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Abstract: The importance of electric car purchase incentives is starting to be questioned. The objective
of this paper is to explore the potential effect of reducing or removing electric car purchase public
subsidies in the European Union. To this end, the system dynamics Powertrain Technology Transition
Market Agent Model is used. The size and timing of purchase incentives for this technology
in European countries are investigated under eight scenarios and sensitivity analysis performed.
The simulations suggest that, in the short-run, the electric car market share is higher when the
subsidies remain in place. In the medium-run, a purchase subsidy scheme granting €3000 for plug-in
hybrid electric cars and €4000 for battery electric cars over the period 2020–2024 yields the fastest
electric car market uptake of all the scenarios considered. We conclude that, though the current
evolution of the battery price is favorable, electric car purchase subsidies remain an effective policy
measure to support electro-mobility in the next years.
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1. Introduction

Over 3 million electric cars were circulating on the world’s roads by the end of 2017, of which
ca. 22% were in the European Union (EU28) [1,2]. The trend of this powertrain technology in the
major car markets is upwards. This is leading to a reduction in the demand for oil-based fuels, lower
tank-to-wheel CO2 emissions and air pollution as well as to an increase in demand for automotive
lithium-ion batteries and electricity.

In the EU, three major drivers for growth in electric car registrations are the CO2 regulation for
cars [3,4], deployment of recharging infrastructure [5] and financial or other incentives [6]. Financial
incentives generally comprise registration and circulation tax reductions or exceptions as well as
purchase subsidies for new electric cars. Two examples illustrate how important this policy measure is
for the electric car market.

Figure 1 shows the dynamic behavior of electric cars sales in Denmark and of plug-in hybrid
electric cars sales in the Netherlands between 2014 and 2018. The area shaded in grey represents the
authorities’ decision to either reduce or remove financial incentives targeting these powertrains. In the
case of Denmark, the area reflects the government’s decision to remove the registration tax exemption
for electric cars. These cars paid 20% of the full registration tax in 2016 and 40% in 2017 [7]. As can be
seen, electric car (both battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs))
sales significantly decreased, after a period of growth, once electric car buyers faced the reality of
having to pay for part of the registration tax. Interestingly, the market reaction was less strong when
the tax climbed up from 20% to 40% in 2017 than when it went up from 0% to 20% in 2016. The concept
of ‘Torschlusspanik’ or ‘door-shut-panic’ [8] perhaps explains this. Between 2017 and 2018, electric car
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sales are on a recovery pathway. It remains to be seen whether this can be attributed to the prospect of
a re-introduction of tax incentives [9].
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Figure 1. Annual electric car sales in (a) Denmark and (b) in the Netherlands. Sources: own work
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With regards to the Netherlands, annual sales of PHEVs reached a peak in 2015, with over
40,000 registrations [2]. Later, following the introduction of a special ‘belasting van personenauto’s
en motorrijwielen’ (BPM) tax for this powertrain in January 2017 after years of exemptions [7], this
market basically collapsed (see also Figure 1 and the thorough analysis provided by [10]).

Table 1 shows the level of purchase subsidies offered for the acquisition of new electric cars in
selected EU countries over the period 2013–2018. Though no purchase subsidies were available to
Danish and Dutch car buyers during this period, car registration and circulation taxes in these countries
are high, particularly when compared to other EU Member States [11]. Thus the aforementioned
registration and circulation tax reductions and exemptions for electric cars in these countries could be
interpreted as equivalent to purchase subsidies.

In this paper, we focus on purchase subsidies in the car market. It can be argued that, for the
modeling purpose of quantifying economic benefits for consumers, registration, circulation and
purchase incentives can be perceived by prospective buyers as fundamentally the same, provided
that the amount of benefit accrued remains at the same level. In the context of a growing number
of electric vehicles being deployed worldwide and decreasing battery prices [12], the importance of
electric car purchase incentives is starting to be questioned. This paper contributes to the discussion
by quantifying through simulation changes in the structure of electric car purchase incentives in the
EU. Given the experiences of the Danish and Dutch markets, the size and timing of incentives for this
technology in EU countries are investigated. The objective of this work is to explore the potential
effect of reducing or removing electric car purchase subsidies on future annual electric car sales in the
EU. In total, eight purchase incentive scenarios are constructed. As a result, the effect of these policy
measures on the market evolution of BEVs and PHEVs until 2025 is simulated.

Table 1. Purchase subsidy by country, in the thousands.

Country 2013 2014 2015 2016 2017 2018

France €4.5–7.0 1 €4.0–6.3 1 €2.0–6.3 1 €0.7–6.3 1 €1.0–10.0 2 €2.5–10.0 3

Germany €0.0 €0.0 €0.0 €3.0–4.0 4 €3.0–4.0 4 €3.0–4.0 4

Denmark €0.0 €0.0 €0.0 €0.0 €0.0 €0.0
The Netherlands €0.0 €0.0 €0.0 €0.0 €0.0 €0.0
United Kingdom ≤£5.0 ≤£5.0 ≤£5.0 €0.0 €0.0 €0.0
1 Depending on the emissions level and value-added tax ceiling. 2 Depending on the emissions level. €10,000 when
an old diesel is replaced with an EV. 3 €2500 for replacing an old diesel with a PHEV. €10,000 if you combine two
incentives when an old diesel is replaced with a BEV. 4 €3000 per PHEV and €4000 per BEV. Source: own work
based on [11].
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The structure of this paper is as follows: after the introduction, Section 2 describes the developed
model; Section 3 shows the key assumptions and scenarios constructed; the model-based results and
sensitivity analysis are reported in Section 4; in Section 5 conclusions are drawn and the limitations of
the modeling exercise highlighted.

2. Simulation Model

The powertrain technology transition market agent model (PTTMAM) was used to analyze the
effect of altering purchase incentives. PTTMAM is a simulation model that helps understand policy
options and market trends with a particular focus on electro-mobility. The model covers the EU light-duty
vehicle road transport sector up to 2050. The model’s system of equations was solved via numerical
integration. The type of integration chosen for this analysis was Euler and the time step was 0.25.

PTTMAM is grounded in system dynamics, the modeling approach developed by Jay W. Forrester
that emphasizes a system’s feedback structure and its resulting dynamic behavior [13,14]. PTTMAM
captures the interactions of four major stakeholders in the system: users, manufacturers, authorities and
infrastructure providers. In the model, each of these market agents acts based on their own decision rules:

• Users evaluate, respond to respond to marketing and policies, purchase, use and dispose vehicles;
• Manufacturers invest in capacity and research and development (R&D), produce and price vehicles;
• Infrastructure providers invest, build, operate and decommission refueling/recharging stations;
• Authorities introduce policy measures, monitoring policy and regulation.

Figure 2 provides a high-level overview of the major modules of the model as well as through
which main variables they are linked. PTTMAM is a large model and is documented in [15]. According
to this source, the model “contains over 1500 separate parameters. This leads to around 700,000 once
subscripts are accounted for, with over 1000 data input points” (p. 14). Therefore, it is not possible for
reasons of space to explain each module in detail here. PTTMAM is freely available at [16] and further
details can also be found in [17,18].

Of particular interest to this work is the ‘User cost’ module. As can be seen in Figure 2, total cost
of ownership values generated in this module affect powertrain utility and, in turn, market shares.
The market share of each powertrain is determined by combined utility, expressed in Equation (1)
(see [15]):

Combined utilityc,u,p,s =
∑

g ((
∑

a (attribute valuec,p,s,a ∗ attribute importancec,a,g,u) ∗
WtCc,g,p ∗ financial attractivenessc,u,p,s) ∗ demographic breakdownc,g),

(1)

where: a = age; c = country; g = geography (urban, non-urban); p = powertrain; s = vehicle size;
u = user type (private, fleet, public) and WtC = willingness-to-consider.

The term ‘financial attractiveness’ captures monetary variables such as the vehicle price and
running costs: fixed (e.g., depreciation) and variable (e.g., fuel costs). As can be seen from the equation,
other terms reflect non-monetary concepts. Further details on ‘willingness to consider’ (WtC) and
attributes, which comprise environment, performance, reliability, safety, convenience, popularity and
choice of vehicle models, can be found in [15]. Furthermore, the impact of purchase subsidies is
represented in PTTMAM by the concept of ‘demand kick’, which can affect the derived market shares
(for details, see [10,19]). Thus as can be seen, both monetary and non-monetary factors (an example is
provided in Section 3.1.3) impact powertrain choice in PTTMAM.

When a purchase subsidy for electric cars is introduced in the model (see the ‘financial incentives’
arrow connecting the ‘Taxes, subsidies, penalties’ and ‘Powertrain utility’ modules), it reduces the
vehicle price, which increases the powertrain relative financial attractiveness. Moreover, monetary
incentives help early adopters to buy an electric car. This occurs in PTTMAM via the demand kick
(see [10]). The vehicle price also contributes to the effectiveness of marketing and in turn to social
exposure, which influences WtC. Since this study centers on the vehicle price, two of the factors that
influence this variable are described in the next section.
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3. Assumptions and Scenarios

3.1. Main Model Assumptions

As indicated in the previous section, it was not possible to describe in this paper all the model
assumptions. Nonetheless, the key ones (for their relevance to the model results reported in Section 4)
will be outlined in the next sub-sections.

3.1.1. CO2 Emission Standards

In the model, CO2 emissions performance standards affect the uptake of zero emission vehicles
through forecasted emission penalties that manufacturers try to avoid by investing in R&D with the
view of reducing the cost of key zero emission vehicle components and making these vehicles more
attractive. In case emission penalties apply for high emission powertrains, a premium on the vehicle
price for such technologies alters the utility ratio and makes again zero emission cars more attractive
(relative to conventional cars). Due to this, the regulation on CO2 targets is an important policy input.
In this work, the following values (see Table 2) hold throughout the modeling exercise.

Table 2. CO2 emissions of the average new car sold in the EU28, in gram per km.

2021–2024 2025–2029 2030–2034 2035–2039 2040–2044 2045–2050

95.00 80.75 66.50 50.00 40.00 30.00

Note: these values are based on the New European Driving Cycle (NEDC). Source: own assumptions.
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3.1.2. Battery Price

Equation (2) shows the formulation of the learning curve that affects the cost and price evolution
of the battery:

Costbattery = Base costbattery ∗ (cumulative manufacturebattery/minimum production)log
2

(1−ε), (2)

where ε = 0.1 (i.e., 10% fractional reduction for batteries).
The simulated behavior of the battery price in PTTMAM (assuming on average a 40 kWh battery

capacity) can be seen in Figure 3, compared to historical data and trajectories. Since the values reported
by [20–22] reflect cost, a 10% mark-up is assumed to derive the battery price. For those sources
reporting values in dollars, an exchange rate equal to 1.2 dollars/euro was applied.
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As can be seen, the simulated battery price tended to be slightly higher than historical data
suggests and the Strategic Energy Technology Plan ambitions for 2022 (see Table b in [22]) and lower
than the 2025 price trajectory of 110 €/kWh estimated by [21] under their ‘moderate’ and ‘high’ scenarios.
By 2040, battery prices are assumed to reach ca. 50 €/kWh.

3.1.3. Public Recharging Infrastructure Deployment

Despite the main focus of the paper being on economic incentives, recharging infrastructure
deployment continues to be considered an important factor shaping the electro-mobility market.
In PTTMAM, recharging infrastructure affects combined utility via WtC and the convenience attribute
(recall Equation (1)). Figure 4 shows the simulated evolution of public recharging points in the EU28
until 2025, compared to both historical data and Member States plans for 2020. The latter is based on
the assessment of the national policy frameworks (NPFs) notified to the European Commission and
reported in [23] (since Spain and Sweden did not communicate targets and the Dutch target is deemed
to be low vis-à-vis the current situation, the 2018 values from [2] were assumed for these countries).
By 2025, the total (normal and fast) number of public recharging points simulated in the EU28 by 2025
reached half a million, of which the vast majority corresponded to normal recharging points. As a
reference, 115,729 petrol stations were in operation in the EU in 2016 [24]. Assuming that the average
service stations operates six petrol fuel dispensers, that figure would still be below the number of
petrol refueling points available in the EU.
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3.2. Construction of Purchase Incentive Scenarios

The scenarios investigated in this paper were constructed by considering different values (size and
timing) of electric car purchase subsidies in the EU. We considered two periods of analysis: short-term
(2019–2020) and medium-term (2020–2025). For the former, the model variable ‘authorities vehicle
subsidy proportion’ was utilized. This variable, expressed percentage terms, reflects the proportion of
the price differential between the electric car and the conventional car. A size of 10% means that 10% of
that price differential was covered by the subsidy. Below Table 3 shows the combination of values
adopted, leading to six different scenarios. Whereas the subsidy was in place in both 2019 and 2020 in
S1–S3, it was removed in 2020 in S4–S6. The level of subsidy varied by type of electric car, car size,
year and country (e.g., the average EU value in 2019 for a medium-sized petrol PHEV was €900 under
S1 and €2700 under S3).

Concerning the medium-run, purchase subsidies amounting to €3000 for PHEVs and €4000 for
BEVs were introduced in 2020 and ambitiously sustained until the end of 2024 under a seventh scenario
(S7). Given the expectation that the cost parity between internal combustion engine and electric vehicles
would be achieved within this period, the rationale for simulating such a long-lasting subsidy derives
from the possible need to continue to nudge car buyers for a while, so that the disutility resulting from
non-cost market barriers (e.g., longer recharging time) could be offset.

In addition, an eighth scenario (S0), which captured a market situation in which there were no
purchase subsidies, was simulated. The results are shown in the next section.

Table 3. Policy scenarios 2019–2020: purchase incentives.

Scenario No. S1 S2 S3 S4 S5 S6

Size (%) 10% 20% 30% 10%/0% 20%/0% 30%/0%
Timing (year) 2019–2020 2019–2020 2019–2020 2019/2020 2019/2020 2019/2020

4. Model-Based Results

4.1. Data Fit at the Country Level

Though PTTMAM is an exploratory rather than a predictive tool and the focus of this paper
was on the EU, it was appropriate to gauge the validity of the model results at the country level.
For this purpose, the model fit to historical data (2012–2018) for the two Member States examined in
Section 1 is shown in Figure 5. As can be seen, PTTMAM provided a reasonable fit for both countries
in 2012 and 2018. For Denmark (DK), the simulated behavior of annual electric car sales was higher
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than the evidence suggests but captured the 2015 peak in sales. In the case of the Netherlands (NL),
the model was capable of generating only a drastically softened version of the ‘peak and valley’
behavior displayed by the historical series (particularly for 2015) and missed the 2017 low point. For a
detailed modeling exercise replicating the Dutch electric car market with PTTMAM, see [19].

World Electric Vehicle Journal 2019, 10, x FOR PEER REVIEW 7 of 13 

that the disutility resulting from non-cost market barriers (e.g., longer recharging time) could be 
offset.  

In addition, an eighth scenario (S0), which captured a market situation in which there were no 
purchase subsidies, was simulated. The results are shown in the next section. 

Table 3. Policy scenarios 2019–2020: purchase incentives. 

Scenario No. S1 S2 S3 S4 S5 S6 
Size (%) 10% 20% 30% 10%/0% 20%/0% 30%/0% 

Timing (year) 2019–2020 2019–2020 2019–2020 2019/2020 2019/2020 2019/2020 

4. Model-Based Results 

4.1. Data Fit at the Country Level 

Though PTTMAM is an exploratory rather than a predictive tool and the focus of this paper 
was on the EU, it was appropriate to gauge the validity of the model results at the country level. For 
this purpose, the model fit to historical data (2012–2018) for the two Member States examined in 
Section 1 is shown in Figure 5. As can be seen, PTTMAM provided a reasonable fit for both countries 
in 2012 and 2018. For Denmark (DK), the simulated behavior of annual electric car sales was higher 
than the evidence suggests but captured the 2015 peak in sales. In the case of the Netherlands (NL), 
the model was capable of generating only a drastically softened version of the ‘peak and valley’ 
behavior displayed by the historical series (particularly for 2015) and missed the 2017 low point. For 
a detailed modeling exercise replicating the Dutch electric car market with PTTMAM, see [19]. 

 
Figure 5. Model fit to historical Danish and Dutch sales data. Sources: data from [2] and own 
simulations. 

It is worth stressing that attempts at validating the model by (over-)emphasizing the empirical 
fit may be misleading, for the market is expected to be subjected to radical alterations over the next 
years. For instance, it has been suggested by [25] that the embryonic state of the alternative fuel 
vehicle market renders the calibration of these types of simulation models to historical data 
challenging. This caveat notwithstanding, the results of the different scenarios are shown in the next 
section. 

4.2. Electric Car Market Shares, Sales and Stock 

Economic theory suggests that a reduction in purchase subsidies leads to higher purchase 
prices and thus a decline in demand, ceteris paribus. In PTTMAM, the reduction or removal of 
electric car purchase subsidies increased the purchase price of the BEV and PHEV powertrains, 
negatively affecting their consumer attractiveness and in turn influencing sales. Figure 6 shows 

Figure 5. Model fit to historical Danish and Dutch sales data. Sources: data from [2] and own simulations.

It is worth stressing that attempts at validating the model by (over-)emphasizing the empirical
fit may be misleading, for the market is expected to be subjected to radical alterations over the next
years. For instance, it has been suggested by [25] that the embryonic state of the alternative fuel vehicle
market renders the calibration of these types of simulation models to historical data challenging. This
caveat notwithstanding, the results of the different scenarios are shown in the next section.

4.2. Electric Car Market Shares, Sales and Stock

Economic theory suggests that a reduction in purchase subsidies leads to higher purchase prices
and thus a decline in demand, ceteris paribus. In PTTMAM, the reduction or removal of electric
car purchase subsidies increased the purchase price of the BEV and PHEV powertrains, negatively
affecting their consumer attractiveness and in turn influencing sales. Figure 6 shows historical data in
2018 (full year) and 2019 (as of October) as well as the simulated electric car sales market share in the
EU in 2018–2020, depending on the scenario considered. The following can be observed:

• The greatest market share was achieved under S3, both in 2019 and 2020;
• By reducing the size of the subsidy, the market share was reduced (compare S3 to S1 and S2), both

in 2019 and 2020;
• The removal of purchase subsidies led to a lower market share (compare S0 to S1–S3), both in

2019 and 2020;
• Shortening the duration of the subsidy had a severe impact on the market share, particularly

under the most generous subsidy level (see S3 in 2020);
• Offering a small subsidy in one year only had a temporarily minor effect on the market share

(compare S4 to S0).

Thus as expected, the reduction in electric car purchase subsidies led to a fall in electric car market
shares. In 2020, the market share ranged between 3% and 4%.
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With regards to the medium-term analysis, we identified S3, in addition to the no-subsidy scenario
(S0), as the most interesting scenario (from the set shown in Figure 6) for comparison to S7. Figure 7
shows the number of electric cars sold in the EU28 annually between 2015 and 2025, as simulated
under three scenarios. As expected, the greater market share experienced by electric cars under S3
translated into a higher sales rate than under S0. Once the incentives in S3 were over in 2020, the rate
of EU28 electric car sales remained until 2025 at a slightly higher level than in the scenario without
subsidies. More remarkable was the evolution of sales under S7, peaking at 3.8 million electric cars in
2024 and overshooting when the incentives were removed in 2025.World Electric Vehicle Journal 2019, 10, x FOR PEER REVIEW 9 of 13 
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In terms of cumulative sales over 2019–2024, the difference between S3 and S0 was only half a
million electric cars, which came at a total cost of almost €1.3 billion in purchase subsidies in the EU
(see Figure 8). During the same period, ca. 8.8 million electric cars were simulated to be sold under
S7 at a total expense of €30.5 billion. This was still lower than budgets of recent vehicle scrappage
schemes that were in place in various countries [26].
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Finally, Figure 9 shows the dynamic behavior of EU28 electric car stock associated with each of
these three scenarios. Despite the strong decline in sales in 2025 under S7, the stock was simulated to
reach almost 13 million electric cars. This figure represents a doubling of the number of electric cars
simulated to be in use in the EU under scenarios with either no subsidy or with short-lived (that is,
2019 and 2020 only) incentives. For comparison, the results (‘base’ and ‘NPF’ scenarios) of a previous
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4.3. Testing the Sensitivity of the Battery Learning Curve

Since the period post–2020 was inherently more uncertain than the 2019–2020 one, a sensitivity
analysis was carried out for the S7 run. The model variable ‘cost reduction fraction from learning’,
which reflects the learning associated with battery manufacturing and its impact on battery cost for
BEV and PHEV, was selected for this purpose. A Monte Carlo simulation was undertaken for that
variable by applying a uniform probability distribution over 200 runs. The results for the EU28 are
shown in Figure 10, where the line is based on the default 10% learning rate and the shaded area
reflects the range between the lower and upper values equal to 5% and 15%, respectively.
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As can be seen in the chart, the grey bounds widened while the S7 subsidies were in place. In 2024,
all the runs fell within the range of 20%–26% market share for electric cars. As suspected from Figure 7,
market shares went down as consumers stopped benefiting from purchase incentives. Between 2025
and 2030, the EU28 electric car sales market share increased steadily, despite the uncertainty of the
battery learning rate.

5. Conclusions and Further Research

5.1. Conclusions and Policy Implications

In sum, a system dynamics model was applied to examine the implications of reducing or
removing purchase subsidies for the electric car market in the EU. The motivation for this work was
the market dynamics exhibited by Denmark and the Netherlands after amending the policy support
the governments of these countries provided to electric cars. In 2018, the Danish and Dutch markets
accounted for 4% and over 6% of EU28 annual total car sales and EU28 annual electric car sales,
respectively [2,28].

In total, eight scenarios were considered in the modeling exercise: a no-subsidy scenario, six
scenarios for the short-term (2019–2020) and one for the medium-term (2020–2025). Since uncertainty
was greater for the latter period, sensitivity analysis was carried out on the learning rate associated
with the battery cost.

When the electric car purchase subsidy was in place (scenarios 1 to 3), the resulting simulated
EU28 market share was higher (cf. scenarios 4 to 6). We therefore concluded that purchase subsidies
were expected to continue to foster the market share of electric cars in the EU until 2020, compared to a
scenario without subsidies. While the least generous purchase incentive had a low impact on market
share (compare scenario 4 to the no-subsidy scenario), shortening the most generous purchase subsidy
had a noticeable effect on the market (scenario 6).

In the medium-run, a purchase subsidy scheme granting €3000 for PHEVs and €4000 for BEVs
over the period 2020–2024 yielded the fastest electric car market uptake of all the scenarios considered.
Under this scenario, the size of the purchase subsidy was €3447 per electric car on average. When
taking into account the no-subsidy scenario, the marginal cost was however €6123 per electric car.

A key policy implication of this work was that reduction or removal of incentives before 2020
was expected to slow down electric car growth and might lead, for the most generous subsidy level,
to even temporary market stagnation. Therefore, it may be premature to remove electric car purchase
subsidies over the next years, if the policy goal is to speed up the market penetration of this technology
or at least keep its current pace in the EU. This policy conclusion seems to be in line with that of [29].
Notwithstanding this, discussions on optimal incentive levels should be initiated.
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5.2. Limitations and Further Research

The results of this study should be interpreted in view of the current limitations of the model,
particularly visible in Section 4.1. A more recent attempt at model testing and validation using the
Netherlands and Norway as case studies has been reported by [10]. There are sixteen powertrain
technologies included in the choice set of PTTMAM’s ‘Users’ market agent, while for instance the
European Environment Agency currently reports nine fuel types for cars. There is also room for
simplifying the behavioral assumptions related to how probable it is that consumers will choose each
powertrain. An update of PTTMAM is ongoing to reduce the set of alternatives and improve the users’
powertrain choice by incorporating the results of a survey conducted among European car drivers
(see [30]).

Furthermore and since the temporal dimension of this analysis was annual, it would be interesting
to complement the results shown here until 2020 with a more detailed time series analysis with a
quarterly or even monthly frequency. In this context, extrapolative techniques may also be considered.

Although the Danish and Dutch time series illustrate well the dynamics of electric car incentives
and sales, the United Kingdom represents a counter example as the removal of purchase subsidies
(see Table 1) did not result in declining electric car sales or market shares [2]. This seems to reinforce
the hypothesis that non-monetary factors also play a role in electric car markets. Although this country
was examined in previous work (refer to [19]), it may be opportune to revisit it in future work.

Given that the geographical scope of this study was EU-wide, a more detailed analysis of each
Member State, covering at length the specific national and regional policy context, would also be
beneficial. This is likely to allow an analysis of the total economic implications for the budget of the
government offering the purchase incentives as well as of the distributional effect of those subsidies.
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