
energies

Article

How Much Electricity Sharing Will Electric Vehicle
Owners Allow from Their Battery? Incorporating
Vehicle-to-Grid Technology and Electricity
Generation Mix

Kyuho Maeng 1, Sungmin Ko 2, Jungwoo Shin 2 and Youngsang Cho 1,*
1 Department of Industrial Engineering, College of Engineering, Yonsei University, 50 Yensei-Ro,

Seodaemun-gu, Seoul 03722, Korea; upmkh89@yonsei.ac.kr
2 Department of Industrial and Management Systems Engineering, Kyung Hee University,

1732 Deogyeong-daero, Giheung-gu, Yongin, Gyeonggi 17104, Korea; sungmine03@khu.ac.kr (S.K.);
shinjung11@khu.ac.kr (J.S.)

* Correspondence: y.cho@yonsei.ac.kr; Tel.: +82-2-2123-5727; Fax: +82-2-364-7807

Received: 11 July 2020; Accepted: 11 August 2020; Published: 17 August 2020
����������
�������

Abstract: Global trends and prospects of environmentally friendly transportation have helped to
popularize electric vehicles (EVs). With the spread of EVs, vehicle-to-grid (V2G) technology is gaining
importance for its role in connecting the electricity stored in the battery of EVs to a grid-like energy
storage system (ESS). Electricity generation mix and battery for V2G energy storage have a decisive
effect on the stabilization of a V2G system, but no attempt has been made. Therefore, this study
analyzes consumer preference considering the electricity generation mix and battery for the V2G.
We conduct a conjoint survey of a 1000 South Koreans and employ the multiple discrete-continuous
extreme value model. The results show that drivers prefer plug-in hybrid- and battery EVs to other
vehicles. Additionally, findings show that driver’s utility changes at 27.9% of the battery allowance
for V2G system and it becomes positive after 55.7%. Furthermore, we conduct a scenario analysis
considering the electricity generation mix (more traditional vs. renewable) and battery allowance.
Based on this analysis, we suggest some policies and corporate strategies to support the success of
the V2G market depending on energy policies and battery allowance level.

Keywords: electric vehicle; electricity generation mix; vehicle-to-grid (V2G); multiple discrete-continuous
extreme value model; consumer preference; choice experiment

1. Introduction

Generally, electricity is more difficult to store than to generate. Thus, many electric power
companies around the world generate excessive power to prepare for power outages and blackouts.
To reduce this inefficiency, pumped-storage power plants have been used to store electricity in the
past, but their growth has been limited by geographical restrictions, environmental issues, and low
efficiency [1–3]. Among the various definitions of energy efficiency, the round-trip efficiency, which is
the ratio of energy put in (in MWh) to energy retrieved from storage (in MWh), is the most commonly
used definition. According to this definition, pumped-storage power plants usually range from
65% to 80% and ESS from 75% to 90% [4]. In recent years, energy storage systems (ESSs) based on
lithium-ion batteries have come into the global spotlight because of their efficiency comparable to that
of pumped-storage power plants; additionally, ESSs can be built in multiple locations. Furthermore,
the emergence of electric vehicles (EVs), which are vehicles that use electric energy from a grid-connected
electricity source [5], has contributed to the growth of the ESS market.
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Currently, EVs are recognized as eco-friendly forms of transportation because they emit less
greenhouse gas and air pollutants than conventional internal combustion engine vehicles (ICEVs).
Generally, EVs are classified into battery electric vehicles (BEVs), fuel cell electric vehicles (FCEVs),
and plug-in hybrid electric vehicles (PHEVs), depending on the energy source for driving. While the
BEV connects to the power grid and stores electricity in the battery, the FCEV uses hydrogen-powered
fuel cells to produce electricity. PHEV uses both electricity and petroleum-based fuels to run the
machine [6]. In this study, we classify BEVs and PHEVs as EVs because they are affected by the power
grid system. Additionally, some studies suggest that EVs have long-term economic feasibility because
of their low maintenance costs, despite their high initial purchase costs [7–11]. Thus, major countries,
such as the United States of America, European Union (EU), Japan, and China, have implemented
various support policies for purchasing EVs. With this trend, EVs are likely to replace existing ICEVs
and increase the demand for electricity. The International Energy Agency (IEA) [12] reported that
the total number of EVs in the world exceeded 3 million units; additionally, in 2017, the electricity
demand from EVs was 54 TWh, registering an increase of 20% over the previous year. When electricity
demand is high or charging requests are frequent, there may be an imbalance between electricity
supply and demand. To remedy these possible drawbacks to adoption, the synchronization of EV with
grid technology is presented as a promising advantage, with vehicle-to-grid (V2G) technology being
the representative example.

V2G technology is defined as a system capable of controllable bidirectional energy flow between
a vehicle and the electrical grid [13]. This smart technology can transfer electrical load from areas
of high demand to areas of low demand and can help adjust the power generation- and investment
demands for the power grid. For example, the daily mean time of passenger car use in South Korea
is only about 2 h, which means that EVs are parked more than 90% of the day. If these parked EVs
function as an ESS, then the beneficial effects cannot be ignored. Conversely, through V2G technology,
the administrator of the grid can partially detach the recharging EVs from the grid when the grid
capacity is saturated. Individual consumers can also receive real-time power transaction data via
advanced metering equipment and optimize their plans for using and charging EVs. Additionally,
EVs with V2G technology can function as movable distributed power sources and may reduce the
construction cost of long-distance transmission lines.

Many of the benefits of V2G technology will appear with the widespread use of EVs and electric
vehicle supply equipment (EVSE). Specifically, an EV is a small-sized ESS that holds broad range
of kilowatts hour (kWh) of electricity per unit (see Appendix A). Despite the small capacity, if the
number of EVs reaches a certain threshold, it will be possible to transmit hundreds of thousands of
units of power to the grid at one time. Thus, the diffusion of EVs is essential for the V2G system.
An EVSE can be categorized based on the various types of technology and use. To enhance people’s
understanding, this study defines the EVSE as a system that allows bidirectional transmission of
power between the power grid and the PHEV or EV. For a more precise definition and classification of
EVSE, refer to the paper by Noel et al. [14]. Therefore, the Korean government is trying to increase
EV adoption and disseminate V2G technology through various policies. For example, the Ministry of
Trade, Industry, and Energy [15] aims to distribute 1.14 million EVs by 2022; it also offers incentives to
individual consumers, such as subsidies, tax exemptions, and a reduction in highway toll fees and
parking fees. Additionally, the Korean government plans to supply 1500–1800 quick chargers and
12,000 destination chargers annually from 2019 to 2022. Simultaneously, the government will enhance
the convenience of EV charging by increasing the maximum capacity of quick chargers, build a system
that will accommodate the use of all chargers with one membership card, and mandate the installation
of chargers in new apartments. In terms of V2G policies, the government aims to proceed with the
demonstration of bi-directional charging technology and an integrated V2G operation system. To this
end, the government plans to develop on-board chargers for cost reduction; it also aims to establish
test beds for the smart grid service to observe EV usage patterns [15]. Regardless of these policy
efforts, there is a lack of research on the impact of EVs and V2G technology on power demand and
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on the amount of electricity that consumers will allow for V2G energy storage. To address this issue,
we analyze the choice and usage behavior of potential EV consumers to grasp the potential magnitude
of new distributed energy sources in order to get a proper response to changes in the grid system.
Hence, we conduct a conjoint survey and use a multiple discrete-continuous extreme value (MDCEV)
model to estimate the consumer utility function of potential consumers. Furthermore, we also conduct
a scenario analysis, assuming a variation in the electricity generation mix and battery allowance for
V2G energy storage. Figure 1 describes the comprehensive research framework of this study.
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The remainder of the study is organized as follows. Section 2 contains a literature review related
to V2G technologies and systems. Section 3 discusses the model used in this study and the survey
data from our choice experiment. Section 4 provides the estimation and simulation results policy
implications and limitations of this study. Section 5 presents the conclusions of this study.

2. Literature Review

The state-of-the-art V2G technologies and their prospects are summarized by Sovacool et al. [16].
Through a socio-technical perspective review, they classify the V2G literature into technical, financial,
socio-environmental, and behavioral categories. They also summarize the promises and challenges for
each research category and suggest future research. According to Sovacool et al. [16], studies on V2G
technology focus largely on its technical aspects, such as facilitating the load balancing of a V2G system
or improving the electricity efficiency. Studies investigating consumer acceptance and driver behavior
within V2G systems cover both economical and environmental benefits as acceptance factors, however
only a limited number of them cover the institutional and policy aspects, for instance, the electricity
generation mix. Additionally, studies on consumer acceptance mainly analyze the attributes of EV and
V2G technology, not including battery allowance between the EV and power grid. Table 1 displays a
summary of previous studies.
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Table 1. A summary of previous studies.

Study Region Method Key Findings

Hong et al. (2012) [17] Korea Mixed logit model
Consumers are willing to pay more to use the EV charging
infrastructure. Social welfare change effected by possible government
subsidy polices for EVs.

Egbue and Long (2012) [18] United States Chi-square test
Battery range is the biggest concern affecting uncertainty, followed by
cost and the sustainability of fuel source. Subsidizing the cost of EVs
and fuel taxes may have a negligible effect on the EV market.

Ziegler (2012) [19] Germany Multinomial probit model Low acceptance is influenced by sparse battery charging stations, high
battery costs, short driving distance, or a short battery service life.

Hoen and Koetse (2014) [20] Denmark Mixed logit model
Multinomial logit model

Negative preferences for limited driving range, considerable range,
refueling time, and fuel availability. Preference for AFVs increases with
improvements in driving range, refueling time, and fuel availability.

Honarmand et al. (2014) [21] Canda Nonlinear programing

EV owners preferred to charge in the hour with lower electricity prices
while discharge in the hours with higher electricity prices to sell the
stored energy. Managing of the charging/discharging of EVs has
eliminated the risk of an electricity demand growth during the
peak load.

Koetse and Hoen (2014) [22] Denmark Mixed logit model
Multinomial logit model

Conventional technology is preferred to AFVs because of limited
driving range, long recharge/refueling time, and limited availability of
refueling opportunities.

Parsons et al. (2014) [23] United States Random utility model
An increase in the willingness-to-pay (WTP) for EV can be achieved by
providing consumers a contract that pays in advance, in the form of
subsidy, in exchange for signing a V2G contract.

Sierzchula et al. (2014) [24] 30 countries Ordinary least squares
Incentives and EV adoption display a positive relationship. Charging
stations and EV adoption rates display a positive
significant relationship.

Ahn et al. (2015) [25] - Optimization simulation Reflected the costs incurred by the electricity supply from each energy
source to optimize the electricity generation mix for sustainability.

Gennaro et al. (2015) [26] Florence, Italy Scenario analysis with real
driving database

The increase of electric energy demand from BEVs ranges from 0.7% to
18% of the total demand in the province. V2G interaction strategy can
contribute to reducing from 5% to 50% the average daily electric
energy demand in specific locations.



Energies 2020, 13, 4248 5 of 25

Table 1. Cont.

Study Region Method Key Findings

Hidrue and Parsons (2015) [27] United States Contingent valuation Range anxiety, stringent V2G contract, high battery costs, and vehicle
model play an important role in the WTP for V2G and EVs.

Huh et al. (2015) [28] South Korea Mixed logit model
Electricity mix is an important consideration in customer choice.
Customers are willing to pay more to increase the renewable
energy ratio.

Langbroek et al. (2016) [29] Stockholm, Sweden Mixed logit model The probability of the stated EV adoption increases if policy incentives
are offered.

Lim et al. (2016) [30] South Korea Multinomial logit model
Nested logit model

Increase in available time for power sales has a positive effect on
consumers’ marginal WTP. Decrease in residual power and increase in
essential connection time have a negative impact on marginal WTP.

McLaren et al. (2016) [31] United States Scenario analysis

Carbon intensity of the electricity grid affects the total emissions
associated with EVs. The greenhouse gas (GHG) emissions can be
reduced when EV batteries are charged with electricity
from renewables.

Suman et al. (2016) [32] New York, United States Linear Programming
With optimal solutions, the total charging cost is reduced by 18.5% and
aggregator’s revenue is improved by 139% on average. The rise in
number of EVs paralleled by an increase in aggregator’s revenue.

Freeman et al. (2017) [33] New York, United States A five-year economic model
Sensitive analysis

Electricity sales through V2G system can create positive economic
benefits for consumers even if their magnitudes are small. One-way
power efficiency and battery lifetime are the key factors for consumers’
electricity transactions.

Gough et al. (2017) [34] United Kingdom
A hybrid

time-series/probabilistic
simulation

Battery degradation cost and recharging in time have a significant
impact on the feasibility of V2G services. The provision of energy to
the wholesale electricity market produces an individual vehicle net
present value of £8400.

Li et al. (2017) [35] 14 countries Multiple linear regression
The percentage of renewable energy in electricity generation, number
of charging stations, user education level, and population density have
apparent and positive impacts on the demands.

Woo et al. (2017) [36] 70 countries Well to wheel analysis
The ratio of resources to the electricity generation mix affects the GHG
emissions of EVs. EVs were associated with higher GHG emissions
than internal combustion engine vehicles in some countries.
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Table 1. Cont.

Study Region Method Key Findings

Xiang et al. (2017) [37] - System dynamics simulation
Customer acceptance of EVs promotes adoption of EVs with the
support of polices such as subsidies and the construction of charging
infrastructures

Choi et al. (2018) [38] South Korea Mixed logit model
An environmentally friendly electricity generation mix promotes BEV
adoption. The renewables-oriented mix scenario most effectively
promotes BEV adoption.

Karmaker et al. (2018) [39] Bangladesh
Hybrid Optimization of

Multiple Energy Renewables
(HOMER)

Solar and biogas based EV charging station reduces the burden on the
national grid. The designed EV charging station saves approximately
$12–$18 per month to recharge an EV which increases the
socio-economic standard of EV owner.

Landi et al. (2018) [40] United States An optimization-based
problem

Two controlled and uncontrolled charging schemes evaluate the
aggregated charging profile of PEVs in parking lots. Reducing the total
operating cost weakens the stability of the distribution system.

Moon et al. (2018) [41] South Korea Mixed logit model
Consumers prefer vehicles with lower fuel costs and vehicle prices, as
well as diesel-type vehicles. Consumers prefer EVSEs with lower
charging costs, shorter time to full charge, and greater accessibility.

Sachan and Adnan (2018) [42] - Optimization simulation with
scenario analysis

The impact of different EV charging methods on distribution grid is
assessed based on the reduction of network peak load demand and
improvement in its operating condition. Wind power flow and
electricity price variation are considered with stochastic availability
of EVs.
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Most of the studies on consumer aspects of V2G technology overlap with those conducted on
EVs because an EV is a key component of V2G systems. These studies analyze adoption factors of
EVs in different ways. Egbue and Long [18], Hoen and Koetse [20], Koetse and Hoen [22], and Hidrue
and Parsons [27] noted that a preference for alternative fuel vehicles (AFVs) is affected by battery
performance. Limited driving range due to the current state of technology may lead to high consumer
uncertainty, so Ziegler [19], Li et al. [35], Moon et al. [41], and Noel and Sovacool [43] regarded
accessibility and the number of charging stations as important factors for EV adoption. Hoen and
Koetse [20], Koetse and Hoen [22], Moon et al. [41], and Sachan and Adnan [42] indicated that EVSE
can also significantly affect EV diffusion. The characteristics of EVSE, such as recharge time and
cost, are considered important because they are directly connected to consumer convenience. A V2G
system’s characteristics, including the available time for power sales, residual power, and mandatory
connection time, also affect consumer acceptance of EVs.

From the economical perspective, some studies examined the feasibility of the V2G system in
various ways. De Gennaro et al. [26] identified the market profitability of a parking location in terms
of EVs’ energy demand, and Landi et al. [40] optimized charging locations and schedule considering
energy purchase costs and operation costs. These two studies analyzed market profitability based
on geographical factors within the framework of EVs’ energy demand. Suman et al. [32] simulated
an optimal EV charging schedule by considering its revenue gains and cost savings based on real
electricity prices and load data. Honarmand et al. [21] proposed a smart management and scheduling
model for a large number of EVs parked in urban parking lots. The proposed model covers financial
benefits for EV owners. Freeman et al. [33] estimated the annual arbitrage savings through V2G
participation using the Tesla Model S. Gough et al. [34] evaluated the potential of each EV to earn
income from energy supplied to a commercial building.

To investigate consumer acceptance of V2G technology, studies discuss other key factors are
institutional and policy aspects, such as incentives to EV consumers. These incentives include subsidies
provided to EV consumers, emissions-based vehicle taxes, and benefits, including construction of
charging infrastructure, free parking, and permission to use bus lanes. Shin et al. [44] investigated
how the introduction of EVs influences the usage of existing cars by using a conjoint survey and
mixed MDCEV model—a methodology similar to this study. They analyzed the impact of government
policies to promote the usage of EVs. Promotional policies related to the introduction of EVs improve
social welfare and increase the EV purchase rate. The electricity generation mix is another energy
policy affecting consumer behavior. Most studies related to the energy mix analyze the environmental
impact of the electric generation mix and cost-optimization. Woo et al. [36] noted that the introduction
of EVs will increase the total amount of electricity used; hence, the environmental impact of EVs
depends on the electricity generation mix. Certain studies analyze greenhouse gas emissions while
considering the vehicle type, carbon intensity of the grid, charging infrastructure and patterns, and
electricity generation resources [31,36]. Ahn et al. [25] analyzed an optimal energy mix that allocates
energy sources, by considering the cost and risk for sustainable development. Huh et al. [28] analyzed
customers’ perceptions of electricity generation and showed that customers are willing to pay more to
increase the renewable energy ratio. Additionally, Choi et al. [38] showed that the electric generation
mix affected consumer preferences for vehicles. However, these studies did not focus on the consumer
preference for both battery allowance and electricity generation mix, which is one of the important
factors when analyzing a V2G system.

3. Methodology and Data

3.1. Mixed MDCEV Model

The MDCEV model based on the random utility theory (RUM) can be used to analyze consumers’
multiple discrete choices and continuous choices simultaneously; traditional discrete choice models,
such as multinomial logit or probit, deal only with discrete choice situations. Bhat [45] assumed that
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the direct elastic utility of substitution devised by Kim et al. [46] has an extreme value type 1 error;
the author also devised an intuitive and simple computational econometric model, termed as MDCEV.
In this study, we employ a mixed MDCEV model to identify the heterogeneity of consumer preferences
by assuming the distribution of each parameter [44,45,47,48].

The MDCEV model defines the utility function when the n th consumer chooses j of K alternatives
and uses m j for each j alternative as follows:

Un(m1, · · · , mJ, 0, · · · , 0) =
K∑

j=1

Ψ(x j)(m j + γ)α j , (1)

where K denotes the number of alternatives in an alternative set and Ψ(x j) represents the baseline
utility from choosing the j th alternative that has attribute x j. The variable γ is a translation parameter
used to determine whether an interior or corner solution exists, and α j is a satiation parameter
reflecting the degree of diminishing marginal utility. To satisfy the law of diminishing marginal utility,
where 0 < α j < 1, we define 0.

The baseline utility, Ψ(x j), is defined as an exponential function with a stochastic term, as shown
in Equation (2). By combining Equations (1) and (2), we can obtain Equation (3):

Ψ(x j, ε j) = Ψ(x j)eε j = exp(β′x j + ε j), (2)

U =
K∑

j=1

[
exp(β′x j + ε j)

]
(m j + γ)α j . (3)

In Equation (3), α j and γ are bounded in exponential form. Due to the interdependence of these
two parameters, one must be fixed for statistical estimation [45]. Regarding the vehicle usage pattern,
a situation in which a particular vehicle is not used at all is possible. Therefore, we allowed for the
corner solution by assuming that all alternatives have the same γ.

Consumers maximize their utility by allocating the optimal usage within the total amount of
usage under budget constraints, as in Equation (4):

K∑
j=1

m j = M, (4)

here, m j represents the usage of the j th alternative and M is the total amount of usage. Thus, we can
find the optimal choice and usage patterns by solving the utility maximization problem from Equations
(3) and (4) via the Lagrangian method and Kuhn-Tucker condition [45,47]. The Lagrangian function
for the maximization is as follows:

L =
∑

j

[
exp(β′x j + ε j)

]
(m j + γ)α j − λ

 K∑
j=1

m j −M

, (5)

where λ is the Lagrangian multiplier associated with the usage constraint. The Khun–Tucker first-order
conditions for the optimal usage allocation (the m∗j values) are given by:[

exp(β′x j + ε j)
]
α j(m∗j + γ)α j−1

− λ = 0, if m∗j > 0, j = 1, 2, . . . , K

[
exp(β′x j + ε j)

]
α j(m∗j + γ)α j−1

− λ < 0, if m∗j = 0, j = 1, 2, . . . , K
(6)
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A consumer’s optimal choice and usage pattern are calculated as follows:

P(m∗2, m∗3, · · · , m∗J, 0, 0, · · · 0) =

 J∏
i=1

ci


 J∑

i=1

1
ci




J∏
i=1

eVi K∑
j=1

eV j

J


(J − 1)!, (7)

where ci =
1−αi

m∗i+γ
and V j = β′x j + lnα j + (α j − 1) ln(m∗j + γ). If we assume M = 1, α j = 1, and mi = 0

for i , j—that is, the situation of choosing only one alternative—then the choice probability of the
MDCEV model will be equal to that of the multinomial logit model. We thus confirm that the MDCEV
model is an extended logit model incorporating continuous variables.

In this study, we use the mixed MDCEV model, taking into account the distribution of each
parameter. Based on the mixed MDCEV model, the choice probability of the n th consumer is given as
follows:

P̃n =

∫ 
 I∏

i=1

ci


 I∑

i=1

1
ci




I∏
i=1

eVi(
I∑

i=1
eV j

)J

(I − 1)!


f (νn|θ)dνn. (8)

To calculate the choice probability of consumers, we use the Bayesian estimation method instead
of the classical maximum likelihood estimation. The Bayesian estimation method avoids the initial
problem and assures consistent and efficient results under a less restrictive condition than the
classical approach [49–51]. Additionally, we can interpret the result from both Bayesian and classical
perspectives [52].

3.2. Choice Experiment and Data

Since the market share of EVs remained near 0% in South Korea [53], there is limited revealed
preference data with regards to EVs, battery allowance, and energy mix. Therefore, we conduct a
choice experiment to collect and analyze the stated preference data about the choice and usage patterns,
attitudes toward battery allowance, and energy mix. In the choice experiment, individual respondents
select an alternative from a choice set, that is, a set of hypothetical alternatives as a combination of the
core attributes [54,55]. Through this real-world-like process, respondents state their preference for the
alternatives, and their utility function can be estimated.

Several studies suggest that consumer preference for vehicles is affected by the vehicle class [38,56].
Particularly, the vehicle class is closely related to factors that have a significant impact on vehicle
purchases, such as fuel costs and vehicle prices. Furthermore, dealing with all vehicle classes in one
choice experiment may not guarantee satisfactory results. Therefore, we chose the mid-sized vehicle
class that is representative of the Korean automobile market. Moreover, most PHEVs and BEVs are
introduced as mid-sized vehicles in the Korean automobile market and, thus, we believe that the
mid-sized vehicle is appropriate for predicting the V2G energy sharing effect. We set the vehicle class
to medium-sized sedan, the mainstay of the Korean automobile market. By reviewing previous studies,
we also defined the levels of the following four attributes that may affect the adoption of EVs: the fuel
type, accessibility of fueling/charging facilities, fuel cost, and vehicle price. The attributes and their
levels used in the conjoint survey are shown in Table 2.
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Table 2. Attributes and levels of vehicles for the conjoint survey.

Attribute Levels Details

Fuel type Gasoline, Diesel, Full hybrid,
PHEV, BEV

A full hybrid vehicle mostly uses a gasoline engine and gasoline fuel
for driving. However, it generates energy from the engine while
driving to run the electric motor. It is possible to drive only by

electric motor at the start and during low-speed driving.
A PHEV has an external rechargeable battery, unlike the full hybrid.

Hence, it can be driven using only the electric motor at any time.
A BEV uses electricity as fuel and has little noise and a high initial

acceleration. However, the travel distance of BEVs after full charge is
shorter than that of ICEVs, and the electric charging time is longer

than the fueling time of gasoline and diesel.

(Only PHEV and BEV)

Electricity generation mix Coal-, Nuclear-, LNG-,
Renewable-oriented

Coal (coal 61%, nuclear 22%, liquefied natural gas (LNG) 13%, and
renewables 4%)

Nuclear (coal 38%, nuclear 43%, LNG 14%, and renewables 5%)
LNG (coal 42%, nuclear 28%, LNG 24%, and renewables 6%)

Renewable (coal 39%, nuclear 26%, LNG 15%, and renewables 20%)

Battery allowance for V2G (%) 100, 70, 30, 0

The battery allowance level is defined as the maximum proportion of
allowable electric energy capacity at which you can lend electricity
power from the charged battery of a vehicle. We assumed that the
battery of the vehicle is charged up to 100%, and that electricity is
mainly lent during the daytime and is recharged before the end of

the working day.

Accessibility of fueling/charging facilities (%) 10, 50, 80, 100

Taking the current supply level of a gasoline stations as reference, the
accessibility of fueling/charging stations is defined as the ratio of the

number of fueling/charging stations for a specific fuel type to the
number of current gas stations.

Fuel cost (KRW/km) 50, 100, 150 Fuel cost is defined as the cost of driving 1 km.

Vehicle price (KRW 10,000) * 2500, 3500, 4500, 5500 The cost of buying a car is the purchase price.

* According to the Bank of Korea (www.bok.or.kr), in March 2018, USD 1.00 was KRW 1167.20.

www.bok.or.kr
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Among the key attributes of our analysis, we first consider the fuel type, such as gasoline, diesel,
full hybrid, PHEV, and BEV. Full hybrid cars have electric elements to their powertrains but cannot
be considered EVs due to the absence of an electric battery. However, PHEVs and BEVs can be
driven with electric power from a battery. Here, we determine the feasibility of a vehicle as an ESS,
and hence we separate PHEVs and BEVs from full hybrids. Additionally, we consider a mix of four
types of electricity generation to generate power for the grid and vehicle, but only for PHEV and BEVs
(“electricity generation mix” and “battery allowance for V2G” are limited only to PHEVs and BEVs
with built-in batteries).

For the electricity generation mix, it is necessary to analyze the effect of energy mix on the
usage patterns of AFVs because the emission factors of EVs are different depending on the electricity
generation mix. South Korea has been in an economically vulnerable position to produce natural
gas and renewable energy due to lack of natural resources and geographical and environmental
factors. Hence, coal and nuclear power have always accounted for a higher percentage of the electricity
generation mix in South Korea. As of 2017, South Korea’s electricity generation mix is still weighted
toward coal and nuclear power (coal: 46%, nuclear: 31%, LNG: 17%, and renewables: 6%). Nevertheless,
with the growing concerns over climate change and the safety of nuclear power, the government
plans to increase renewable energy [57]. Since the high density of fine dust and particulate matter
pose a serious social problem, the government has implemented air pollution reduction policies to
promote energy conversion from coal to LNG [58]. The diffusion of EVs is a prerequisite for V2G
commercialization, and social acceptability considering generation mix could play an important role
in consumer purchases of EV. Considering these facts, we defined the possible electricity generation
mix for PHEVs and BEVs using four types of electricity generation, according to the energy sources;
these sources account for more than 95% of the total domestic electricity generation. Table 2 states the
detailed percentages of the electricity generation mix by focusing on each electricity source.

Additionally, the battery allowance for V2G adoption is also considered an exclusive attribute for
PHEVs and BEVs. While the energy stored in the battery of an EV is connected to the grid, it has a
positive industrial effect; however, consumers might not be willing to connect their batteries to the grid.
Consumers want to be able to charge their EVs within a short time and do not want battery life to be
shortened by repeated charging and discharging. Therefore, we opted to study battery allowance for
V2G to determine the appropriate capacity that consumers desire; we explained the meaning of battery
allowance for V2G to the survey respondents as Table 2, thus consumer intention to lend electricity to
the V2G system was analyzed without any monetary compensation offered to them. We consider the
following four battery allowance levels: 0%, 30%, 70%, and 100%.

Next, we consider the accessibility of fueling/charging facilities as the third attribute affecting
consumer choice and the usage pattern of automobiles. Generally, EVSEs installed in charging
stations and parking lots have a different charging rate. In South Korea, EVSEs at parking lots
have a slow charging rate of 3–7 kW, while EVSEs at charging stations have a fast charging rate of
50 kW. This difference in the charging rate can affect the availability of the energy storage of EVs,
but here we conducted the survey focusing on the physical view of “accessibility” itself. In the Energy
Census 2017 [6], 68% of respondents (including duplicated responses) reported charging-related
inconvenience as one of the major drawbacks of EVs, and 46.7% of EV owners regarded the shortage
of charging stations as the biggest uncomfortable factor when using charging stations. In fact, many
previous studies concluded that accessibility of the charging infrastructure affects the diffusion of
EVs [17,41,59–61]. The accessibility of charging stations is more important than the maximum mileage
especially when the battery is replaceable. Therefore, we consider the following four levels regarding
the accessibility of fueling/charging facilities: 10%, 50%, 80%, and 100%.

Many studies found that fuel economy is an important factor in the diffusion of AFVs [44,62–64].
Generally, EVs are charged through a direct charging method, and the price depends on the charging
speed. Domestically, the price of quick charge is KRW 2759 per 100 km and that of a slow charge is
KRW 1132 per 100 km [15] (based on IONIQ, a mid-sized sedan, quick charge takes 30 min from a full
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discharge to 80% charge, and a slow charge takes 4–5 h from a full discharge to full charge). The green
card that consumers can use to buy eco-friendly products offers a 50% discount. Reflecting reality,
we assumed that fuel cost has the following three levels: KRW 50, KRW 100, and KRW 150 per kilometer.

The vehicle price is the cost of a mid-sized sedan, excluding premiums and taxes. For mid-sized
sedans sold in South Korea in 2017, prices varied based on the brand and fuel type. ICEV prices ranged
from KRW 15 million to 25 million, while the price of PHEVs and EVs ranged from KRW 30 million to
KRW 50 million. As a result, we assume the following four levels of vehicle prices: KRW 25 million,
KRW 35 million, KRW 45 million, and KRW 55 million.

By combining all the attributes and levels listed in Table 2, we get 1680 possible alternatives,
which would be very burdensome to respondents. Thus, we employ a fractional factorial design
to reduce the number of alternatives, using the assumed orthogonality of each attribute. We obtain
32 alternatives and divide them into eight choice sets of four alternatives and the “no choice” alternatives.
The “no choice” alternative means that respondents who do not have a vehicle will not purchase one,
and respondents who have ownership of a vehicle will keep that vehicle. If a respondent has more than
two vehicles, then the respondent can select the “no choice” alternative; it implies that the respondent
will keep both the main and secondary vehicles or only one of them. In the survey, respondents
were asked to choose the preferred alternatives allowing multiple choices, among the six alternatives
(four vehicles and two no-choice) given in each choice set. Subsequently, respondents were asked
how to distribute the percentage of the annual mileage for the selected alternatives. To reduce the
respondent burden and survey time, we divided respondents into two groups and provided half of the
eight choice sets to each group. Figure 2 presents an example of a choice set used in the questionnaire.Energies 2020, 13, x FOR PEER REVIEW 10 of 22 
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Figure 2. Sample of the conjoint survey.

We conducted a pilot test on 602 online respondents to confirm that respondents understand
our questionnaire. Subsequently, we conducted the main conjoint survey between 5 March 2018 and
30 March 2018. The main survey was conducted by Gallup Korea, which is a specialized market
research company. We used stratified sampling based on gender and age to construct a sample that most
closely resembles the actual demographic. A total of 1000 people (in the empirical analysis, we exclude
46 respondents who use other alternative fuel vehicles that are not shown in our study, such as liquefied
petroleum gas (LPG) and FCEVs. As a result, a total of 954 respondents were used for the estimation;
we also analyzed the responses of 618 drivers), aged 19 to 69 years, in major South Korean metropolises
participated in the main survey, and the survey was conducted by face-to-face interviews.

The survey consisted of three stages. In the first stage, we asked preliminary questions about
respondents’ vehicle usage patterns, including whether they were the driver or a passenger, the purpose
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for using vehicles, the average cost of fuel per month, and information on the currently owned vehicle.
In the next stage, a brief description of the EV and the attributes and levels of the EV were explained
by the interviewer, and the conjoint survey was conducted. In the final stage, we asked some questions
about the demographic characteristics of the respondents, such as gender, age, education level,
and household income. Table 3 summarizes the demographic characteristics of the 1000 respondents.

Table 3. Descriptive statistics of the respondents.

Characteristics Number of Respondents (Ratio %)

Total 1000 (100%)
Gender Male 507 (50.7%)

Female 493 (49.3%)
Age range (years) 20–29 184 (18.4%)

30–39 201 (20.1%)
40–49 233 (23.3%)
50–59 229 (22.9%)
60–69 153 (15.3%)

Education level Less than high school 452 (45.2%)
University/college or higher 548 (54.8%)

Monthly household income Under 3 KRW million 165 (16.5%)
KRW 3–4 million 190 (19.0%)
KRW 4–5 million 232 (23.2%)
KRW 5–7 million 277 (27.7%)

Over KRW 7 million 136 (13.6%)

Vehicle usage pattern

Driver Yes 653 (65.3%)
No (Passenger) 347 (34.7%)

Purpose of driving Commuting 483 (74.0%)
Business 56 (8.6%)

Leisure/Travel 15 (2.3%)
Daily life 99 (15.2%)

Fuel cost per month Under KRW 100 thousand 37 (5.7%)
KRW 100–200 thousand 183 (28.0%)
KRW 200–400 thousand 373 (57.1%)
KRW 400–700 thousand 58 (8.9%)
Over KRW 700 thousand 2 (0.3%)

4. Results and Analysis

4.1. MDCEV Estimation Results

To estimate the coefficients of the dummy variables in the baseline utility, the fuel type “gasoline”
is set as the reference; hence, coefficients for non-gasoline fuel types represent the preference for that
fuel relative to gasoline. Additionally, the electricity generation mix and battery allowance for V2G
energy storage are included in the utility function as interaction terms with the dummy variable
“PHEV or BEV.” Here, the coal-oriented electricity generation mix type is set as the reference; hence,
the coefficients for other electricity generation mix types represent a preference for that electricity
generation mix type relative to that for coal. Additionally, we set three continuous variables for
nuclear, LNG, and renewable energy sources and estimate parameters for the percentage change
in each energy source. The coefficient of battery allowance for V2G energy sharing, its squared
term (in this study, we did not have any prior consumer information about the battery allowance
level for V2G. We thus assumed a consumer utility function with a quadratic form of the battery
allowance variable), accessibility of fueling/charging stations, fuel cost, and vehicle price are set as
continuous variables, and the reference measurement units for these variables are 100%, (100%)2,
100%, KRW 100 per kilometer, and KRW 10,000,000, respectively. The coefficients of fuel cost and
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vehicle price are assumed to have log-normal distributions because the effects of these attributes are
expected to have negative utility. The remaining variables are assumed to have normal distributions.
The variables under satiation parameters are assumed to have normal distributions, except for the fuel
cost, which is assumed to have a log-normal distribution.

We use the Bayesian estimation method to estimate the baseline utility and satiation parameters
of the MDCEV model. Among the 20,000 draws generated by Gibbs sampling, we exclude the first
10,000 draws and use every 10th draw of the remaining 10,000 draws to estimate parameters so as to
remove the initial value effect [50,52]. Table 4 presents the mean and variance of each baseline utility
and satiation parameter obtained through 2000 draws from the estimated parameter distributions for
all respondents and the driver group.

Table 4. The mean and variance of draws for the baseline utility and satiation parameters.

All Respondents (n = 954) Driver Group (n = 618)

Variables Mean of β Variance of β Mean of β Variance of β

Baseline

Gasoline (Reference)
Diesel −0.6781 *** 0.9432 *** −0.0034 0.9823 ***

Full hybrid −0.2422 ** 0.9738 *** 0.3247 * 1.0031 ***
PHEV −0.1556 0.9984 *** 1.5725 *** 1.0179 ***
BEV −0.0214 0.9794 *** 2.1286 *** 1.0403 ***

Plug-in hybrid
or Electric

Electricity
generation mix

coal-oriented
(Reference)

nuclear-oriented −0.0093 0.9745 *** −0.8987 *** 1.0046 ***
LNG-oriented 0.1987 * 0.9962 *** 1.0334 *** 1.0319 ***

Renewable-oriented 0.0434 0.9777 *** 2.3921 *** 1.0164 ***

Battery allowance for V2G −0.001 0.9972 *** −0.3885 ** 1.0219 ***
(Battery allowance for V2G)2 0.2144 *** 0.9764 *** 0.6969 *** 1.0108 ***

Accessibility of fueling/charging stations 1.7523 *** 0.8665 *** 5.5836 *** 0.9828 ***
Fuel cost −1.7892 *** 5.3306 *** −0.9123 *** 1.7842 ***

Vehicle price −0.7276 *** 0.4485 *** −0.4063 *** 0.2517 ***

Satiation

Mean of δ Mean of α Mean of δ Mean of α

Gasoline −1.01963 *** 0.2651 *** −0.99107 *** 0.2707 ***
Diesel −1.02683 *** 0.2637 *** −1.48748 *** 0.1843 ***

Full hybrid −0.85732 *** 0.2979 *** −1.25058 *** 0.2226 ***
PHEV −0.85923 *** 0.2975 *** −2.47262 *** 0.0778 ***
BEV −0.75561 *** 0.3196 *** −2.55786 *** 0.0719 ***

Accessibility of fueling/charging stations −1.11199 *** 0.2475 *** −3.97683 *** 0.0184 ***
Fuel cost 0.308831 *** 0.5766 *** 0.076437 *** 0.5191 ***

*, **, and *** denote significance levels of 10%, 5%, and 1%, respectively.

The results for all respondents for the baseline utility estimations of fuel type indicate that
consumers prefer gasoline the most and diesel the least. There is no significant difference in consumer
preference among gasoline, PHEV, and BEV because the mean values for PHEV and BEV are not
significant. However, the estimation results for the driver group show that drivers prefer BEV, PHEV,
full hybrid, gasoline, and diesel engines, in a descending order. However, the mean value for diesel is
not significant, and hence the drivers had no distinguishable preference between gasoline and diesel.

Meanwhile, the estimation results for the electricity generation mix indicate that consumers
prefer the LNG-oriented mix only because the other types of electricity generation mix are not
significant. Drivers prefer the renewable-oriented mix the most, followed by the LNG-oriented mix.
The nuclear-oriented mix is not preferred by driver groups. This result can be interpreted to mean
that people who drive prefer a more environmentally friendly means of power generation than
general consumers.

The mean values for battery allowance and its squared term enable us to capture a rough form
of consumer preference for battery allowance for V2G energy sharing. The utility of all respondents
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increases with an increase in the battery allowance for V2G, as only the quadratic term is significant.
On the other hand, the estimated utility of drivers is different from that of all respondents. For a more
detailed explanation, we plotted a utility associated with the corresponding battery allowance level.
Figure 3 presents the utility of drivers by the level of battery allowance for V2G.
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From Figure 3, we can find that the utility of drivers for battery allowance for V2G seems to be
convex, with the minimum value at 27.9% of the supply capacity. In other words, we can determine
the change in the consumer utility structure for battery allowance. Additionally, when the battery
allowance is less than 55.7%, the utility is always smaller than the utility when drivers do not provide
electricity for V2G at all. Therefore, we suggest that at least 55.7% of the battery allowance can
guarantee potential EV consumer’s benefits. Interestingly, this result suggests that consumers are
reluctant to lend electricity below a certain level, and prefer to lend above a certain level; it can serve
as a good indicator for government policy to determine an appropriate V2G capacity and incentives
for V2G.

The estimation results of the accessibility of fueling/charging stations show that consumer utility
increases with an increase in the accessibility of fueling/charging facilities. Similarly, the positive
preference of the driver group for charging and fueling implies that driving experience has a huge
effect on the apprehensions regarding a complete exhaustion of gas or energy. The mean values for fuel
cost and price are both negative, suggesting that the utility decreases when the fuel cost and vehicle
price increase, which coincides with the general economic theory.

The estimation results of the satiation parameters are all significant and vary by fuel type.
Therefore, the MDCEV model used in this study is more appropriate than the standard discrete choice
model with a linear utility structure. Based on the estimation results of δ j, we identify that the values of
the satiation parameters are transformed by the equation as α j = [1/(1 + exp(−δ j)] in Table 4. In the
case of all respondents, the satiation parameter with BEVs is the largest, meaning that consumers have
the largest preference for the additional use of BEVs. The descending order of the satiation parameter
is BEV, full hybrid, PHEV, gasoline, and diesel, for all respondents, and gasoline, full hybrid, diesel,
PHEV, and BEV for drivers. However, the results of each vehicle type’s satiation do not contain the
effect of accessibility of fueling and fuel cost; thus, we consider them to derive consumers’ satiation
level for each alternative fuel type accurately. In descending order, the satiation level for alternative
fuel types are BEV, full hybrid, gasoline, diesel, and PHEV, for all respondents, and BEV, gasoline,
full hybrid, diesel, and PHEV for drivers. In summary, consumers, including drivers, rate the potential
of BEVs as superior to other vehicle types.
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4.2. Scenario Analysis for the Electric Vehicle Market

Since substituting EVs for ICEVs in future automobile markets yields significant effects on the
electricity industry, it would be beneficial to analyze the impact of integrating EVs with the smart grid
on electricity demand. Therefore, we conduct a scenario analysis to investigate the patterns of vehicle
choice and usage under hypothetical conditions. All scenarios assume that consumers can choose a
vehicle or vehicles among gasoline, diesel, full hybrid, PHEV, and BEV. We think that drivers with
practical experience about fuel types and efficiency would make the V2G energy sharing scenario
analysis more realistic. Using the estimated coefficients from the driver group, we predict the choice
and mileage for each individual and calculate the average across all individuals. The mileage for each
household q is estimated by Equation (9):

MaxUq =
K∑

j=1

{[
exp

(
β̂q
′xqj

)
· (mqj + γq)

α̂qj
]}

s.t.
K∑

j=1

mqj = Mq, mqj ≥ 0∀ j. (9)

Here, the mileage constraint Mq represents the mileage of the present passenger’s car usage of the
household q.

By considering the electricity generation mix, we postulate some hypothetical scenarios to analyze
the impact of EV expansion on electricity demand. Scenario A represents the current status of
Korean generation mix. Scenario A-1 means Korean government’s electricity generation plan for 2030.
Scenario B assumes a renewable focused-electricity generation mix (Scenario B refers to the electricity
generation mix of Germany, one of the most developed countries in terms of renewable energy.).
The battery allowance is varied to 0%, 10%, 30%, 50%, 70%, and 90% for each scenario. The accessibility
of fueling/charging stations (%) is 100% for gasoline, diesel, full hybrid, and PHEV and 27% for BEV,
reflecting the domestic conditions in August 2018. Fuel cost and vehicle prices are calculated from
weighted averages of the top-selling mid-sized sedans in 2017. Table 5 shows the attribute levels used
in these three scenarios.

Table 5. Attribute levels used in the market simulation.

Alternatives

Fuel type Gasoline Diesel Full hybrid PHEV BEV
Electricity

generation mix - - - Scenario A Scenario A-1 Scenario B

Coal (%) 46.00% 36.10% 34.40%
Nuclear (%) 30.70% 23.90% 22.90%

LNG (%) 17.10% 18.80% 12.80%
Renewable (%) 6.30% 20.00% 30.00%

Battery allowance
(%) - - - 0/10/30/50%

Accessibility of
fueling/charging

stations (%)
100% 100% 100% 100% 27.16%

Fuel cost
(KRW/km) 111.06 71.47 66.58 72.75 29.21

Vehicle price
(KRW 10,000) 1431 1739 2373 2730 2807

The choice probability and usage patterns for each type of vehicle are investigated in individual
scenarios. The results of scenario A with 0% of battery allowance for V2G show that when the driver
group has multiple choices for each vehicle, the choice probabilities of gasoline, diesel, full hybrid,
plug-in hybrid, and EVs are 73.97%, 39.68%, 56.19%, 3.05%, and 0.72%, respectively (See Appendix B
for results on the entire simulation) (we performed an additional scenario analysis assuming electricity
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is generated by only renewable energy. In this scenario, the choice probability of PHEV and BEV is
higher than scenario B). The results of the changes in usage patterns and choice probability for the three
outlined scenarios indicate that the impact of electricity generation mix on the automobile market is
minor, less than 1%. From the perspective of the whole market share, a change to renewables-focused
electricity generation mix slightly reduces the usage and choice probability of gasoline vehicles but
slightly increases the usage and choice probability of PHEVs and BEVs. However, the total market size
for EVs in scenario A (even including PHEVs) is less than 4%. Hence, a 1% market share of EV actually
means more than 20% expansion for EVs.

4.3. Policy Implications

Based on our results and previous studies on peak shaving effect of EVs in Korea [65], EVs have
potential as a new energy storage source. With a V2G system, country could reduce their electricity
generation at peak demand time because some portion of electricity can be supplied from EVs,
thus individual EV owners could increase revenue from fuel costs compared to ICEV owners. Hence,
there is a need to implement various policies along with governmental plans to promote EVs. One such
plan is improving the laws and regulations for V2G service licensing. The Ministry of Economy and
Finance [66] announced that the Korean electricity retail market would be gradually opened to the
private sector to reorganize the regime of competition. Although this plan has been considerably
eased over time, there are limitations to fully implementing a V2G system; it is essential to establish
a new legislation and improve the current infrastructure. Another way to vitalize the V2G market
is to advance various demonstration projects related to V2G. Currently, the Korean government is
conducting a pilot project to reduce electricity costs by lowering the peak power demand of campus
buildings [67]. In this project, various participants in the V2G market are studying vehicle usage
patterns and economic operation plans of V2G. Additionally, the Korea Electric Power Corporation
(KEPCO) has started a demo project in Busan, whereby commercial EVs supply power to Busan city
during periods of power outage or blackout. Essentially, cooperation between V2G stakeholders will
accelerate activation of the V2G market.

The present study provides several policy implications. First, the potential EV consumer
preference structure for battery allowance for a V2G system has changed at 27.9%, the smallest point.
The consumers have been benefited by more than 55.7% of the battery allowance for V2G. Specifically,
the electricity price in South Korea is relatively lower than in other countries, and thus, consumers will
consider V2G participation only when the economic benefits from V2G exceed the losses from battery
recharging. Additionally, EV owners who predominantly drive during the daytime may be reluctant
to share even a small amount of electricity from their battery. On the other hand, other EV owners
who do not drive during the daytime may prefer to provide electricity from their battery. These two
opposite effects are mixed, so the results show that there is a utility change at about 27% and it becomes
positive after about 55%. To set an appropriate battery allowance for V2G energy sharing, we should
consider consumer preferences as well as charging technology and the electricity demand-supply
situation. Thus, the study’s recommendation regarding battery allowance can serve as a good indicator
for determining polices for future V2G services. Second, changes in electricity generation mix have
an insignificant effect on EV consumer choice and usage. As mentioned in previous research, factors
related to EVs and EVSE facilities, including charging infrastructure, charge price, and travel distance
after charging, significantly impact EV consumer choice and usage.

4.4. Limitations

This study has a few limitations. First, we found that customers may be reluctant to lend electricity
below a certain battery level and prefer to lend only above a certain level. However, we did not
collect any qualitative data from the survey to support this finding. Further study is needed to
determine whether this phenomenon is common in other countries or observed only in Korea. Second,
we considered only the physical accessibility of charging stations without the technical performance
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difference of batteries and charging facilities. The charging rate of EVSEs can significantly affect the
availability of energy storage and the consumer choice of EVs. Battery degradation can also affect EV
user’s decision making. This study analyzed the amount of discharged electricity to the grid when the
battery of EV is 100% charged, but in reality, the amount of electricity may vary depending on the
remaining battery charge or EV owner’s personal situation. Future studies should consider above
factors such as battery degradation, state of charge and the difference in charging rate of EVSEs to
analyze consumer preference of EVs and measure the contribution of V2G to the electricity system
accurately. Third, we analyzed consumer preferences at specific time points assuming that consumer
preference for EVs would be maintained, which is the inherent problem in most stated preference
studies. However, consumer preferences can change in line with changes in technology and the
environment in the real market. Therefore, consistent and ongoing consumer analysis is needed to
reflect the change in consumer preference for EVs.

5. Conclusions

In this study, a conjoint survey and MDCEV models are used to investigate patterns in the
consumer usage of automobiles and the impact of EVs on the automobile market, under various
electricity generation mixes and battery allowance levels for V2G. The results show that the overall
consumers do not prefer PHEVs and BEVs; however, it reveals that drivers tend to prefer PHEVs
and BEVs. Additionally, it is found that the accessibility of fueling/charging stations affects driver
preferences. The results of the satiation parameters indicate that consumers estimate the potential of
BEV to be high.

With the estimation results, a simulation analysis of changes in choice probability and the usage
pattern of passenger cars is conducted to determine the feasibility of EVs as an ESS, depending on
the battery allowance and energy mix. From the simulation results, it is found that a change to the
renewable-focused electricity generation mix leads to a minor decrease in the usage of gasoline vehicles
and a minor increase in the usage of PHEVs and BEVs. The effect of the electricity generation mix is
likely to be larger after the rise of EV market share or full expansion of EVSE. For a more accurate
analysis, further studies need to consider battery degradation, technical factors of EVSE, remaining
battery capacity, and EV owner’s personal situation, which are not considered in this study.
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Nomenclature

EV Electric vehicle
V2G Vehicle to vehicle
ESS Energy storage system
ICEV Internal combustion engine vehicle
EVSE Electric vehicle supply equipment
BEV Battery electric vehicle
FCEV Fuel cell electric vehicle
PHEV Plug-in hybrid electric vehicle
MDCEV Multiple discrete-continuous extreme value
AFV Alternative fuel vehicle
RUM Random utility theory
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K Number of alternatives in an alternative set
Ψ(x j) Baseline utility
x j Attribute of j th alternative
γ Translation parameter
α j Satiation parameter
m j Usage of j th alternative
M Total amount of usage
q Mileage for each household
Mq Mileage of the present passenger’s car usage of the household q

Appendix A

Supplementary Information for EVs

Table A1. Existing EVs and their battery capacity.

Manufacturer Model Battery Capacity (kWh)

Tesla

Model X (performance) 100.0
Model X (long range) 100.0

Model S (performance) 100.0
Model S (long range) 100.0

Model 3 (performance) 75.0
Model 3 (long range) 75.0
Model 3 (standard) 50.0

Jaguar I-face 90.0

Mercedes-Benz EQC 80.0

Hyundai
Kona (standard) 64.0
Kona (economic) 39.2

Ionic 38.3

Kia

Niro (standard) 64.0
Niro (economic) 39.2
Soul (standard) 64.0
Soul (economic) 39.2

Chevrolet Volt EV 60.0

Nissan Leaf 40.0

BMW i3 120Ah 37.9

Renault Samsung SM3 Z.E. 35.9

Source: Each manufacturer.
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