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Abstract

:

Electromobility represents a strong option for reducing carbon emissions in the road transport sector. This study presents a methodology and a simulation tool that project the evolution of the market share of electric vehicles (EVs) in the new car market. The analysis adopts a stylized regional resolution, which accounts for attributes on the NUTS-2 level, such as the population density, GDP/capita, education levels, and current EV charger distribution, to simulate the uptake of BEVs in different regions. The methodology applies discrete choice modelling techniques, considering tangible and intangible factors, including purchasing and operation costs, an estimated cost for range anxiety and public charging, and a market maturity index. The analysis is based on four different scenarios, referring to the updated Greek National Energy Climate Plan. The results reveal that regions with a higher average income, GDP/capita, and population density show a higher uptake of EVs. Overall, the tool implements a method of simulating the market evolution of EVs up to 2030 in reference to regional parameters and, hence, highlights the regions that require the most attention in order to achieve national targets. The results can inform policymakers in developing tailored strategies and financial support to accelerate the adoption of BEVs, particularly in regions where their uptake prospects are lower.
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1. Introduction


The electrification of the transport sector is a key option for reducing carbon emissions, with the aim of mitigating climate change. In the European Union (EU), transportation accounts for approximately 22.5% of all greenhouse gas (GHG) emissions, making it a sector in which it is critical that we achieve progress [1]. As a result, electric vehicles (EVs) have gained traction as a cleaner and more sustainable alternative to traditional combustion engines. In Greece, the National Energy and Climate Plan (NECP) sets out to achieve the EU’s Fit For 55 legislation, and aims to reduce carbon emissions by 55% of the 2005 levels by 2030, and achieve carbon neutrality by 2050. In this context, the electrification of transport is an essential step in contributing towards this goal [2].



According to the European Automobile Manufacturers’ Association, the Greek market saw a 30% increase in battery electric vehicle (BEV) unit registrations in 2022, and a 15% increase in plug-in hybrid electric vehicle (PHEV) unit registrations. The market share of BEVs and PHEVs, however, falls very low, at 2.7% and 5.2% of total new vehicle registrations in 2022, respectively. While there is an upwards trend in electric vehicle registrations, EVs still only occupy a very small percentage of the vehicle market. Globally, the market share of EVs is highly geographically unbalanced, with Greece falling at the low-end, with its 7.9% EV market share [3]. However, the continuously increasing trend in EV sales is largely driven by two factors: the growth in the supply of EVs, and the growth in the demand. EVs are becoming more competitive every year, due to both the improvements in EV technology, making them more desirable than internal combustion engines (ICE), and due to national and international policy and legislation promoting EVs, and setting transport decarbonization targets.



The uptake of electric vehicles, globally, can be defined within the technology adoption lifecycle parameters, which define the market uptake of new technologies introduced as a replacement for current technologies in developed markets [4]. The technology adoption lifecycle can also be defined by the consumers of the new technology, which can be classified into the following basic categories: innovators, early adopters, early majority, late majority, and laggards. These are specifically applicable to Greece, where regional characteristics could be highly influential in the further uptake of EVs.



In this context, the aim of this paper is to apply a simulation market analysis tool that estimates the EV uptake in Greece, by 2030, at a regional level. Our work contributes to the ongoing discussion of sustainable transportation, by incorporating key socio-economic factors that drive the growth of electromobility from a user-choice perspective. It provides a method of testing the market impact of policymaker actions in the electromobility market. The underlying analysis is framed within the context of the Greek NECP, which sets specific national targets for the EV uptake by 2030 [5]. By using a data-driven approach to understand the future of EVs in the EU, the results of this paper aim to inform policy decisions in the transition to sustainable transportation. Furthermore, the simulation results can guide the development of charging infrastructure in both the public and private sector. Methodologically, the simulation analysis is based on discrete choice modelling. We explain the reasons in choosing this established method in the Materials and Methods section. The originality of this work relates to its applicability in delivering a regional analysis of policy implications for the EV uptake in Greece by 2030, using a scenario analysis. The heterogeneity in consumer habits and preferences has a strong impact on EV uptake and, hence, it is a necessary factor to account for [6]. The regional granularity of the results enables the analysis and assessment of policy action at a regional level, rather than on a generalized national level and, hence, allows for the reassessment of policies to better account for the differences between regions. Several previous studies have simulated the market uptake of alternative fuel vehicles; however, demographic regional features are often not accounted for [7]. One study calculated the Beijing market penetration rate using a nested multinomial logit model for the choice between vehicle segments and technologies. The model attributes, however, only vary between the vehicle choices, and does not account for the utility function variation among the resident population of Beijing of 21 million people, which is nearly double the population of Greece [8]. Another study based in Iran acknowledges the variation in consumer choice based on different demographic features, yet only includes income segmentation in the utilized model [9]. Other studies focus on the demographic heterogeneity of EV adopters, such as a California-based study which used survey data from EV users to estimate the parameters of a Bass diffusion forecasting model based on socio-demographic data, further highlighting the importance of accounting for consumer sociodemographics when designing policy [10]. Several studies using stated preference surveys have revealed the significant impact of the demographic and socioeconomic attributes of the decision-maker, yet do not utilize these factors in the choice modelling [11]. This study builds on the studies analyzing and identifying the factors influencing the market uptake of EVs, by simulating the impact on each individual region [12,13,14]. Other studies have focused on characterizing the Greece EV market; however, those studies were applied on a national level [15,16,17,18]. While existing simulation tools have been used to analyze the national EV market uptake in the EU and worldwide, there is a lack of studies and tools generating results at a more granular regional level [7,19,20,21]. With the rapid developments in the EV market, this increased granularity is required by national and regional governments, for policy analysis and assessment. Additionally, the results obtained using the simulation tool can provide valuable support for the integration of electric vehicles (EVs) into urban mobility, by offering insights into the potential impacts and feasibility, and optimization strategies [22]. EV market growth is highly dependent on the development of charging infrastructure, and several previous studies aimed to quantify the future EV market in order to ensure the sufficient availability of chargers [23,24,25].



The paper is organized as follows: Section 2 discusses the formulation of the simulation tool, and the parameters inputted, Section 3 presents the results of the analysed scenarios and identifies features of the regions adopting BEVs, and Section 4 discusses the scenario design, and the results and their significance, finally followed by the conclusions in Section 5.




2. Materials and Methods


2.1. Parameters and Scope


The simulation is based on a discrete choice model that accounts for the demographic features of different users, and is used to estimate the probability of a consumer making a specific choice when presented with other alternative options that can be discretely and independently defined [26]. The decision-making process of the consumer is based on a utility function which allows for a uniform comparison between the available options [27]. The utility function would ideally capture the consumer-specific attributes of the user, in combination with the attributes of the alternatives.



In the estimation of the market uptake of electric vehicles (EVs), the discrete choice model provides distinct advantages over alternatives, such as regression-based models or agent-based models, in that it does not assume a linear relationship between variables and, alternatively, captures the dynamic nature of consumer choice and decision-making between alternatives through simulating individual choices among the various alternatives. Discrete choice models integrate a wide range of influencing factors into the consumer’s decision-making process, such as consumer attributes, vehicle attributes, and the market and environment readiness [28]. The inclusion of these attributes in a market uptake simulation allows for the analysis and understanding of the relative importance of these different attributes. Additionally, discrete choice modelling accounts for the heterogeneity of the consumers and, hence, is ideal for a regional simulation, and allows for more an accurate and tailored market simulation for each relevant consumer [29]. This allows for a clearer analysis of the consumer drivers, and provides deeper insights into the characterization of consumers based on their level of technological acceptance. On the other hand, the accuracy of discrete choice modelling is dependent on the accurate choice of the model parameters and the utility functions for each consumer and alternative and, hence, extensive research must accompany the model. The data source for the discrete choice model was chosen as statistical rather than stated preference, due to the inconsistency between the stated preference and observed data, as well as the challenges in generating a representative survey that accurately reflects real-world choices and preferences [30]. The use of discrete choice models to simulate the EV market uptake has been repeatedly demonstrated in previous studies [31,32,33].



In this paper, the developed tool incorporates two key features: a granular geographic scope at the NUTS2 level that accounts for socio-economic variation, and a temporal resolution of 1-year steps. The geographic granularity allows for a more comprehensive analysis of the e-mobility uptake variation among regions. In a discrete choice model, two important disaggregations must be defined: the decision-maker, and the alternatives. Regarding the alternatives, the model is applied at a vehicle segment level. This is based on the assumption that the consumer choice is between alternatives in the same segment and, hence, the market share must be calculated for each vehicle segment. Within each segment, the consumer is presented with four alternatives for vehicle choice: petrol, diesel, battery electric vehicles (BEVs), and plug-in hybrid electric vehicles (PHEVs). The decision-makers are the individuals making the choice between the different alternatives, based on their individual preference. For this application, the decision-maker attributes are defined by the average representative values from each region, as a measure of the typical average decision-maker in each region. In summary, the discrete choice model is applied independently for each vehicle segment within each region, and the choice of the decision-makers is simulated among the fuel options, as can be seen in Table 1.




2.2. Tool Formulation


The form of the discrete choice model can be seen in Equation (1), and it is based on a Weibull functional form, as established in previous modelling approaches on new vehicle choice [7,34]. In discrete choice models, the choice between alternatives is based on the different utility of each option to the user [26]. As per the utility maximization framework, the user is assumed to make a rational choice through the maximization of utility [35]. We assume a Weibull distribution for the probability distribution of users’ choice of an alternative, while noting that it can be transformed into a standard logit distribution through taking the logarithms of cost [36].



The results using this formulation have been repeatedly used in policy frameworks in the European Union, such as the EU Reference Scenario 2020, and the Greek National Energy and Climate Plan (NECP) [5,37]. The discrete choice model is applied at the vehicle segment level and, hence, the results are disaggregated by segment within each region. This functional form encompasses a cost index, the degree of substitution, and the market maturity index (MMI) in the utility function and, hence, accounts for hidden costs that cannot be expressed in monetary terms. The degree of substitution is a quantitative measure of how the choices in the discrete choice model are alternatives to each other. It signifies the ease of switching between one choice and another in response to a change in the cost. As cost is a negative determinant of consumer utility, the degree of substitution has a negative sign, to indicate that an increase in the cost of an alternative option leads to a reduction in its competitive advantage and, in turn, its market share, compared to other alternatives [34]. A recent study analyzing consumer behavior in choosing between vehicles demonstrated the relationship between the degree of substitution and income, with higher-income consumers observed as having a higher degree of substitution and, hence, the degree of substitution varied across regions, between −4 and −7 [38,39]. This indicates how higher-income individuals can more easily switch between the alternative choices, and the cost index has a smaller impact on their choices.



The MMI is a measure of the non-cost elements impacting consumer choice, such as their trust in technology, social influence, environmental awareness, etc. The regional variations are captured based on demographic statistics, using a quartile-based range-scaling approach. This process involves choosing the range of the parameters anticipated between the different regions and the demographic attribute that would drive the variation. The regions are then distributed into quartiles, based on the demographic attribute, and scaled, based on the identified range. This methodology allows for the consideration of the variation between regions based on the demographic attributes and parameter ranges analyzed in the existing literature. The cost inputs are set according to the most up-to-date studies and research, to provide an accurate simulation of future parameters. This enables the tool to be used in, and applied to, populations with no available survey capability or data.
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u: user



	
v: vehicle



	
MS: market share (%)



	
C: annual cost index (EUR/km)



	
w: Market Maturity Index



	
y: degree of substitution







2.3. Cost Index


The cost index is a unified and consistent measure of cost between different vehicle options for different users. In this tool, it is measured on a per-kilometer basis. This cost index does not only include the running costs for each vehicle choice, but also the initial costs, using an annuity rate based on the individual discount rate and economic lifetime. The equation used for the cost index can be seen in Equation (2), where it is represented in EUR/km terms. The rational consumer choice based on the cost index is combined with the MMI, due to the complexity of consumer behavior and the limited availability of data on consumer plans on purchasing electric vehicles.
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(2)







	
IC: annual initial cost (EUR)



	
OC: annual operation cost (EUR)



	
M: annual mileage (km)






The initial costs are included in the calculation using an annuity rate, as can be seen in Equation (3), and include the vehicle-purchasing cost, and the respective home infrastructure accessory, such as a home charging unit, including taxes and subsidies.
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PC: purchasing cost (EUR)



	
 ∂ : discount rate



	
n: economic lifetime (years)






The cost index is on a per km basis. To ensure that all the inputs are measured against the same base, the average yearly mileage is considered in the calculation. It is used specifically when calculating the fuel cost for a single year, with a higher mileage equating to higher fuel-operating costs. A study completed in Japan, analyzing passenger vehicle certifications across different regions, has found a strong inverse correlation between the average annual mileage and population density, varying around 10,000 km/year [40]. Several other studies have demonstrated the same relationship between vehicle miles traveled and population density in other global regions [41,42,43]. The mileage data from the European Commission New Mobility Patterns study present the national mileage data for passenger vehicles in Greece as varying by approximately ±20% over the years and across vehicle types [44]. A range of 9000 km–12,000 km is, hence, taken as the mileage across different population densities in the regions analyzed in the simulation, as per the base case national mileage of 10,000 km, and the variation in population densities [45]. Regarding the discount rate, it has been shown to vary widely for energy-efficient transport, and to be inversely correlated with household income, and varies between 8% and 20% across the regions [46,47].



The direct operation costs included in the calculation are the fuel costs, road tax, maintenance costs, insurance, and depreciation. In addition to the direct operation costs, two elements of indirect costs are included in the calculation: the cost of time using public recharging, and the cost of range anxiety. The public charging cost is based on the emergency public recharging stops in the middle of a trip, and the average hourly wage and, hence, it excludes curbside recharging near one’s residence, workplace charging, or charging at a destination. The number of public charging stops is calculated based on a methodology developed by the National Argonne Laboratory, as can be seen in Equation (4), and is assumed to reduce by 30% by 2030, with infrastructure developments, and developments in EV range [48]. For the baseline, the average BEV range is taken as 400 km, and the average of 10,000 km/year is taken for the yearly mileage, and it is assumed that 88% of EV trips can be completed with a single home charge, which would equate to 84% home charging and 16% public charging, or an average of nine public charging stops [49]. The number of stops varies between regions, based on the feasibility of home charging, which has been shown to correlate with homeownership rates [13]. A 30% variation from the baseline is assumed, based on the variation in homeownership rates, which results in the number of stops varying between 7 and 12 stops per year across the regions [50].
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Number of Public Charging Sessions: the number of stops for public charging (stops/year)



	
Mileage of Public Charging: the yearly vehicle mileage using public charging (km/year)



	
EV range: the range of vehicles on a single charge (km)






The range anxiety cost is another hidden cost of BEVs. This cost can be calculated using a range-limitation cost approach that approximates the cost as the number of days requiring an alternative vehicle due to out-of-range trips, multiplied by the cost of the alternative vehicle [51]. The out-of-range trips are affected by two factors: vehicle ranges and infrastructure availability. For the purpose of this calculation, we simplify by assuming that the alternative option to the battery-depleted EV would be to rent a car. This calculation assumes the most expensive alternative, and does not account for the availability of another vehicle in the household, or the use of public transportation. As ranges and infrastructure develop, the number of out-of-range trips is reduced from 12 trips a year (one trip/month) in 2023 by 33%, to 8 trips per year by 2030 [52]. To account for the variation between regions in the charger infrastructure, the charger density of chargers/area was calculated for each region, and the number of steps was scaled from 12 trips at regions with a high charger density to 20 trips for the regions with the lowest charger density. Using data from the New Mobility Patterns study, in this particular calculation, proved challenging, as travelling habits in Greece focus on short-distance urban mobility, rather than long-distance inter-city trips and, hence, conservative approximations were used to simulate the consumer thought process when it came to range anxiety.




2.4. Market Maturity Index


The market maturity index is an essential component of the utility function that is included to account for the non-cost influencing factors on the consumer’s decision-making process. In the application of this simulation tool, it represents two kinds of factors: factors specific to the vehicle alternatives, and factors specific to the consumer. The vehicle factors include the availability of convenient charging infrastructure, range anxiety, and the reliability of the vehicle [53]. The consumer-specific factors are a representation of the likeliness of an individual becoming an early adopter of EVs, and this is based on several factors, including knowledge of alternative vehicle options, consumer environmental responsibility, consumer knowledge of maintenance and technology, attitude, and willingness to take a risk [15].



Two main attributes have been chosen to control the market maturity index of different vehicles: range anxiety/available infrastructure, and consumer attitude independently of cost. The market maturity index values are tuned to the 2022 market statistics for all vehicle fuel types. While diesel and petrol vehicles’ maturity is assumed to remain constant over the coming years, EVs exhibit very low market maturity as of 2022, which is expected to grow very rapidly over the coming years, as exhibited in other leading markets. The estimation of the future market maturity indices of BEVs and PHEVs has been conducted based on a logistic growth model, which starts from the current market maturity values from the available data, consistent with technology adoption trends [54]. The formulation and parameters of a logistic growth function can be seen in Equation (5):


   ω t  =  1  1 +    ω t  −  ω 0     ω 0    ·    e  − t a  m u  ·  g u  ·    (  t −  t 0   )       



(5)







	
t: year



	
   ω t   : market maturity index at year t



	
gu: user-specific growth rate



	
tamu: technology acceptance model score






A technology acceptance model (TAM)-based scoring methodology was used to scale the growth rate of the EV market maturity index [55]. The TAM is based on highlighting how the perceived usefulness (PU) and perceived ease of use (PEU) are at the core of technology acceptance by an individual [56]. The PEU is used as a parallel to the available infrastructure, and the PU is used as a parallel to the consumer attitude. Regarding the PEU, the charging infrastructure availability and ease of use of EVs varies depending on the region. We use the charger area density in charger/km as a measure of the PEU. On the other hand, it is more difficult to quantify and score the PU and consumer attitudes. Attributes of early adopters of EVs have been analyzed in several studies that have shown that regions with a higher GDP/capita and higher education levels have a more positive attitude towards EVs, due to their knowledge of the technology, and environmental awareness and responsibility [14,57]. We use the ratio of adults with a tertiary education and GDP/capita as a measure of the PU [58,59,60,61]. The TAM score is calculated based on the ranking of the following three factors between the regions: the charger density, based on Open Charge Map API [62], education levels, and GDP/capita, based on Eurostat data [63,64]. The scores for each region can be seen in Table 2.



It is also necessary to accurately approximate the base growth rate of the logistic growth model. Linear forecasting can be used to estimate the trend of the market maturity index. While logistic growth better accounts for slow early growth and rapid later growth, estimating the growth rate may prove challenging. We used linear forecasting to tune the growth parameter of the logistic growth model. Finally, the growth rate of the logistic growth model was tuned against the linear forecasting results, and the base logistic growth parameter was identified. This scoring methodology has been observed to show results consistent with the available data.



A summary of the key regional parameters can be seen in Table 2.





3. Results


3.1. Scenario Design


To further analyze the key factors influencing the EV uptake across regions, four different scenarios, summarized in Table 3, are designed. The scenarios are built around the Greek National E-mobility Plan (NEP) and the National Energy and Climate Plan (NECP) goals. The existing BEV measures and incentives in Greece, as of 2023, are a 30% subsidy on BEVs up to EUR 8000, a reduced VAT rate of 13% instead of 24%, and a yearly road tax exemption [65]. The Greek National Energy and Climate Plan sets the goal of a 20% BEV market share from new registrations, and a 30% EV market share including PHEVs. The NEP reference scenario anticipates the removal of subsidies by the end of 2023, and maintains tax reductions until 2030 for the reference scenario, which, consistently with the baseline scenario, achieves a 24% market share.



The gradual subsidy removal scenario presents an alternative to the abrupt removal of the subsidies in the baseline scenario; in the former, the subsidies are reduced by 5% yearly, to be completely removed by 2030. This scenario continuously matches the price reduction of BEVs relative to ICE vehicles and, hence, reduces the purchase price barrier of EVs.



Two alternative scenarios are designed to achieve the national target: the optimistic scenario and the ICE disincentives scenario. Firstly, in the optimistic scenario, the gradual subsidy removal is accompanied by a 25% MMI growth acceleration, which demonstrates the impact of an accelerated MMI, when combined with fiscal incentives. The main factors affecting the MMI, based on the TAM, including the charging infrastructure and consumer attitude, are relevant to government policy design and action. Finally, the ICE disincentives scenario demonstrates how an additional purchase tax on ICE vehicles would increase the relative competitiveness of EVs. This scenario involves the addition of a purchase tax on ICE vehicles, to disincentivize the purchasing of ICE vehicles, and increase the relative competitiveness of EVs.




3.2. Scenario Analysis


The national results of each scenario can provide significant guidance on recommended measures that can help with achieving the national targets. The gradual subsidy removal scenario achieves a 26% market share of EVs, which is still below the 30% national target. The results of this scenario show the necessity of simultaneously increasing the MMI, to achieve the NECP goals. The optimistic scenario develops on the gradual subsidy removal scenario, and successfully achieves a 30% market share for EVs, through accelerating the MMI growth rate by 25%. The ICE disincentives scenario similarly achieves the national target of a 30% EV market share, through a 10% purchase tax on ICEs, which shows how disincentivizing ICEs would have a significant impact on the EV market share.



Overall, the scenarios demonstrate different types of measures that can be undertaken by policymakers in an effort to increase the market uptake of BEVs. The results of the aggregated national market share of EVs, including both BEVs and PHEVs, can be seen in Figure 1.




3.3. Results


The optimistic scenario is used as the main scenario for the regional analysis. First of all, the cost index varies across regions based on the variations discussed in Section 2.3, and the results can be seen in Table 4. The largest variation in the cost index can be attributed to the discount rate and the mileage variations.



The BEV market share in each region varies, based on their respective utility functions for the vehicle alternatives to range between 4% and 13% in 2027, and between 8% and 27% in 2030 for the baseline scenario; and to range between 7% and 20% in 2027, and between 10% and 30% in 2030 for the optimistic scenario, as can be seen in Figure 2. These results indicate how not all regions are individually achieving national targets, despite the aggregate results for the optimistic scenario. On the other hand, the results indicate that the baseline scenario fails to achieve the optimistic NECP goals across all regions. However, some regions are leading the market uptake, and are very close to achieving the NECP goals without any additional policy action, such as Attica and Central Macedonia, and some regions are severely lagging, such as Eastern Macedonia and Thrace and the North Aegean, and require targeted and customized policy action. Some demographic data for each region can be seen in Appendix A.



The number of EVs in circulation in the fleet, as well as the ratio of EVs in the total fleet, are calculated for each region based on an average scrappage age of 15 years, and can be seen in Table 5 for the optimistic scenario. The results show how there is a large variation in the stock ratio of EVs in each region. This is due to how the purchasing of new vehicles is heavily concentrated in the most population-dense regions, and there is a lower rate of replacement of old ICE vehicles with new EVs. Additionally, Greece has one of the highest average vehicle ages in Europe, and this is clearly reflected in the low stock ratio, and the overall rate of vehicle replacement [66].



The three main factors of the utility function are the cost index, market maturity index, and degree of substitution. Their relative impact on the market share result was studied using a correlation analysis based on the Pearson correlation coefficients. The results, as can be seen in Table 6, show the strongest correlation (>0.7) with the market maturity, which is followed by a moderate negative correlation (>0.4) with the cost index, and a weak negative correlation with the degree of substitution, indicating that the market share of EVs is most strongly impacted by the market maturity, followed by the cost index, and is weakly impacted by the degree of substitution. This result has a strong implication on policy strategy, as it demonstrates how the market maturity has a strong influence on BEV uptake, as there is a stronger correlation between high-maturity regions and a high market share. Fiscal tools incentives, independently, are not sufficient in increasing the electromobility uptake, and it is necessary to simultaneously improve the market maturity of BEVs, and not only the cost index and the degree of substitution.



A correlation analysis was completed with the normalized market share results from 2022–2030 and the different demographic data of each region, in order to identify the factors contributing to the variation, and their relative impacts; the results can be seen in Table 7. The results indicate a strong positive correlation (>0.7) for average income, and a moderate positive correlation (>0.4) for tertiary education, GDP/capita, population density, and current charger density. While there is a positive correlation between household ownership and BEV adoption due to the feasibility of home charging, a weak negative correlation (<0.4) is observed for household ownership.



This unexpected behavior can be attributed to the negative cross-correlation of household ownership with the other more impactful variables in EV adoption, such as education, GDP/capita, and average income, as can be seen in the correlation matrix in Table 8. A large concentration of individuals in urban areas of Greece exhibit low household ownership. In our results, other factors, such as average income, GDP/capita, charger availability, or education seem to have a stronger impact on the results, and act as counter drivers to the market uptake of EVs. Additionally, a low regional level of household ownership is a characteristic of larger urban cities, which exhibit a higher level of technology acceptance and adoption.



Additionally, the correlation matrix reveals a strong correlation with the other factors, which can be attributed to the high likeliness of a more developed charging infrastructure to be located in regions with high BEV adoption rates. The correlation analysis reveals that the regions with the highest BEV uptake relative to the other regions can most distinctly be identified by a high average income, followed by a high GDP/capita, population density, and education. In parallel, those regions also exhibit a higher charger density. Those factors strongly define cities and urban centers, in contrast to rural areas and lower-density towns.




3.4. Fuel Price Sensitivity Analysis


The fuel price of vehicles, whether electricity, petrol, or diesel, has a strong impact on consumer choice. The fuel own-price elasticity is calculated for both petrol/diesel and electricity for each region, in reference to the BEV market share. The results, in Table 9, show the expected negative results for electricity, and positive results for ICE fuels, which indicates that the lower electricity prices and higher ICE fuel prices increase the BEV market share. The variations between the regions provide guidance as to which regions would be most strongly impacted by a change in fuel prices. Additionally, the results show how changing the price of ICE fuels has a stronger impact on the market share than electricity prices, due to how the electricity prices make a significantly lower contribution to the cost index in EVs. Additionally, this further highlights the importance of increasing the relative competitiveness of EVs to ICE vehicles, through disincentivizing ICE vehicles, and increasing their cost index.





4. Discussion


The market analysis simulation tool presented in this paper contributes to electromobility uptake in Greece, by providing granular regional results, rather than generalized national results, consistent with the National Energy and Climate Plan [7]. The results of this tool have several policy implications. The scenario analysis demonstrates the effectiveness of disincentivizing ICE vehicles in increasing the BEV market uptake, as an alternative to budget-heavy subsidization. On the other hand, the scenarios show how subsidies on their own are insufficient for achieving NECP e-mobility goals in Greece, and the significance of the MMI on the EV market uptake. The fuel price elasticity analysis demonstrates the low impact of electricity price changes relative to ICE fuel price changes, due to how BEVs are currently very cost-competitive in regard to fuel costs.



The impact of the Market Maturity Index is additionally demonstrated in the scenario analysis, and further shown in the utility function correlation analysis, to show the significance of the non-financial factors in the consumer decision-making process regarding BEVs. Policymakers must, hence, prioritize increasing the market maturity index. This can be done through two routes: firstly, improving the consumer attitude towards BEVs through educational campaigns and, secondly, increasing the ease of use of BEVs through the acceleration of the development of charging infrastructure. Furthermore, the variation in the relative impact of the cost index and MMI between different regions further highlights the importance of region-specific policy and strategy in order to address the barriers and limitations most efficiently. Surveys completed on a regional level can capture the demographic variations, and help to better identify the appropriate approach to increasing the market acceptance of BEVs. It is essential to effectively inform and educate decision-makers on the current technologies of BEVs, and to highlight their benefits, in order to build their trust in the technology and its future prospects and, hence, increase the perceived benefit. Moreover, the continuous developments in charging infrastructure will increase the exposure of consumers to BEVs, and will further highlight the perceived ease of use, which is essential to technology acceptance, as per the technology acceptance model.



The regional variation in the market share is shown to favor higher-income regions with a higher population density and education levels. There is no one-size-fits-all strategy that will be suitable for all regions and, hence, strategy must be designed with regional differences in mind. Moreover, despite the predominant influence of the market maturity, the cost index retains a significant relevance in shaping the market. Therefore, fiscal instruments can be employed at a regional level, to compensate for the lower market maturity in lagging regions. Additionally, this is a valuable tool for testing the impact of different strategies on the electromobility market, and it provides regional results that can be used to guide policy design and infrastructure planning.



While the results provide valuable insights, it is necessary to acknowledge the limitations of the design methodology, and the opportunity for future work. The current scope of the simulation tool is the general passenger vehicle market; however, a further disaggregation into public and private vehicles would account for the varying costs and motivations affecting the decision-maker, due to the different driving habits between private vehicles, business cars, taxis, and rental cars. Furthermore, an additional analysis and segmentation of users within each region, based on their driving habits and socio-economic characteristics, can further increase the accuracy of the results. Additionally, given the identified importance of the MI, it is necessary to further decompose the MMI into its constituent parts, which would, most notably, include consumer acceptance and infrastructure development. The tool currently does not account for the effect of rising technologies, such as vehicle-to-grid (V2G) technology, which could have impact on consumer decision-making as the technology develops and spreads. Based on data availability, the simulation could be enhanced to operate on a more granular level, and provide more localized results that could further guide strategy and infrastructure design. Additionally, the tool design methodology can be easily adapted to other regions, through a careful tuning of the relevant parameters. Despite its limitations, the tool serves as a valuable resource by offering data-driven insights into the electromobility market, and thereby enabling the development of strategic designs at a regional level.




5. Conclusions


The EV market simulation tool, and the generated results, can potentially enable policy makers to assess the impact of existing policy and potential future initiatives on a national scale. As demonstrated through the 2030 results, despite the national market share achieving the required targets, many regions in Greece are still lagging behind and are severely below target; hence, regional targets must be designed and introduced. Furthermore, the results can enable more targeted and region-specific policy planning to account for the variations between different regions, and allow for more efficient policy planning. Distributed network operators can additionally benefit from the results, by identifying the future EV volumes in different regions and, hence, effectively allocating resources for demand planning and grid fortification.



The replacement of the current ICE fleet with EVs is a long process that not only requires incentivizing EVs, but also disincentivizing ICEs, and promoting the replacement of old ICE vehicles with new EVs. Currently, there is an imbalance between the regions of Greece, as the distribution of locations where new vehicles are registered is inconsistent with the stock distribution of vehicles; effectively meaning that specific regions, such as Attica and Central Macedonia, replace their fleet at a faster rate. It is, hence, important to balance the new vehicle registration distribution with the stock distribution, to ensure that all regions are on track to achieve an EV fleet in accordance with national targets.



Future development of this work can be steered to address the identified limitations in this work, as mentioned in the Discussion section, and provide further granularity to the results. It is additionally important to acknowledge how the e-mobility industry is still volatile when it comes to market changes and, hence, it is necessary to reassess the parameters used in future utilizations of the results, and to adjust the relevant parameters accordingly.
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Appendix A


Some demographic data extracted from EUROSTAT and ELSTAT for each region in Greece are presented in Table A1.





 





Table A1. Demographic data of the Greek NUTS-2 regions.






Table A1. Demographic data of the Greek NUTS-2 regions.





	Region
	Population

(Residents)
	Population Density

(Residents/km2)
	GDP/Capita

(EUR)
	Average Annual Income

(EUR)
	Percentage of Population Aged 24–64 with Tertiary Education

(%)





	Data Source
	[67]
	[68]
	[69]
	[70]
	[71]



	Attica
	3,792,469
	987.5
	23,000
	11,646
	45



	North Aegean
	324,542
	59.3
	11,100
	8703
	27.9



	South Aegean
	194,136
	66.1
	17,200
	10,028
	24.1



	Crete
	617,360
	76.5
	14,000
	9175
	27.6



	Eastern Macedonia and Thrace
	562,069
	42.8
	12,000
	8775
	24.9



	Central Macedonia
	1,792,069
	101.2
	13,400
	9681
	33.3



	Western Macedonia
	255,056
	28.8
	14,100
	10,448
	27.7



	Epirus
	319,543
	36.8
	12,200
	9639
	30



	Thessaly
	687,527
	51.4
	13,200
	9217
	32.8



	Ionian Islands
	200,726
	89.4
	15,100
	11,246
	18.8



	Western Greece
	643,349
	59.2
	12,700
	8851
	26



	Central Greece
	505,269
	36.1
	17,400
	8862
	24.7



	Peloponnese
	538,366
	37.1
	14,800
	9375
	24.7
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Figure 1. BEV market share of new registrations for different scenarios. 
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Figure 2. New BEV registration market share: (a) baseline scenario 2027 results; (b) baseline scenario 2030 results; (c) optimistic scenario 2027 results; and (d) optimistic scenario 2030 results. 
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Table 1. Decision-makers and vehicle alternatives.
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Decision Maker

	
Vehicle Segment

	
Vehicle Alternatives






	
Representative at NUTS-2 region

	
Small, medium, large–SUV

	
Petrol




	
Diesel




	
BEV




	
PHEV











 





Table 2. Key regional parameters.
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	Region
	Discount Rate
	Number of Public Charging Stops
	Number of Out-of-Range Trips
	Degree of Substitution
	TAM Score





	Attica
	8%
	12
	12
	−7.00
	1.00



	North Aegean
	20%
	7
	21
	−4.00
	0.13



	South Aegean
	12%
	12
	15
	−7.00
	0.63



	Crete
	16%
	11
	15
	−5.00
	0.63



	Eastern Macedonia and Thrace
	20%
	9
	21
	−4.00
	0.00



	Central Macedonia
	12%
	11
	12
	−5.00
	0.75



	Western Macedonia
	8%
	7
	18
	−6.00
	0.50



	Epirus
	12%
	11
	18
	−4.00
	0.38



	Thessaly
	16%
	11
	18
	−5.00
	0.63



	Ionian Islands
	8%
	7
	12
	−6.00
	0.63



	Western Greece
	20%
	12
	18
	−5.00
	0.25



	Central Greece
	16%
	9
	21
	−7.00
	0.25



	Peloponnese
	16%
	9
	15
	−6.00
	0.38










 





Table 3. Scenario parameters.
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	Scenario
	Baseline
	Gradual Subsidy Removal
	Optimistic Scenario
	ICE Disincentives





	Subsidies
	2022 subsidies removal at end of 2023
	Yearly 5% subsidy reduction until 2030
	Yearly 5% subsidy reduction until 2030
	2022 subsidies removal at end of 2023



	Additional ICE Purchase Tax
	0%
	0%
	0%
	10%



	Market maturity
	Baseline
	Baseline
	Market maturity acceleration by 25%
	Baseline










 





Table 4. Cost index of vehicles in EUR/km in 2030.
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	Region
	Small
	Medium
	Large—SUV





	Attica
	0.56
	0.87
	1.33



	North Aegean
	0.67
	1.05
	1.61



	South Aegean
	0.56
	0.87
	1.33



	Crete
	0.61
	0.95
	1.46



	Eastern Macedonia and Thrace
	0.62
	0.96
	1.47



	Central Macedonia
	0.60
	0.95
	1.46



	Western Macedonia
	0.44
	0.67
	1.03



	Epirus
	0.48
	0.74
	1.13



	Thessaly
	0.56
	0.88
	1.34



	Ionian Islands
	0.55
	0.86
	1.32



	Western Greece
	0.61
	0.96
	1.47



	Central Greece
	0.53
	0.82
	1.24



	Peloponnese
	0.55
	0.87
	1.33










 





Table 5. Stock of EVs and stock ratio in the total fleet in 2030 in the optimistic scenario.
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	Region
	EVs in Circulation (Units)
	EV Stock Ratio of the Total Fleet (%)





	Attica
	196,504
	6.6%



	North Aegean
	803
	1.4%



	South Aegean
	2459
	2.1%



	Crete
	10,376
	3.7%



	Eastern Macedonia and Thrace
	2014
	0.9%



	Central Macedonia
	15,625
	2.0%



	Western Macedonia
	3868
	3.9%



	Epirus
	3466
	2.9%



	Thessaly
	4818
	1.9%



	Ionian Islands
	1299
	1.5%



	Western Greece
	2805
	1.5%



	Central Greece
	1793
	1.4%



	Peloponnese
	2210
	2.1%










 





Table 6. Correlation analysis results for the market share of BEVs and the inputs to the utility function.
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	Independent Variable
	Correlation Coefficient





	Cost index
	−0.56



	Market maturity
	0.88



	Degree of substitution
	−0.22










 





Table 7. Correlation analysis results with normalized BEV market share across regions.
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	Independent Variable
	Correlation Coefficient





	Tertiary education of ages 25–64
	0.52



	GDP/capita
	0.62



	Population density
	0.56



	Charger density
	0.66



	Household ownership
	−0.38



	Average income
	0.77










 





Table 8. Correlation matrix for socio-economic data.
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	Education
	GDP/Capita
	Population Density
	Charger Density
	Household Ownership
	Average Income





	Education
	1.00
	
	
	
	
	



	GDP/capita
	0.47
	1.00
	
	
	
	



	Population density
	0.79
	0.80
	1.00
	
	
	



	Charger density
	0.76
	0.83
	0.99
	1.00
	
	



	Household ownership
	−0.61
	−0.50
	−0.58
	−0.61
	1.00
	



	Average income
	0.33
	0.67
	0.65
	0.71
	−0.21
	1.00










 





Table 9. Own-price elasticity of fuel of vehicles on the BEV market share in each region.






Table 9. Own-price elasticity of fuel of vehicles on the BEV market share in each region.





	Region
	Electricity
	Petrol/Diesel





	Attica
	−4.00%
	9.99%



	North Aegean
	−2.19%
	5.72%



	South Aegean
	−3.19%
	8.02%



	Crete
	−3.07%
	7.63%



	Eastern Macedonia and Thrace
	−1.35%
	3.44%



	Central Macedonia
	−3.34%
	8.30%



	Western Macedonia
	−3.73%
	9.38%



	Epirus
	−3.03%
	7.63%



	Thessaly
	−3.23%
	8.08%



	Ionian Islands
	−3.37%
	8.39%



	Western Greece
	−2.08%
	5.24%



	Central Greece
	−2.35%
	5.96%



	Peloponnese
	−2.82%
	6.96%
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