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Abstract

:

Electrification of passenger cars is one of the most popular ways to decarbonize the transportation sector and to reduce local air pollutants. Many researches have tried to examine what will be the driving factors to achieve the widespread adoption of electric vehicles (EVs). In this study, we analyzed the factors for EV adoption with the data of revealed preference from 2013 to 2017 in Korea. Analyses showed that the driving range of EVs and financial incentives have a positive impact on EV deployment. Also, the driving range is found to be the most critical factor explaining the market growth of EVs. The results suggest that technical improvement increases the value of EVs and in turn raises the probability of consumers’ decision to purchase EVs. Financial incentive as well can encourage consumers to buy EVs, however, is not strong enough to create transitions from internal combustion engine vehicles (ICEVs) to EVs.
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1. Introduction


The electric vehicle (Electric vehicles (EVs) refers to PHEVs (Plug-in Hybrid Electric Vehicles) and BEVs (Battery Electric Vehicles), excluding HEVs (Hybrid Electric Vehicles) in this study) (EV) market in the Republic of Korea has formed somewhat later than those in the most developed countries, but even so, the domestic market size is increasing at a rapid pace (Figure 1). Especially in 2017, the annual sales of EV increased twofold compared to the figures in 2016, with over 13,800 vehicles sold. Experts who stated that the announcement of the Ministry of Environment (MOE) would reduce the EV purchase subsidies in 2018 compared to 2017 have encouraged consumers who wanted to benefit more from the subsidy to buy the EVs ahead of schedule, and in turn, led to the surge of EV demand in 2017 [1]. Concerns about the possibility of pouring cold water on the growth of the EV market were raised. As Korean EV market was still in the early stages of the market development, it seemed that it was a bad decision for government to cut subsidies. However, this outlook has been overshadowed with a total of 11,866 EVs sold only in the first half of 2018, close to the total number of EVs sold in 2017, and many foresee the EV sales volume in 2018 as over 20,000 vehicles. It means that the market has responded unexpectedly to the curtailment despite many studies having already pointed out that purchasing subsidies is one of the most critical factors of EV adoption [2,3,4,5,6,7,8].



EVs need charging stations to fill up their batteries. However, the behavior of the EV owners on ‘refilling’ must be significantly different from that of the international combustion engine vehicle (ICEV) owners since the current technology levels of charging an EV still requires 30 min or several hours to reach a full charge. At the early stages of EV market formation, considerable uncertainty surrounding the market circumstances has made private operators reluctant to enter the EV charging market. Accordingly, there is a growing demand from the automobile industry, the media, and academia asking government to expand the charging infrastructure. Charging infrastructures can positively affect the diffusion of the EV through the indirect network effect. The increase of EVs could raise the profitability of charging station operators, and in turn, contribute to the growth of the number of charging stations. The proliferation of the charging stations, in turn, raises the utility of EV owners and ultimately boosts the sales of EVs. Therefore, there is a positive feedback loop between EVs and its charging infrastructures. For this reason, a lot of debates have occurred among stakeholders about whether the government should increase the number of EVs by granting a purchase subsidy first or expand the charging infrastructures first.



However, could the adoption of EVs be increased dramatically if there are sufficient charging infrastructures? As mentioned above, although the subsidy was reduced in 2018 compared to 2017, the sales volume of the EV increased by nearly double. It means that the decrease in the subsidy did not decrease the annual sales of EVs. Also, if you look at the actual data (Figure 1), you can find 19,304 Level 2 chargers (Generally, Level 2 charging is known as ‘slow charging’ in Korea but in this study, we have labeled slow charging as Level 2 charging to avoid any confusion) (private and public). In this study, the private charger means not-freely-accessible chargers which are not registered in the Ministry of Environment Electric Vehicle Charging Stations website [9], a comprehensive system providing the location of all public charging stations in Korea. Public chargers can be searched for on the website and are publicly accessible chargers. To avoid any confusion with the private charger, the chargers installed and operated by private entities are referred to as charging service providers (CSP) chargers, whereas chargers installed by the government and public organizations are referred to as government and public organizations (GPO) chargers)) installed by the local governments through the Korea Environment Corporation by 2017, and a total of 21,914 combined with the public fast chargers installed by the Ministry of Environment and other public institutions. The cumulative number of EVs distributed until 2017 is 25,593. Therefore, it would seem that the charging infrastructures are not actually in short supply.



The Korean government is aiming to boost the EV market share of new car sales to 6.3% by 2025. To achieve this goal, it is imperative to analyze the factors that determine EV adoption with actual data, and the results of this study can provide policy implications to other countries where the EV market has not yet formed. Therefore, this study aims to analyze the determinants of the EV adoption based on actual data from 2013, the year of the EV adoption policy implemented to the public in Korea.



Contributions of this paper are as follows. Firstly, the method we used is one of the paper’s main strengths. We estimated the results using the negative binomial regression, rather than Poisson, to overcome the overdispersion and cross-sectional heterogeneity of the data. Moreover, we utilized the incident rate ratio (IRR) to compare how certain factors have a greater influence on the sales of EVs than any others. As IRR has multiplicative characteristics, it gives us an advantage in comparing the explanatory power among the independent variables intuitively.



Secondly, we want to highlight how significant it is to target Korea as the scope of analysis. This is due to the fact that the vehicle markets are remarkably different depending on the culture and characteristics of each country. For example, the graph below (Figure 2) shows the light-duty vehicle (LDV) share by vehicle size segment and fuel consumption in 2017 [10]. It is clear that Korea has the highest ‘Large car’ share among those countries despite being affected by the highest population density among OECD countries (approximately 530 people per square kilometer in 2018 [11]), followed by Netherlands (approx. 508 people per sq. km). It would be plausible to assume that small and compact cars would be preferred in such overcrowded circumstances but surprisingly that is not the case, at least in Korea. Rather, the small car share of Korea is similar to that of Australia, in which the population density is only 3 people per square kilometer. An interesting fact that can be taken from the graph below is that the large car share is exceptionally high while the large SUV / pick-up share is extremely low in Korea. If large-sized cars are more advantageous in Korea than small cars, then the large SUV/pick-up share should be relatively close to the large car share. Moreover, the small car share is higher while the large car and large SUV/pick-up share is lower in the countries of advanced economies with gasoline prices above USD 1 per liter than the countries of advanced economies with gasoline prices below USD 1 per liter (the third and fourth bars from the right in Figure 2). Although the gasoline price in 2017 was above USD 1 per liter (1491 KRW, that is, 1.3 USD) (Table 1), the vehicle market conditions in Korea are relatively different from that in the countries of advanced economies with gasoline prices above USD 1 per liter. Putting these together, it can be noted that Korean consumers consider cars as a showcase of their social standing or luxury goods and the graph below indicates this aspect of the Korean consumers’ preference for the large sedan. There was no EV in the large car segment from 2013 to 2017 in Korea, at the early introduction of EV. Therefore, the combination of these characteristics of Korean consumers and the initial situation of the Korean EV market forms a unique circumstance. Thus, it is clear that the analysis of Korea can draw its own significance.



Last but not least, we would like to clarify that this study conducted the analysis with the actual sales data, as known as the revealed preference. As the EV market is an emerging market, then the amount of publicly available data is somewhat lacking. For this reason, the existing works of literature mostly carried out the survey regarding the specific circumstances for which consumers would buy EVs [14,15,16], or who would buy EVs [17,18]. However, there exists the “attitude-action gap” of consumers in an emerging market, especially the market for green innovation products [19,20]. Even if consumers have a tendency to purchase eco-friendly products based on environmental protection or economic feasibility, there is a large gap between the “intent to purchase” and the actual purchase. For instance, according to a recent survey of 500 adult men and women in Korea, 94% of the respondents responded yes when they were asked whether they are willing to buy an EV in the future [21]. Meanwhile, the share of EVs in the total registered non-commercial vehicles as of 2018 in Korea only accounts for 0.3% [22]. This huge gap between the two figures is one example of the “attitude-action gap”. Therefore, when examining the key drivers of EV adoption, it is more appropriate to use the revealed preference, that is the actual sales data, not the stated preferences. Although the observations do not represent a significant number, the data we used are the best ones that are thus far publicly available since the EV adoption of the general consumer in Korea started from 2013 and the minimal unit of data from the National Statistical Office is in municipalities. Moreover, it is worthwhile to review the key drivers of the EV adoption in Korea in the early stages of the introduction of EVs.




2. Literature Review


Due to the nature of this emerging market, there is an obvious limit to the data regarding the EV that can be obtained. Therefore, the majority of previous studies have analyzed the stated preference of consumers through surveys, mainly for countries in which the EVs are relatively more deployed than others. For example, US [14,23,24,25,26], China [8,16,27], Norway [28], Sweden [4,29], Netherlands [30], UK [31], Germany [17], and Spain [15] were studied and some of the research were conducted from a global perspective [18,32]. In the eco-car market, the consumer’s “attitude-action gap” is significant [19,20], so the research based on the stated preferences have limitations in that they are often far from what is actually happening in the actual market [23,33]. Thus, there is a growing need for research based on the revealed preference.



A few studies of the empirical analysis with the revealed preference can be found [33,34,35]. However, as the characteristics of the automobile market vary from country to country, it is more appropriate to analyze one country for a certain period than to compare many countries at once. There are few studies that have examined Norway and the United States in accordance with the revealed preferences respectively [5,36]. As these two countries are the EV lead markets, the likelihood of obtaining comprehensive data is strong.



By and large, Korea has not been studied comprehensively for the EV adoption because not that much time has passed since EVs have been sold in earnest and the relevant policies have been implemented. Even so, in terms of research, it is relatively difficult to find any existing studies that analyzed the factors of the adoption of the EV. In recent studies, EV diffusion was reviewed based on the stated preference [37,38,39].



There is a conjoint analysis that has dealt with the consumers’ preferences for EVs and fuel-cell vehicles with regard to their adoption potential [38]. The questionnaire was utilized for a driver group and non-driver group respectively. As a result, both groups showed that the vehicle purchase price was the most crucial factor for vehicle selection, the driver group chose the number of charging stations as the second most important factor, whereas the non-driver group chose the CO2 emission. However, the authors calculated the market share of EVs in 2016 with the results of the analysis to be 13.52%, which is far from the actual value of 0.72%.



In [37], the consumers’ perceptions of EV policies were analyzed for the actual EV users residing in Jeju Special Self-governing Province in Korea. Unlike the existing literature on the survey of potential users [24,40], the marginal willingness-to-pay for the charging time reduction was very high, indicating that actual users felt very uncomfortable about charging EVs.



Besides, the actual EV users showed a preference for the operational cost subsidy such as an electricity price discount rather than the purchase subsidy. The relationship between the perceived value of EVs and the actual EV selection also showed similar results [39]. However, in Korea, the charging fee of the fast chargers was free until 2015 whereas that of the Level 2 chargers has been collected, and users have to pay the charging fee from 2016(KRW 313.1/kWh, the fee of the Level 2 charger has remained the same) which means that the EV users’ financial burden has increased. Nonetheless, 5914 vehicles, which is more than double that of 2016, were sold compared to the number of EVs sold in 2015 (2907 units). Therefore, the result of [39] might reflect the fact that drivers are not calculating the fuel cost savings correctly or consumer decisions regarding the fuel economy are more heavily influenced by emotion rather than analysis [41,42].



Using the revealed preference data of Korea gives us two main advantages. Firstly, both the amount of the purchase subsidy and that of the vehicle tax exemption for EVs in Korea do not depend on the purchasers’ income levels. Therefore, we can examine the effect of financial incentives on EV adoption more clearly than using the data from the country which gives financial incentives depending on the recipient’s income level. Secondly, the revealed preference data capture what is actually happening in the market better than the stated preference data because the consumers’ willingness to pay does not always match with their actual purchase.



The order of this study is as follows. In Section 3, data and variables are explained, and then models and results are presented in Section 4. Finally, we suggested the conclusions and implications in Section 5.




3. Data and Variables


In this study, we analyze the factors influencing the EV diffusion based on the data of 16 metropolitan municipalities (Currently, there are 17 municipalities in Korea, including Sejong Special Self-Governing City. While Sejong city was launched in July 2012, the statistical data are available as of 2010, so there is no separate data available at present for it. Therefore, the data of Sejong city were integrated into Chungcheongnam-do and we analyzed 16 regions in total) in Korea. Korea’s EV diffusion policy focused on a strategy to create an initial market through demonstration projects and public sector-oriented pilot distribution from 2010 to 2012. Since the policy that was implemented to the public started practically from 2013, we decided to set the analysis period from 2013 to 2017.



There are two reasons that the dependent variable is measured by the annual sales of EVs rather than the cumulative number of EVs or the market share of EVs in new car sales, which is frequently used in literature. One is for the technical reasons since this study conducted a panel analysis of 16 local governments in Korea, and we require the total number of automobile sales by region in order to calculate the market share of EVs sold, which can barely be obtained. The other is due to the importance of the sales volume data itself. Sales are involved in both the learning effect and the economies of scale of the production sector and the network effect of the consumer sector through the formation of an installed base. Besides, the increase in sales contributes to the development of battery technology, which will play a vital role in the diffusion of EVs through a contribution to profit, so the sales number is used as it is to prevent the loss of information.



In this study, seven variables were finally selected as the explanatory variables that showed a statistically significant influence on EV diffusion in the previous studies (Table 2). Explanatory variables can be grouped, one is the technology-push factors, and the other is the demand-pull factors. In addition to the variables discussed in this study, other factors might affect EV diffusion. However, it is limited to the above seven variables by the fact that including a lot of less critical variables could dilute the results. The descriptive statistics of explanatory variables are presented in Appendix A (Table A1).



Technology-push factors are the attributes of the electric car itself, the range with a full charge, the number of models that can be selected, and the price difference between the same-class internal combustion engine vehicles (ICEVs) and EVs. The development of battery technology is one of the most critical factors in the diffusion of EVs. Battery density is the most representative variable of the battery performance. As the battery density increases, the driving range increases and the battery price per unit power decreases at the same time. Consumers can recognize the innovation of battery technologies by the increase in the driving range and the reduced price of EVs so that the range and price difference with ICEVs are selected as the explanatory variables. The average of the driving range of each EV model available in that year is used as the variable, and each driving range is based on the distance traveled at room temperature (20–30 °C) with a full charge. To calculate the price difference, the price of the corresponding gasoline vehicle to each EV model available in that year is subtracted from that of the EV, and the differences are averaged (diesel car in the case of no gasoline car).



Moreover, it is reasonable to assume that the more various products are given, the more likely the consumers will find a satisfactory car. In [45], the authors divided the Canadian consumers into groups according to the vehicle body type for the next vehicle (economy, intermediate-size sedan, full-size sedan, luxury sedan, minivan/crossover, sport utility vehicle (SUV), and pickup truck), and unlike the HEVs, each group showed different preferences for the PHEVs and BEVs. We expect that it would be easier for consumers to find the cars that meet their needs if the body type, including the design of EVs, is provided in various ways.



Demand-pull factors are explanatory variables that indicate the consumers’ purchasing conditions. The first one is the local gross income per capita. The higher the consumer’s income is, the higher the probability of purchasing an EV is, considering the relatively high price of EVs.



Subsidies and tax exemption are also critical for EV adoption. Due to the low price competitiveness of EVs compared to ICEVs, governments provide the subsidy and the tax benefit to EVs, thus making it cost-competitive. Subsidies consist of central government expenditure and that of local governments. Although central government expenditure is uniformly supported nationwide, the level of local governments’ support differs according to each locality, which in turn impacts on the annual sales of EVs by region. As of 2017, an EV buyer in Korea will enjoy various tax benefits of 4.6 million KRW (approximately 4066 USD with an exchange rate as of 26 November 2018 (1131 KRW = 1 USD)) including individual consumption tax of KRW 2 million, education tax of KRW 600,000, and an acquisition tax of KRW 2 million, and annual vehicle tax for EVs is KRW 130,000 regardless of the vehicle body type. Tax benefits such as an individual consumption tax occur once at the time of purchase while the exemption of the vehicle tax is an annual benefit. For example, the owner of a standard medium-sized passenger car (2000 cc) with an internal combustion engine is required to pay a vehicle tax of KRW 520,000 per year, but for EV owners, he or she can save KWR 390,000 per year. In this study, the sum of all tax benefits and subsidies is used as an explanatory variable of the subsidy and tax benefits. With regard to the vehicle tax benefit calculation, we assumed that people both have a 5-year payback period and a 10% discount rate.



Third, the number of charging stations adjusted to the number of registered EVs was set as the explanatory variable. As mentioned earlier in the introduction, the more chargers that are available, the easier it is to use the EVs so the number of charging stations would have a positive impact on the EV adoption. Since charging service providers have not made their time-series charging stations data available to the public, only the data from local governments and the Ministry of Environment are included here. In Korea’s EV support program, in order to prevent the imprudent proliferation of EVs without taking into consideration the charging facilities, it was necessary to examine whether a prospective subsidy recipient can use fixed chargers in the recipients’ selection process. For this reason, only the EV purchasers were able to receive the full Level 2 charger installation subsidies from the local governments until 2016, and if they did not want to install it, they had to submit a disclaimer regarding the installation subsidies. People are highly unlikely to spend tens of thousands of dollars on a car defined by emerging technology without a purchase subsidy whose price is nearly double the price of an ICEV. Furthermore, they will not install a Level 2 charger at home with installation costs of several million KRW without a subsidy accompanying it. Therefore, it is plausible to assume that the number of level 2 chargers is determined almost simultaneously with the number of EVs and that means if the number of Level 2 chargers is used as an explanatory variable, then the endogeneity problem will arise.



The problem that is always mentioned in EV diffusion is ‘range anxiety,’ which means the psychological uneasiness that one could be stranded on the road caused by the shorter range of EVs and by the insufficient charging infrastructure. In addition to the mainly used charging points such as residential buildings or workplaces, if there are plenty of charging stations on the roads, then it will be of great assistance in increasing the EV acceptance of potential customers. Therefore, in this study, the number of public fast chargers installed by the Ministry of Environment was selected as a measure of the charging infrastructure but adjusted by the number of registered EVs in each region because it takes a long time to charge.



The last variable is fuel cost saving. EVs can achieve higher economic benefits over its life through the reduced fuel costs than ICEVs. Therefore, it can be considered that the reduction of the fuel costs can increase consumers’ preference for the purchase of EVs, though it is not generally the case in previous studies. In this study, the fuel cost savings were calculated based on the following criteria: (1) the payback period is five years, (2) gasoline price, electricity rates, fuel efficiency, and annual mileage are assumed to be the same as the first year of purchasing the EVs during the payback period, (3) everyone’s fast-to-Level 2 ratios of charger usage (on a charge basis) is 3:7, and (4) everyone’s discount rate is at the same level. Previous studies have shown that many consumers tend to incorrectly gauge the size of the fuel economy benefits [33,42,46,47], to such an extent that they are unaware of the potential cost savings [3,8,14], and in most cases the fuel cost savings are not the primary attribute governing the vehicle purchase decision [14,25]. Therefore, this study conservatively set the discount rate at 10% and the payback period at 5 years.



The descriptive statistics of explanatory variables are presented in Appendix A (Table A1).




4. Models and Results


4.1. Models


The dependent variable, the number of annual sales of the EVs, is count data. For count data, the Poisson regression or negative binomial regression is mainly used in the analysis [48]. In the Poisson regression, the assumption that the mean and variance are the same should be met. The conditional variance of the annual sales of EVs is large enough compared to the conditional average and is very heterogeneous by region (Table A2). Considering overdispersion and cross-sectional heterogeneity, we adopted the negative binomial regression instead of the Poisson regression.



The models that explain the annual sales of the EVs are as follows:


     S a l e  s  i , t   =    β 1  D i v e r s i t  y  i , t        +  β 2  R a n g  e  i , t        +  β 3  P r i c  e  i , t        +  β 4  I n c o m  e  i , t        +  β 5  S u b s i d  y  i , t        +  β 6  C h a r g e r  s  i , t        +  β 7  F C S a v i n  g  i , t   +  α i       +  ε  i , t       



(1)




i = 1, 2, …, 16 stand for each municipality, t = 2013, …, 2017 for the year.



In this negative binomial regression model, we can interpret the sale of one EV as an event in which a consumer chooses an EV instead of an ICEV when deciding to purchase a car. Therefore, we set up the model in which the annual sales of the EVs follow the Poison process with an unobservable error parameter introducing heterogeneity in the variance, while the vector of the explanatory variables(X) explains the intensity parameter (µ).



   S a l e  s  i , t   → N e g B i n  (  μ ; σ  )  ,   t h a t   i s ,   


   S a l e  s  i , t   → P o i s s o n  ( μ )  w i t h    {      μ =  μ ¯  · u = e x p  (  β X  )        u → Γ  (   1 σ  ;  1 σ   )          



(2)








4.2. Results and Discussion


The results are shown below (Table 3). It was imperative that we utilized the incident rate ratio (IRR) to compare how certain factors place greater emphasis on the EVs more so than any others. As the IRR is defined by multiplicative characteristics, it presents us with a clear advantage in comparing the explanatory power among the independent variables intuitively. For example, if the IRR of an explanatory variable is 1.5, then this signifies that a one unit increase in the explanatory variable raises the occurrence probability by 1.5 times.



Firstly, both the range and subsidy have a positive and robust impact on the annual sales of the EVs, however, the magnitude of the impact is much higher in range than the subsidy. According to the results of this study, the number of EVs sold will increase by approximately 1.04 times, that is, 4.2% when the range is increased by one unit if all else is equal. On the other hand, a one unit increase of the subsidy merely elevates the possibility of the EV being sold at 0.1%.



In fact, the driving range has often been underestimated in the works of literature. Some argued that since the average mileage of the drivers is relatively short, the range of the EVs will not be a severe impediment for the EV diffusion [38]. Additional studies also asserted that the existing BEV models can already cover the vast majority of daily trips [49,50,51] making it feasible to replace a significant portion of the ICEVs [51] and reduce the gasoline consumption by approximately 60% with the existing BEVs [49]. Moreover, the range-anxiety is even considered to be a psychological issue, rather than a technical one [46].



However, there seems to be a number of misconceptions regarding the concept of the range of EVs. Since a greater deal of time and effort are required for frequent charging, the longer the range is, the higher the convenience for the consumers. The survey from the EV owners in the US indicates that even though the existing EVs already provide the majority of the respondents’ daily trip needs, people still require a greater range, approximately more than three times their daily trip [25]. Therefore, it is not a matter of the daily trip or the local area coverage, but whether the driving range of the EVs becomes closer to that of the ICEVs or not.



Here is where meaningful policy implications can be drawn. Currently, the Ministry of Environment (MOE) is responsible for the diffusion of the EVs in Korea and its main policy instruments are the purchase subsidies, tax benefits, and the expansion of the charging station. These are all demand-pull policies that lower the barriers to the adoption of EVs. On the other hand, R&D, which is a representative technology-push policy, is administered by the Ministry of Trade, Industry, and Energy but the roadmaps for R&D regarding EVs technology seem to be declarative goals and even proper statistics of R&D expenditure cannot be obtained. As we have seen, the demand-pull policies such as purchase subsidies and the charging infrastructure tend to work correctly after technological innovation has taken place so that the current demand-pull-centered policies need to be reconsidered.



Secondly, it can be seen that the public fast chargers of the MOE have a negative impact on the annual sales of the EVs even though it is statistically insignificant. This result seems to be counter-intuitive. Thus, a possibility exists that the Level 2 chargers have been mainly used while the fast chargers have played an auxiliary role. At the time when one has to move his or her car out of the parking lot after 30 min of fast charging, the Level 2 chargers can provide a great many advantages over the fast chargers to the EV owners who want to charge during the time when the car is parked at home, the workplace, or at your convenience.



One piece of evidence can be found in the survey results of the actual user of EVs and the status of the installation of the charging station. If you look at the statistics (Figure 3), the majority of the GPO chargers are fast chargers while the CSP chargers are mostly Level 2 chargers. According to [1], the EV users in Korea charge their vehicles mainly at GPO stations (31.0%), home (27.9%), CSP stations (24.0%), and the workplace (15.3%) (Figure 3). Considering the convenience of charging and the cost of a charger installation, it is reasonable to assume that the in-home chargers are predominantly Level 2 chargers, and the same can be said of the chargers used at work. Together with the fact that the CSP chargers are mostly Level 2 chargers, the effective utilization ratio between the fast and Level 2 chargers of the actual EV owners in Korea is approximately 3:7 at a maximum. Therefore, in such a situation, the fast charger may be used only for charging in an emergency or may have played only a psychological role in reducing the range anxiety. As mentioned in chapter 3, the charging service providers have not made their time-series charging stations data available to the public so unfortunately, we have been unable to use those data.



Diversity displays no apparent relationship in the models even though the number of selectable models has almost tripled over the past 5 years. This is probably due to the fact that the Korean consumers generally prefer large sedans, as already mentioned in the introduction, whereas the only available EVs during the analysis period were small compact cars so that the number of selectable models itself did not have much effect to the sales of EVs. The authors expect that it will be more insightful if the explanatory variable that represents the existence of large sedans would be included in any future research. Furthermore, the result also does not indicate whether the price difference between the EVs and ICEVs have a significant negative impact on the EV diffusion. It seems that as Korean governments have provided a large amount of economic support for the EV purchase to compensate for the relatively high price of the EVs, those incentives have blurred the negative impact of the price difference.



Finally, the result of the fuel cost savings is of great interest. According to the results, each unit increase in the fuel cost saving lowers 0.4% of the sales of EVs. This statistically significant result is counter-intuitive and any supporting reasons are likely to be found in previous literature. Numerous studies have shown that people tend to incorrectly estimate the size of the fuel economy benefits [5,33,41,42,52] and hardly concern themselves with the potential cost savings [3,8,14]. Besides, when making a vehicle purchase decision, they do not seriously consider the fuel cost savings in the vehicle purchase decision [11,12,24] or even misconceive that the high fuel economy can only be achieved by compromising the performance and safety [20]. When you look at the Table below (Table 4), although using an EV has been clearly more economically beneficial than when using a gasoline vehicle and the fuel cost saving has been decreased during the analysis period, the annual sales of the EVs neither replaced the ICEVs nor decreased as the fuel cost saving decreased from 2013 to 2016. These data also support the findings in previous studies that people display seemingly irrational behavior regarding fuel cost savings.





5. Conclusions and Policy Implications


The electrification of the transportation sector is vital to abate severe air pollution in Korea, as well as to make a breakthrough in the climate change issue, the common goal of the world. As EVs emit no local pollutants and are up to three times as energy-efficient as ICEVs [53], it is expected that diffusion of EVs would alleviate many of environmental burdens. The first step for accelerating the replacement of the ICEVs with EVs would be to discover what encourages people to adopt the EVs. For this reason, we analyzed the relationship between the EVs and the explanatory variables using the actual sales data of the EVs in Korea from 2013 to 2017.



The result confirms that the driving range and financial incentives such as subsidies and tax exemption have a positive impact on the EV diffusion, and especially, the driving range is the most significant variable explaining the adoption of the EVs. Although existing EV models can cover most of the daily trips [49,50,51], it does not mean that most of the existing ICEVs will be replaced with the EVs right away. It is not a matter of subsidy or infrastructure readiness, but a matter for the competitiveness of the EVs compared to the ICEVs. Even with an in-home charger, the experiences that the owners have with regard to the EVs are completely different for daily charging, charging twice a week, and charging twice a month to cover the daily trip. In order to be a dominant design, the EVs must provide more value than the ICEVs to the consumers. When the value provided by the EVs is greater than the value that the consumers expect for traditional ICEVs, or the new value from the EVs is large enough to offset the awkwardness and reliability issues facing emerging technology, the replacement from the ICEVs to EVs in the mainstream vehicle market will occur. In this study, we could not find a clear relationship between the EV diffusion and the fast charging infrastructures. This may be because the public fast chargers performed only an auxiliary role in such a long-distance journey or emergency because the primary source of charging is Level 2 charging. Therefore, if the governments indiscriminately push ahead with the establishment of public fast chargers in the current state, it can have a small effect on nurturing the EVs compared to the investment amount.



The diversity of the EV models also showed no significant impact on the annual sales of the EVs. This is presumed to be due to the lack of EVs in the large sedan segment favored by Korean consumers. For this reason, it would be beneficial for automakers to construct the EVs line-up after they carefully examine the consumers’ needs on EVs.The implications drawn from this study are as follows. Firstly, it would be necessary to reconsider whether the policy instruments for the EV diffusion are demand-pull centered more than necessary. Of course, it is indispensable to lower the hurdles for the purchase and use of the EVs in order to create the initial market and reach the critical mass. However, the policy can be effective only if technological innovation occurs at an acceptable level for consumers. The evidence from the result informs that the driving range has a much higher impact on EV diffusion than the subsidies and tax exemption. Therefore, to find a fine balance between the demand-pull and technology-push policies would, in turn, improve the efficiency of the instruments.



Secondly, charging infrastructures are essential in the utilization of the EVs, but to solve the problem with it also could be overcome by technological innovation. Frequent charging itself means that the battery capacity does not meet the consumer’s requirements, and the longer that is needed to charge the EV means that there is room for the further improvement of technologies around charging. When the battery capacity of the EV is large enough to drive a long distance, and the time needed to ‘refill’ the battery is not much different from that of the ICEVs, then the charging infrastructures would not hinder the widespread adoption of EVs.



This study has some limitations on data due to the emerging market characteristics of the EVs and a relatively short history of the policy implementation in Korea. A more accurate form of analysis is likely to be available when more comprehensive and extended time-series data is obtained in the near future. However, the authors would like to identify that the dataset used in this form of research is one of the best options so far.
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Table A1. Descriptive statistics of explanatory variables.






Table A1. Descriptive statistics of explanatory variables.





	Variables
	Observations
	Mean
	Standard Deviation
	Min
	Max





	Diversity (units)
	80
	6
	1.684
	3
	8



	Range (km)
	80
	136
	16.730
	120
	168



	Price (10 thousand KRW)
	80
	2343.4
	113.149
	2175
	2501



	Income (10 thousand KRW)
	80
	2914.675
	712.139
	2073
	5221



	Subsidy (10 thousand KRW)
	80
	2435.875
	318.738
	1949
	3369



	Fast chargers (units per EV registered)
	80
	0.168
	0.159
	0.01
	0.79



	Fuel cost savings (10 thousand KRW)
	80
	398.913
	87.950
	242
	521
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Table A2. The conditional mean and conditional variance of annual sales of the EVs.






Table A2. The conditional mean and conditional variance of annual sales of the EVs.





	Region
	Mean
	Variance
	Observations





	Seoul
	1112.2
	2,822,193
	5



	Busan
	146.4
	25,727.3
	5



	Daegu
	400.6
	529,008.3
	5



	Incheon
	69.4
	12,019.3
	5



	Gwangju
	121.8
	18,717.2
	5



	Daejeon
	54.4
	8320.3
	5



	Ulsan
	65.2
	9673.7
	5



	Gyeonggi
	354.6
	330,406.8
	5



	Gangwon
	75.8
	10,843.7
	5



	Chungbuk
	43.4
	6370.8
	5



	Chungnam
	58.2
	4900.7
	5



	Jeonbuk
	50.6
	9410.8
	5



	Jeonnam
	266.4
	66,916.3
	5



	Gyeongbuk
	128.6
	28,338.3
	5



	Gyeongnam
	157.4
	14,405.3
	5



	Jeju
	1795.4
	2,486,951
	5



	Total
	306,275
	539,703.6
	80
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Figure 1. Newly installed charging stations (charging service providers (CSP)’ chargers excluded) (Source: Local governments, Ministry of Environment, Korea Environment Corporation). 
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Figure 2. The light-duty vehicle (LDV) share by vehicle size segment and fuel consumption in 2017 [10]. (The country-groups and world only include the country listed in the graph. LCV = light-commercial vehicle. Advanced < USD 1/L = advanced economies with gasoline prices below USD 1 per litre; Advanced > USD 1/L = advanced economies with gasoline prices above USD 1 per litre. Unspecified is the share of vehicles where there is no data on the size segment and the values are not included in the denominator to calculate market shares. (Source: IEA analysis based on IHS Markit database (IHS Markit, 2018)). 
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Figure 3. The number of public chargers and the ratio of charging by EV owners (Source: [1,2,3,4,5,6,7,8,9]). Based on the total ports number in October 2018. 
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Table 1. Exchange rate and gasoline price in Korea (period average) [12,13].
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	2013
	2014
	2015
	2016
	2017
	2018





	Exchange rate

(KRW per USD)
	1094.85
	1052.96
	1131.16
	1160.43
	1130.42
	1100.50



	Gasoline price

(KRW per liter)
	1924.48
	1827.28
	1510.40
	1402.61
	1491.30
	1581.37
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Table 2. Explanatory variables and literatures.






Table 2. Explanatory variables and literatures.





	

	
Variables

	
Literatures






	
Technology-push factors:

	
Range

	
[3,6,14,15,18,24,25,29,31,40,43,44]




	
Diversity

	
[18,31,40,43,45]




	
Price

	
[8,14,15,18,24,29,44]




	
Demand-pull factors:

	
Income

	
[5,6,7,8]




	
Purchase subsidy and tax reduction

	
[2,3,4,5,6,7,8]




	
Charging infrastructure

	
[3,4,5,6,14,15,18,24,29,40,43,44]




	
Fuel-cost saving

	
[4,6,7,8,14,17,18,24,31,44],
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Table 3. Negative binomial regression results.






Table 3. Negative binomial regression results.















	
	Diversity
	Range
	Price
	Income
	Subsidy
	Fast Chargers
	Fuel Cost Savings





	IRR
	0.954
	1.042 ***
	1.000
	1.000
	1.001 ***
	0.729
	0.996 *



	Standard error
	(0.117)
	(0.007)
	(0.003)
	(0.000)
	(0.000)
	(0.459)
	(0.002)







*: p-value < 0.1, **: p-value < 0.05, ***: p-value < 0.01.
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