [CrossRef]

Kumar, RR; Raj, A.; Sharma, P. Heterogeneity in Electric Vehicle Adoption: Indian Consumer Preferences. IEEE Trans. Eng.
Manag. 2024, 71, 10833-10845. [CrossRef]


https://www.eea.europa.eu/en/analysis/indicators/new-registrations-of-electric-vehicles
https://www.eea.europa.eu/en/analysis/indicators/new-registrations-of-electric-vehicles
https://doi.org/10.3390/su14095360
https://doi.org/10.1016/j.trd.2022.103219
https://doi.org/10.1016/j.jclepro.2023.139679
https://doi.org/10.3390/su16072949
https://doi.org/10.1016/j.tra.2023.103693
https://doi.org/10.3390/su132111719
https://doi.org/10.1016/j.jclepro.2024.141300
https://doi.org/10.1016/j.trip.2024.101027
https://doi.org/10.1016/j.renene.2021.09.071
https://doi.org/10.3390/en13071645
https://doi.org/10.1016/j.ifacol.2020.12.1853
https://doi.org/10.1016/j.energy.2024.133616
https://doi.org/10.1016/j.eneco.2023.106915
https://doi.org/10.1016/j.jtrangeo.2018.12.001
https://doi.org/10.1016/j.tra.2023.103797
https://doi.org/10.1016/j.trip.2021.100385
https://doi.org/10.1016/j.tranpol.2023.03.002
https://doi.org/10.1016/j.tra.2022.11.015
https://doi.org/10.1016/j.tra.2020.04.004
https://doi.org/10.1016/j.tranpol.2019.10.003
https://doi.org/10.1016/j.eneco.2020.104666
https://doi.org/10.1002/bse.2412
https://doi.org/10.1016/j.enpol.2018.06.013
https://doi.org/10.1109/TEM.2024.3404787

Future Transp. 2025, 5, 16 23 of 24

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Li, L.; Wang, Z.; Xie, X. From Government to Market? A Discrete Choice Analysis of Policy Instruments for Electric Vehicle
Adoption. Transp. Res. Part A Policy Pract. 2022, 160, 143-159. [CrossRef]

Chen, C.; Zarazua De Rubens, G.; Noel, L.; Kester, ]J.; Sovacool, B.K. Assessing the Socio-Demographic, Technical, Economic and
Behavioral Factors of Nordic Electric Vehicle Adoption and the Influence of Vehicle-to-Grid Preferences. Renew. Sustain. Energy
Rev. 2020, 121, 109692. [CrossRef]

Westin, K.; Jansson, J.; Nordlund, A. The Importance of Socio-Demographic Characteristics, Geographic Setting, and Attitudes
for Adoption of Electric Vehicles in Sweden. Travel Behav. Soc. 2018, 13, 118-127. [CrossRef]

Gehrke, S.R.; Reardon, T.G. Patterns and Predictors of Early Electric Vehicle Adoption in Massachusetts. Int. J. Sustain. Transp.
2022, 16, 514-525. [CrossRef]

Van Dijk, J.; Farsi, M. Who Is Afraid of Electric Vehicles? An Analysis of Stated EV Preferences in Switzerland. IRENE Work. Pape
2022. [CrossRef]

Rezvani, Z.; Jansson, J.; Bengtsson, M. Consumer Motivations for Sustainable Consumption: The Interaction of Gain, Normative
and Hedonic Motivations on Electric Vehicle Adoption. Bus. Strategy Environ. 2018, 27, 1272-1283. [CrossRef]

Rezvani, Z.; Jansson, J.; Bodin, . Advances in Consumer Electric Vehicle Adoption Research: A Review and Research Agenda.
Transp. Res. Part D Transp. Environ. 2015, 34, 122-136. [CrossRef]

Adnan, N.; Nordin, S.M.; Rahman, I.; Vasant, PM.; Noor, A. A Comprehensive Review on Theoretical Framework-based Electric
Vehicle Consumer Adoption Research. Int. ]. Energy Res. 2017, 41, 317-335. [CrossRef]

La Gamba, D.; Montesano, L.; Pirra, M.; Carboni, A.; Deflorio, F.; Arnone, M. Discrete Choice Experiments to Identify User
Preference for Electric Mobility. In Proceedings of the 2022 IEEE 46th Annual Computers, Software, and Applications Conference
(COMPSAC), Los Alamitos, CA, USA, 27 June-1 July 2022; pp. 1696-1701.

Coffman, M.; Bernstein, P.; Wee, S. Electric Vehicles Revisited: A Review of Factors That Affect Adoption. Transp. Rev. 2017, 37,
79-93. [CrossRef]

dos Santos, F.L.M.; Tecchio, P.; Ardente, F.; Pekar, F. User Automotive Powertrain-Type Choice Model and Analysis Using Neural
Networks. Sustainability 2021, 13, 585. [CrossRef]

Acampa, G.; Campisi, T.; Grasso, M.; Marino, G.; Torrisi, V. Exploring European Strategies for the Optimization of the Benefits
and Cost-Effectiveness of Private Electric Mobility. In Computational Science and Its Applications—ICCSA 2021; Gervasi, O.,
Murgante, B., Misra, S., Garau, C., Bleci¢, 1., Taniar, D., Apduhan, B.O., Rocha, A M.A.C., Tarantino, E., Torre, C.M., Eds.;
Lecture Notes in Computer Science; Springer International Publishing: Cham, Switzerland, 2021; Volume 12953, pp. 715-729,
ISBN 978-3-030-86975-5.

Hardman, S. Understanding the Impact of Reoccurring and Non-Financial Incentives on Plug-in Electric Vehicle Adoption—A
Review. Transp. Res. Part A Policy Pract. 2019, 119, 1-14. [CrossRef]

Fappanni, F; Botta, C.; Sica, L.; Carboni, A.; Deflorio, F. Analysis of User Preference on Electric Mobility in Four European
Countries. In ETC Conference Papers 2023; AET: Singapore, 2023.

Ben-Akiva, M.; Bradley, M.; Morikawa, T.; Benjamin, J.; Novak, T.; Oppewal, H.; Rao, V. Combining Revealed and Stated
Preferences Data. Mark. Lett. 1994, 5, 335-349. [CrossRef]

Train, K.E. Discrete Choice Methods with Simulation; Cambridge University Press: Cambridge, UK, 2003; ISBN 978-0-521-01715-2.
Marcucci, E.; Gatta, V. Dissecting Preference Heterogeneity in Consumer Stated Choices. Transp. Res. Part E Logist. Transp. Rev.
2012, 48, 331-339. [CrossRef]

Colombo, S.; Hanley, N.; Louviere, J. Modeling Preference Heterogeneity in Stated Choice Data: An Analysis for Public Goods
Generated by Agriculture. Agric. Econ. 2009, 40, 307-322. [CrossRef]

Mariel, P; de Ayala, A.; Hoyos, D.; Abdullah, S. Selecting Random Parameters in Discrete Choice Experiment for Environmental
Valuation: A Simulation Experiment. J. Choice Model. 2013, 7, 44-57. [CrossRef]

Scaccia, L.; Marcucci, E.; Gatta, V. Prediction and Confidence Intervals of Willingness-to-Pay for Mixed Logit Models. Transp. Res.
Part B Methodol. 2023, 167, 54-78. [CrossRef]

Noel, L.; Papu Carrone, A.; Jensen, A F; Zarazua de Rubens, G.; Kester, J.; Sovacool, B.K. Willingness to Pay for Electric Vehicles
and Vehicle-to-Grid Applications: A Nordic Choice Experiment. Energy Econ. 2019, 78, 525-534. [CrossRef]

Langbroek, ].H.M.; Franklin, J.P,; Susilo, Y.O. The Effect of Policy Incentives on Electric Vehicle Adoption. Energy Policy 2016,
94, 94-103. [CrossRef]

Beck, M.].; Fifer, S.; Rose, ]. M. Can You Ever Be Certain? Reducing Hypothetical Bias in Stated Choice Experiments via Respondent
Reported Choice Certainty. Transp. Research. Part B Methodol. 2016, 89, 149-167. [CrossRef]

Cherchi, E.; de Dios Orttizar, J. On Fitting Mode Specific Constants in the Presence of New Options in RP/SP Models. Transp.
Research. Part A Policy Pract. 2006, 40, 1-18. [CrossRef]

European Union Eurostat. Available online: https:/ /ec.europa.eu/eurostat/ (accessed on 22 January 2025).

Ghimire, L.P; Kim, Y.; Dhakal, N.R. Which Policies and Factors Drive Electric Vehicle Use in Nepal? Energies 2023, 16, 7428.
[CrossRef]


https://doi.org/10.1016/j.tra.2022.04.004
https://doi.org/10.1016/j.rser.2019.109692
https://doi.org/10.1016/j.tbs.2018.07.004
https://doi.org/10.1080/15568318.2021.1912223
https://doi.org/10.2139/ssrn.4262049
https://doi.org/10.1002/bse.2074
https://doi.org/10.1016/j.trd.2014.10.010
https://doi.org/10.1002/er.3640
https://doi.org/10.1080/01441647.2016.1217282
https://doi.org/10.3390/su13020585
https://doi.org/10.1016/j.tra.2018.11.002
https://doi.org/10.1007/BF00999209
https://doi.org/10.1016/j.tre.2011.08.003
https://doi.org/10.1111/j.1574-0862.2009.00377.x
https://doi.org/10.1016/j.jocm.2013.04.008
https://doi.org/10.1016/j.trb.2022.11.007
https://doi.org/10.1016/j.eneco.2018.12.014
https://doi.org/10.1016/j.enpol.2016.03.050
https://doi.org/10.1016/j.trb.2016.04.004
https://doi.org/10.1016/j.tra.2005.04.002
https://ec.europa.eu/eurostat/
https://doi.org/10.3390/en16217428

Future Transp. 2025, 5, 16 24 of 24

54. Li, L.; Wang, Z.; Chen, L.; Wang, Z. Consumer Preferences for Battery Electric Vehicles: A Choice Experimental Survey in China.
Transp. Res. Part D Transp. Environ. 2020, 78, 102185. [CrossRef]

55. Sharma, R.B.; Majumdar, B.B.; Maitra, B. Commuter and Non-Commuter Preferences for Plug-in Hybrid Electric Vehicle: A Case
Study of Delhi and Kolkata, India. Res. Transp. Econ. 2024, 103, 101415. [CrossRef]

56. Tchetchik, A.; Zvi, L.I; Kaplan, S.; Blass, V. The Joint Effects of Driving Hedonism and Trialability on the Choice between Internal
Combustion Engine, Hybrid, and Electric Vehicles. Technol. Forecast. Soc. Change 2020, 151, 119815. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.trd.2019.11.014
https://doi.org/10.1016/j.retrec.2024.101415
https://doi.org/10.1016/j.techfore.2019.119815

	Introduction 
	Literature Review 
	Research Contribution and Structure of This Study 

	Methodology 
	Identification of Factors for User Adoption 
	Stated Choice Survey 
	Discrete Choice Model’s Formulation 

	Results 
	Multinomial Logit Model 
	Model Specification and Estimation 
	WTP Analysis for Vehicle Range 

	Investigation of the Effect of Attributes on Users’ Behaviour 
	Effect of Geographical and Socioeconomic Conditions 
	Effect of Purchase and Utilisation Incentives 
	Effect of Fuel and Energy Costs 

	Estimation of Random Parameter Model 
	Modelling Choice Including Car Market Segmentation 

	Discussion and Conclusions 
	Appendix A
	References

