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Abstract

The purpose of this work is to quantify key environmental impacts of electric vehicles deployment in the European
Union. This is achieved by soft-linking three models (PRIMES-TREMOVE, DIONE and SHERPA) to explore a base and
an alternative scenario. The alternative scenario draws on the assessment of the national policy frameworks for
alternative fuels infrastructure requested by the Directive (2014/94/EU). Five environmental indicators are examined:
tailpipe CO2, NOx and PM2.5 emissions as well as NO2 and PM2.5 urban background concentrations. By 2030, car
travel activity is simulated to generate ca. 425 MtCO2/year in the EU28 under the alternative scenario. Compared to
the base scenario, electric vehicles contribute to a 3% reduction in tailpipe CO2 emissions. Only two countries attain
CO2 emission reductions greater than 10% in the model. The need for a higher level of policy ambition towards the
deployment of less polluting vehicles in Europe is highlighted as a conclusion.

Keywords: Electro-mobility, Scenario analysis, Greenhouse gas emissions, Urban background air pollution, Passenger
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1 Introduction
To meet its commitments in the context of the 21st
Conference of the Parties to the United Nations Frame-
work Convention on Climate Change that took place in
Paris in 2015, the European Union (EU)1 aims at redu-
cing its transport greenhouse gas (GHG) emissions by at
least 60% between 1990 and 2050 [23, 26] (see Table 1).
Since the European transport sector emitted 851 mega-
tonnes of carbon dioxide equivalent (MtCO2eq) in 1990
[17], this translates into a maximum value of 340
MtCO2eq in 2050. To pursue this goal, European legisla-
tion is in place. An example is the Directive (2014/94/
EU) on the deployment of alternative fuels infrastructure
(henceforth, the Directive), which requested that

Member States notify their National Policy Frameworks
(NPFs) to the European Commission [24].
In mitigation strategies, road transport plays a crucial

role, since it is responsible for 72.9% of transport GHG
emissions and the main source of NOx emissions in Eur-
ope [18]. Cars account for 44.4% of total transport GHG
emissions [17]. These vehicles are also a contributor to
air pollution, which is harmful to the ecosystem and
human health. EEA [19] estimated that over 400,000
premature deaths in Europe in 2012 can be attributed to
air pollution. More recently, EEA [15] claimed that 391,
000 and 76,000 premature deaths in 2015 are respect-
ively attributable to PM2.5 and NO2 exposure in the
EU28 (even if these impacts cannot be simply aggre-
gated, as this may lead to double counting).
This study focuses on passenger cars with different

powertrain technologies. In this paper, the terms electric
cars and electric vehicles (EVs) are used interchangeably
and refer to battery electric vehicles (BEVs), plug-in
hybrid electric vehicles (PHEVs) and fuel cell electric
vehicles (FCEVs).
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The objective of this work is to quantify key environ-
mental impacts of EV deployment in the EU28 until
2030 taking into account the NPFs on the Directive de-
veloped by the EU Member States. Other policy initia-
tives adopted by the European Commission in the
context of the 2017 Mobility Packages are beyond the
scope of this paper. Their impact on the uptake of EVs
is thus not reflected in this paper. Within the scope of
analysis are GHG emissions as well as air pollutant emis-
sions and concentrations.
The structure of the paper is as follows: Section 2 ex-

plains the modelling approach; Section 3 describes the
data; in Section 4, two scenarios are introduced; Section 5
shows the key model output; conclusions are drawn in
Section 6.

2 Methods and models
2.1 Overview of the modelling approach
Figure 1 shows a stylised overview of the modelling ap-
proach, highlighting the model soft-linkages. ‘Soft-coup-
ling’ designates the exchange of a limited set of
indicators between two models which are complemen-
tary in context or representation. Soft-coupling implies
also that the two models may iterate, if necessary, to en-
sure that the feedback loop is closed. In contrast to this
modelling approach, hard-coupling would entail model
integration into a single, unified framework. As can be

Fig. 1 Overview of the modelling approach

Table 1 Key acronyms used in this paper

Acronym Term

BEV Battery electric vehicle

CNG Compressed natural gas

CO2 Carbon dioxide

EU European Union

FCEV Fuel cell electric vehicle

GHG Greenhouse gas

LNG Liquefied natural gas

PM Particulate matter

NH3 Ammonia

NMVOC Non-methane volatile organic compound

NO2 Nitrogen dioxide

NOx Nitrogen oxides

NPF National policy framework

(P)HEV (Plug-in) hybrid electric vehicle

(RE)EV (Range extender) electric vehicle

SOx Sulphur oxides

TEN-T Trans-European Transport Network
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seen in Fig. 1, the first linkage is made from PRIMES-
TREMOVE to DIONE and the second model coupling
from DIONE to SHERPA. The set of indicators ex-
changed are total vehicle stock and car travel activity as
well as air pollutant emissions, respectively. The model-
ling strategy of soft-linking is challenging but may be
beneficial (see Krook-Riekkola et al. [38] for a discussion
in the field of energy). As can be seen, the modelling ex-
ercise comprises three models (PRIMES-TREMOVE,
DIONE and SHERPA) and a geographic information sys-
tem software (QGIS).
The PRIMES-TREMOVE and the DIONE models are

complementary models, which feature some common
attributes. PRIMES-TREMOVE is an energy economic
model for the transport sector and is part of the main
PRIMES model, which simulates the overall energy sys-
tem. The transport demand simulated in PRIMES-
TREMOVE is based on the microeconomic theory and
features a degree of engineering detail as regards the ve-
hicle technologies. The model also handles, explicitly,
policies related to the promotion of alternative fuels and
low or zero emission vehicles (which is the scope of this
paper). On the other hand, the DIONE model is a very
detailed engineering model which calculates a larger
(than PRIMES-TREMOVE) set of air pollutant emis-
sions, based on technical specifications of vehicles’
powertrains and engine sizes. The two models are linked
to develop the base scenario. However, only the DIONE
model was used to quantify the NPF scenario, using as
input data from the NPF assessment. On top of this, for
the purposes of this specific paper, the aim was to scale
down the pollutant emissions at a more refined geo-
graphical scale. Specifically, the SHERPA model needs
the following air pollutant emissions as inputs: nitrogen
oxides (NOx), non-methane volatile organic compounds
(NMVOC), ammonia (NH3), particulate matter (PM2.5),
and sulphur oxides (SOx). While PRIMES-TREMOVE
output was available for NOx, PM2.5 and SOx, the
DIONE model additionally provided the NMVOC and
NH3 emissions, which were necessary for the analysis.
Hence, the suite of models employed (i.e. PRIMES-
TREMOVE, DIONE and SHERPA) ensures a consistent
data transfer between the models.
The core model used in this study is the DIONE Fleet

Impact Model (henceforth DIONE). Two streams of infor-
mation feed this model: projections from PRIMES-
TREMOVE and data from the NPF assessment (see Section
3). To accomplish the data exchange, an Excel template
was created. As a result of processing this information in
DIONE, two scenarios were constructed (see Section 4).
The modelling exercise can be summarised as follows:

projections of car stock and its composition as well as
travel demand are combined with consumption func-
tions and fuel efficiency values to estimate energy

consumption, in turn used together with emission fac-
tors to calculate emissions in each Member State until
2030. The change in emissions between scenarios is used
to estimate the consequent change in urban background
concentrations of air pollutants. In the next sections, all
the models introduced in Fig. 1 will be briefly presented.

2.2 Description of the PRIMES-TREMOVE model
The PRIMES energy system model [4] simulates market
equilibrium solutions for energy demand and supply in
the EU. PRIMES has been developed and maintained by
E3MLab/Institute of Communication and Computer
Systems of the National Technical University of Athens.
The sub-model of the PRIMES energy system model,
which simulates in detail the transport sector and is rele-
vant to this work, is called PRIMES-TREMOVE.
PRIMES-TREMOVE simulates the transport sector as

a market equilibrium problem where demanders and
suppliers, including self-supply behaviour for the users
of private cars, are modelled as individual agents. The
model projects the evolution of demand for passengers
and freight transport by transport mode and transport
mean. It is a dynamic system of multi-agent choices
under several constraints, which are not necessarily
binding simultaneously. It has a modular structure, fea-
turing a module projecting demand for transport ser-
vices for passenger and freight mobility and a supply
module deriving ways of meeting the demand. The sup-
ply module projects the optimum technology and fuel
mix to produce transport services which meet demand.
It includes a vehicle stock sub-module which considers
stock of transport means inherited from previous time
periods and determines the necessary changes to meet
demand. PRIMES-TREMOVE tracks vehicle vintages
and formulates the dynamics of vehicle stock turnover
by combining scrapping and new registrations.
Three private cars-related key variables/output from the

PRIMES-TREMOVE model are employed in this exercise,
namely: vehicle stock, transport activity and final energy de-
mand. In PRIMES-TREMOVE, the stock of private cars is
disaggregated by powertrain and size (small, medium, big).
In total, nine powertrains are modelled including a distinc-
tion of hybrid and plug-in hybrid vehicle powertrains into
gasoline and diesel powered [46]. The horizon of the model
is 2050; for the purposes of the present paper, we focused
on the 2030 horizon. PRIMES-TREMOVE model outputs
are available on 5-year time steps.
The detailed documentation of the entire PRIMES

model is available in E3MLab [9]. A detailed presenta-
tion and confirmation of the PRIMES model is provided
in Capros et al. [4]. Most recent applications of the
PRIMES and PRIMES-TREMOVE models available to
the scientific community are presented in Capros et al.
[3] and Siskos et al. [47].
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2.3 Description of the DIONE model
DIONE is a tool that allows analysing scenarios of Euro-
pean road vehicle stock, activity, energy consumption and
emissions (GHGs and air pollutants) up to 2050 [48]. It was
developed for assessing transport and energy (policy) op-
tions, such as fleet emission targets, vehicle technology
transitions, alternative fuels mixes, scrappage schemes, etc.
It builds on a detailed representation of road vehicle types
and powertrains, their activities and efficiencies. Seven cat-
egories of conventional passenger cars are available, classi-
fied by fuel type and engine size. Moreover, there are eight
categories of electrified cars (hybrid electric vehicle (HEV),
PHEV, range-extender electric vehicle (REEV), BEV and
FCEV) as well as seven categories of flex-fuelled vehicles
(gasoline-compressed natural gas (CNG), gasoline-liquefied
petroleum gas and gasoline-ethanol 85).
DIONE contains a calibrated baseline, which is based

on the country-specific stock and activity data collected
in the EU research project TRACCS (see [54]). The ori-
ginal baseline was taken forward following the trends of
the EU Reference Scenario 2012. Within the context of
this study, the baseline was updated to EU Reference
Scenario 2016 as described in Section 4. Four car sizes
are included in DIONE: tiny (represented by an engine
capacity of < 0.8 l), small (0.8–1.4 l), medium (1.4–2.0 l)
and large (> 2.0 l). For internal combustion engine vehi-
cles, estimation of energy consumption and emissions in
DIONE is based on COPERT 4 [20]. For BEVs, the en-
ergy consumption factor was estimated from real drive
data collected in the context of the Green eMotion pro-
ject [30]. The DIONE fleet impact model can be
employed to run scenarios on EU Member State level or
aggregates thereof. The model is run for the period
2017–2030, with annual resolution.
DIONE is flexible enough to allow soft-linkages with

other models (see Harrison et al. [32] for an example of
DIONE being soft-linked with another model not cov-
ered in this paper). In this work, DIONE is soft-linked
with PRIMES-TREMOVE and SHERPA. It also receives
input data from the NPF assessment, i.e. future new ve-
hicle fleet composition according to Member States’
electric car deployment plans, which is used as a basis
for calculating emissions under the alternative scenario.
Further details on DIONE can be found in Krause et

al. [37].

2.4 Description of the SHERPA model
The Screening for High Emission Reduction Potential on
Air (SHERPA) model [5, 43, 52] quantifies the relation-
ships between emissions and urban background concen-
tration levels, mimicking the behaviour of a complex full
air quality model. The SHERPA model has been created
both to support regional/local decision makers to design
air quality plans, and to support the European

Commission for Impact Assessment evaluations. It is dis-
tributed with default data covering Europe at ~ 7 × 7 km2

spatial resolution, and allows decision makers to work on
any European domain, without the need to perform com-
plex scientific/technical tasks beforehand. The model is
based on linearity assumptions, which have been tested
and confirmed in previous works [51, 53]. Validation of
the SHERPA model can be found in Pisoni et al. [43].
DIONE generates values for total NOx, NMVOC,

NH3, PM and SOx emissions for each Member State
analysed, expressed in terms of percent reductions be-
tween scenarios. Once these results are introduced into
SHERPA as inputs, the model delivers urban back-
ground concentrations of air pollutants, namely nitrogen
dioxide (NO2), PM2.5 and PM10. More specifically, for
NO2 modelling, SHERPA simulates at first the link be-
tween NOx emissions and NOx concentrations; and then
converts NOx concentrations to NO2 concentrations
using the relation as in Düring et al. [8]. For PM2.5, pre-
cursor emission reductions (as primary PM and other
precursor emissions) are directly linked to PM2.5 con-
centrations. In the modelling of PM2.5, both primary and
secondary PM2.5 components are taken into account.
In order to calculate atmospheric dispersion, the emis-

sions are regionalized within the Member States as fol-
lows: initially, the emissions per Member State and
sectors are derived from the GAINS model [35]. Then,
sector-specific proxies are applied to compute the frac-
tion of Member State level emissions to be associated to
each cell (i.e. traffic emissions are distributed only on
road-related grids, residential heating is linked to build-
up, etc.). More details on the applied methodology can
be found in Trombetti et al. [55].
These results on air pollutant concentrations can be fur-

ther processed to generate maps. To do so, we used the
open-source geographic information system software
available from QGIS [44]. In this way, a geospatial repre-
sentation of the results of the modelling exercise is given.

3 Data from the NPF assessment
The Directive aims at facilitating the market uptake of
alternative fuels vehicles and vessels as well as infra-
structure build-up. The Directive set out minimum in-
frastructure requirements for alternative fuels. The NPF
assessment refers to the evaluation of the EU Member
States’ NPFs notified to the European Commission be-
tween 2016 and 2017, as requested by the Directive.2 In
their NPFs, Member States had to communicate infra-
structure targets for: electricity and CNG in urban/

2The exceptions are EL, MT, RO and SI, because they had not
officially notified their NPFs by 31 October 2017, the time that this
assessment was conducted.
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suburban and other densely populated areas by the end
of 2020; for CNG along the Trans-European Transport
Network (TEN-T) core network, liquefied natural gas
(LNG) at the TEN-T core network maritime ports and
LNG for heavy duty vehicles along the TEN-T core net-
work by the end of 2025 as well as LNG at TEN-T core
network inland ports by the end of 2030 and, optionally,
for hydrogen in 2025 [24]. In most cases, Member
States’ plans for the build-up of infrastructure in the
NPF were presented alongside information on their esti-
mates regarding the market penetration of alternative
fuels vehicles. As with infrastructure, estimates of EVs
were mandatory only in 2020. From this data, the esti-
mates on EV deployment were collected for each coun-
try. Table 2 shows our dataset as a result of the NPF
assessment (see Research data in Additional file 1). As
can be seen, there are substantial differences between
countries (2% to 38%) in 2030 EV shares, at least with
respect to total car stock in 2017.
Some NPFs provided more than one estimate for certain

years. Unless it was clear there was a middle estimate, the
average of the provided estimates for a given year was cal-
culated. These data were then used to construct the alter-
native scenario. Data from the European Alternative Fuels
Observatory website [10] related to the current situation
was also considered to check potential inconsistencies be-
tween the models and the NPF assessment.

4 Scenarios construction
To deal with uncertainty, the scenarios method in
which alternative future pathways are outlined is

adopted (see Dieckhoff [6] for a comprehensive treat-
ment of energy scenarios). In this modelling exercise,
two scenarios were constructed: the base scenario and
an alternative scenario named NPF scenario. The key
difference between them lies in the car stock compos-
ition. While the aggregated or total car stock remains
the same in both scenarios, the disaggregated or car
stock by powertrain differs. To construct the base
scenario, the model output of PRIMES-TREMOVE is
taken as an input for DIONE. To construct the NPF
scenario, the results of the NPF assessment are used
as an input for DIONE. Then, DIONE calculates
levels of emissions for both scenarios. Throughout the
modelling exercise, an Excel template was exploited
to transfer information among models.

4.1 Base scenario
The base scenario was constructed using the EU Ref-
erence Scenario 2016 [12] as a starting point and re-
moving any incentives for alternative fuels at the
Member State level. The base scenario includes the
CO2 emissions targets on car manufacturers for the
period until 2021 but does not include the recent tar-
gets set on car manufacturers for 2025 and 2030. The
fact that the same model (PRIMES-TREMOVE) was
used to quantify both the EU Reference Scenario
2016 and the base scenario ensures consistency.
PRIMES-TREMOVE follows a microeconomic ap-
proach where decision makers for the passenger
transport sector seek to maximize their utility under

Table 2 Total car stock in 2017 and NPF data on EV stock estimates for 2020, 2025 and 2030, by country

Country Total stock EV stock Country Total stock EV stock

2017 2020 2025 2030 2017 2020 2025 2030

AT 4,898,578 119,512 717,262 1,315,012 IE 2,142,390 25,000 262,500 823,005

BE 5,785,447 86,663 n/f n/f IT 37,876,138 88,500 114,500 2,987,500

BG 2,770,615 35,050 70,400 130,900 LT 1,356,987 1,200 n/f n/f

CY 526,617 1,050 n/f n/f LU 403,282 40,000 44,000 48,000

CZ 5,538,222 17,000 100,000 250,000 LV 689,536 747 n/f n/f

DE 46,474,594 1,000,215 n/f n/f MT 291,664 n/a n/a n/a

DK 2,530,047 30,689 65,689 n/f NL 8,373,244 142,120 n/f n/f

EE 725,944 1,257 n/f n/f PL 22,503,579 76,898 1,029,470 n/f

EL 5,235,928 n/a n/a n/a PT 5,059,472 14,000 45,000 80,000

ES 23,500,401 94,500 1,347,500 2,600,500 RO 5,155,000 n/a n/a n/a

FI 3,398,937 22,000 106,000 263,000 SE 4,844,823 n/f n/f n/f

FR 32,005,986 960,000 2,400,000 n/f SI 1,117,935 n/a n/a n/a

HR 1,596,087 n/f n/f n/f SK 2,223,117 10,000 20,000 35,000

HU 3,471,997 21,000 101,450 181,900 UK 31,200,182 413,585 n/f n/f

Source: based on Eurostat [28] and notified NPFs. ‘n/a’ refers to data ‘not available’ because the NPF was not notified on time (The exceptions are EL, MT, RO and
SI, because they had not officially notified their NPFs by 31 October 2017, the time that this assessment was conducted). Total stock for IT and RO refer to 2016
and 2015, respectively. ‘n/f’ means data ‘not found’ in the NPF
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budget and other constraints. The new vehicle choice de-
termines the mix of new vehicle technologies and fuels in
the new vehicle registrations for each consecutive time
period. Alternative vehicle technologies and fuels compete
based on cost and other considerations in a Weibull
discrete choice model. Hence, if the costs of EVs decrease,
the relative market share of gasoline and diesel cars de-
creases based on the relative ratios of their cost perform-
ance. In the presence of CO2 targets for car
manufacturers, shadow values apply in the cost of the
various alternative options which do not comply with the
target. The shadow values, which penalize vehicle options
with high specific CO2 emissions (in gCO2/km) ensure
that the CO2 target is met. Low-emission vehicles such as
EVs are favoured by the presence of CO2 targets on car
manufacturers. In the absence of incentives for alternative
fuels at the Member State level, battery cost reductions
still lead to EV market uptake. The initial projections of
car travel activity in PRIMES-TREMOVE and DIONE dif-
fer. As can be seen in Fig. 2, the original DIONE values,
based on the 2012 version of the EU Reference Scenario,
were systematically higher. To update them to the Refer-
ence Scenario 2016 projections, a correction was intro-
duced by adjusting the average base mileage, measured in
km/car. The results shown in Figs. 2, 3, 4, 5 and 6 are for
the EU28, but country-specific calculations were also
made.
There also was a discrepancy between DIONE original

and Reference Scenario 2016 stock, with DIONE car
stock lower than in Reference Scenario 2016. Our aim
was to mimic in DIONE the evolution of the total car
stock projected by current PRIMES-TREMOVE outputs.
For this reason, the default values in DIONE were up-
dated to the projections within the Reference Sce-
nario 2016. As a result, both models ended up with the
same total car stock projections (Fig. 2).

Because of its implications for energy demand and
emissions, of interest in this modelling exercise is the
disaggregation of the total car stock by powertrain. In
the base scenario, the EU Reference Scenario private car
stock projections 2018–2030 for each country were used.
To ensure that the level of compatibility between both
models was good enough to proceed further with the
scenario analysis, assumptions had to be adopted (see
Table 3). For instance, whereas PRIMES-TREMOVE dis-
aggregates BEVs and FCEVs into three sizes, DIONE
only represents these powertrains as medium-sized cars.
We thus had to assume that the medium-sized PHEV
stock can be used as a proxy for the average of small,
medium and large PHEV stocks in PRIMES-TREMOVE.
When faced with discrepancies in the units of measure-
ment, adjustments to ensure dimensional consistency
were also made.
When it comes to tank-to-wheel (i.e. tailpipe) CO2

emissions from cars, a gap between the PRIMES-
TREMOVE and the DIONE output remains after the
DIONE model update (Fig. 3). Although energy demand
in DIONE was slightly lower than in PRIMES-
TREMOVE (see Figure 11 in Appendix), the corre-
sponding tailpipe CO2 emissions are moderately higher.
This gap can be explained not only by the model differ-
ences highlighted in Table 3 but also by the role biofuels
play in the two models. Equation 1 is used to calculate
CO2 emissions from powertrain technologies which op-
erate on blends of petroleum products and biofuels:

CO2 ¼ EF� 1−βð Þ�E ð1Þ

where EF = emission factor of the respective petroleum
product, β = biofuel blend percentage (biofuel blending
ratio), E = energy consumption of the overall blended
petroleum product and biofuel.

Fig. 2 Car travel activity and total car stock in PRIMES-TREMOVE and DIONE, before and after correction
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This convention draws from the concept of “carbon
neutrality”. Biofuels are considered as a carbon-neutral
source of energy, stemming from the fact that biomass
combustion releases the same amount of CO2 as was
captured by the plant during its growth. The modelling
follows this convention, as is also stated in the Fuel
Quality Directive (see Annex IV, section C.13 in EU
[27]). In quantitative terms, the car CO2 emissions miti-
gated through the use of biofuels in the EU28 are ap-
proximately 30 MtCO2 in 2020, 28 MtCO2 in 2025 and
27 MtCO2 in 2030.
After the base scenario was simulated in DIONE, the

NPF scenario was developed.

4.2 NPF scenario
The difference between the base and the NPF scenario is
in the projected EV stock. Figure 4 shows the simulated

spread between both scenarios at the EU28 level. As can
be seen, the divergence in EV stock between scenarios in-
creases as the simulation time horizon extends. In 2030,
EV stock in the NPF scenario reaches ca. 18.7 million cars,
compared to 11.8 million under the base scenario.
Our overarching goal when constructing this NPF sce-

nario was to use the information provided by the Mem-
ber States in their NPFs. It needs to be noted that the
scenarios that each Member State elaborated for its NPF
typically considered the specificity of each Member
State. The data summarised in Table 2 was utilised to
build this scenario. Three groups of countries can be
distinguished:

1. Eleven countries for which NPF values are available
for all the required years: AT, BG, CZ, ES, FI, HU,
IE, IT, LU, PT and SK.

Fig. 3 Tailpipe CO2 emissions from cars (EU28) in PRIMES-TREMOVE and DIONE

Fig. 4 EV stock (EU28), spread between base and NPF scenarios
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2. Eleven countries for which NPF values are available,
but only until 2020 (BE, CY, DE, EE, LT, LV, NL
and UK) or 2025 (DK, FR and PL).

3. Six countries for which NPF values are not available
for any of the required years, either because they did
not communicate any value in the NPF (the case of
HR and SE) or because they did not notify their NPF
by 31 October 2017 (recall footnote 2).

For the first group, the NPF values were incorporated
in the modelling exercise. For these countries, EV mar-
ket penetration is simulated to be higher in the NPF sce-
nario than in the base scenario, with the exception of FI.
The modelling in PRIMES-TREMOVE was influenced
by the more ambitious EV stock estimate made earlier
in the Impact Assessment, which was 35,000 EVs in use
in 2020 [25]. However, the Finish government turned
out to be more conservative (22,000 EVs in use in 2020)
in its NPF.
Because of the missing observations, building the

NPF scenario for the countries listed in the second and
third groups required an additional assumption. The

countries in the second group reported EV stock esti-
mates until at least the year 2020 in their NPFs. On the
other hand, the time horizon chosen for the modelling
exercise extended until 2030. Several approaches to
deal with this issue were identified at an early stage of
the research design: (i) use average values of the first
group, (ii) take into account socio-demographic charac-
teristics, (iii) assume constant values of the EV stock
beyond the last year for which an NPF value is available
(i.e. 2020 or 2025, depending on the country); or (iv)
adopt the values of the base scenario beyond the last
available year. The first two were not tested in this
study on the following grounds: (i) the average car
stock of the first group is more than one million lower
than the average EU28 car stock, (ii) the NPF values
differ, often substantially, from the estimates calculated
in EU [25], which had taken into account socio-
demographic and economic aspects. The last two were
tested (see Appendix). As expected, the third approach
resulted in large divergences by 2030, at least for some
countries. For this reason, the fourth approach was pre-
ferred and reported in this paper.

Fig. 5 EV stock by powertrain (EU28), base [left] versus NPF [right] scenario

Fig. 6 Tailpipe CO2 emissions from cars (EU28), per car [left] and total [right]

Gómez Vilchez et al. European Transport Research Review           (2019) 11:40 Page 8 of 17



For the third group, given the absence of NPF data, the
values of the base scenario were used. This implies that,
for these six countries, the results of the base and NPF
scenarios are equal (to some extent, the same occurs for
the countries of the second group in either 2025 or 2030).
As indicated in Section 2.1, the quantification of the

NPF scenario was done in DIONE. We assumed that each
future EV stock estimate identified in the NPF assessment
replaced a medium-sized conventional (gasoline or diesel)
car. As a general rule, we assumed that two EVs replaced
one gasoline and one diesel car. There were exceptions to
this rule whenever we found a situation that would have
led to a future negative stock of medium-sized conven-
tional cars. This occurred with AT and IE. In the Austrian
case, each EV was assumed to replace 0.7 diesel and 0.3
gasoline cars to avoid a negative stock of medium-sized
gasoline cars. In the case of IE, each EV was assumed to
replace 0.4 diesel and 0.6 gasoline cars to avoid a negative
stock of medium-sized diesel cars.
Only FR and UK communicated in their NPFs a clear

split between BEV and PHEV stock estimates. In the
absence of this information, we assumed that EVs re-
ferred to BEVs. As a result, the base and NPF scenarios
do not only differ in the total number of electric cars
projected, but also on the relative shares of BEVs,
PHEVs and FCEVs (see Fig. 5). The modelling decision
not to assign a proportion to PHEVs and FCEVs re-
quires justification. In the case of PHEVs, for the pro-
spective car purchaser the main advantages of PHEVs
over BEVs are driving range and refuelling/recharging
time. Data from EAFO [10] suggests that the number of
PHEV models available in the EU in 2017 was slightly
higher than for BEV. For the German market at least,

we found mixed evidence as to whether the purchase
price of a PHEV is higher than that of its BEV counter-
part: whereas the PHEV version of the Volkswagen Golf
was found to be more expensive than its BEV counter-
part [56], the Hyundai IONIQ PHEV was found to be
cheaper than the BEV version [34]. However, we identi-
fied five reasons why these two advantages, both linked
to the battery, might disappear in the future: (i) battery
improvements (see Nitta et al. [40]) that lead to greater
energy density and electric range favour BEVs; (ii) we
expect the trend of battery cost reductions (see Nykvist
and Nilsson [42]), which is more beneficial to BEVs, to
continue in the next years; (iii) the deployment of ultra-
fast (i.e. up to 350 kW) recharging stations (see e.g.
Ionity [36]) has the potential to lower average rechar-
ging time; (iv) the impact the recent introduction of the
worldwide harmonized light vehicles test procedure has
had on PHEV sales and supply plans (see e.g. [1]); and
(v) public awareness that PHEVs are low-emission cars
while BEVs are zero tailpipe emission cars is likely to
increase over time. Today, the leading EV markets are
China and Norway, when measured respectively in total
stock and sales market share. On the former BEVs
accounted for 77% of the EV stock in 2017, on the lat-
ter for 64% [29]. With regards to FCEVs, the number of
model offerings is at present very low, and restricted to
the segment of large vehicles (see data from EAFO
[10]). We assumed that this powertrain remains an un-
attractive option until 2030 due to uncertainty about (i)
the cost evolution of key FCEV components (for the
fuel cell system, see e.g. DOE [7]), and (ii) the required
level of investment to guarantee an adequate network
of hydrogen refuelling stations (for a cost estimate per
station, see e.g. e-Mobil BW [21]). In recent research,
BEVs are shown to clearly dominate over PHEVs and
FCEVs in the future EU car market under various sce-
narios (see Figure 49 in EC [11]).
This and other aforementioned modelling assump-

tions, adopted in the light of missing or insufficient in-
formation available in several NPFs, are summarised in
Table 4.

5 Results for key environmental indicators and
discussion
The results of the modelling exercise are shown for five
environmental indicators: GHG, NOx and PM2.5 emis-
sions as well as NO2 and PM2.5 concentrations. At the
EU28 level, both scenarios led to reductions in the abso-
lute values of these variables between 2015 and 2030
(for tailpipe CO2 emissions, see Fig. 6). This is driven by
the CO2 emission limits per kilometre established at EU
level for 2021, which leads to more efficient conven-
tional powertrains being used. Car travel activity is simu-
lated to generate ca. 425 MtCO2/year in the EU28 under

Table 3 Modellers’ assumptions to address model differences

PRIMES – DIONE differences Assumptions

No < 0.8 l car category in PRIMES. The stock in DIONE is zero.

Mild hybrids are reported under
the conventional car categories in
PRIMESa.

The stock in DIONE is zero.

REEVs are reported under the
overall PHEV category in PRIMESb.

The stock in DIONE is zero.

No small gasoline HEVs in DIONE. The respective values for the
medium-sized gasoline cars from
PRIMES were utilised.

Only medium-sized flexible fuel
vehicles, diesel HEVs, PHEVs, BEVs
and FCEVs in DIONE.

The respective values for the
medium-sized car technologies
from PRIMES were utilised.

PRIMES runs on 5-year time steps
(2010, …, 2050).

Linear interpolation for
intermediate years, performed in
DIONE.

aMild hybridisation is a technology option concerning the energy efficiency
potential of conventional internal combustion engine technologies. It is
included in the PRIMES-TREMOVE model, but not as a separate
vehicle category
bREEVs are also implicitly included in PRIMES-TREMOVE as specific categories
of the PHEVs (i.e. with higher electric ranges)
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the alternative scenario in 2030. Compared to the base
scenario, EVs contribute to a 3% reduction in tailpipe
CO2 emissions from cars in that year. To bring this into
perspective, the reduction translates into annual emis-
sions of 1.51 tCO2 per car in the base scenario and 1.47
tCO2 per car in the NPF scenario in 2030, down from
1.91 tCO2 per car in 2015. Thus on a per car basis, tail-
pipe CO2 emissions are 21% lower in 2030 under the
base scenario than in 2015.
In the next two figures, only the results for the countries

listed in the first group (cf. Section 4.2) are shown. Figure 7
shows the percentage change in EV stock (abscissa) in the
NPF scenario with respect to the base scenario in 2030
plotted against the percentage change in tailpipe CO2

emissions (ordinate) between both scenarios in the same
year, by country. In general, the simulated CO2 emission
reductions are quite modest. Only two countries (AT and
IE) are simulated to reduce their CO2 emissions by more
than 10%.
Overall, the chart seems to show a positive correlation

between a higher EV stock deployment and a greater miti-
gation in CO2 emissions. Two observations (i.e. countries)

deviate from this pattern: BG and PT. For the former, the
simulated CO2 reduction is rather modest despite a rela-
tively strong growth in EV stock. It should however be
noted that EV stock in BG in 2030 (i) has the lowest value
of this group of countries under the base scenario, and (ii)
represents only 4% of total car stock (in contrast to 31% in
IE and 24% in AT) under the NPF scenario. For PT, CO2

emissions are slightly higher under the NPF scenario. This
result can be explained by the fact that the simulated stock
of gasoline cars in PT turns out to be larger in the NPF
than in the base scenario. The reason for this being that
the future stock of medium-sized gasoline cars is declining
in PRIMES-TREMOVE, in line with the dieselisation
trend exhibited by this country [14], and the powertrain
replacement rule applied under the NPF scenario (recall
Section 4.2).
The case of FI is also remarkable: despite exceptionally

simulating a lower EV stock in the NPF than in the base
scenario (− 5%), the corresponding CO2 emissions are
lower (− 0.4%). This can be explained by the fact that
the share of BEVs among EVs is higher in the NPF sce-
nario (see also Appendix).
Concerning air pollution mitigation, Fig. 8 shows the

results of air pollutant, namely NOx and PM2.5, emis-
sion reductions. It is interesting to note that whereas in
the model the highest reductions for CO2 (Fig. 7) were
achieved in IE, AT outperforms in air pollutant emis-
sion reductions in 2030. The interpretation for this re-
lates to the modelling decisions made for these
countries, in an attempt to avoid negative stocks, as de-
scribed in Section 4.2. In relative terms, more diesel
cars were replaced in AT, which are known to have a
larger effect on NOx emissions [57].
With regard to atmospheric concentrations, Figs. 9 and

10 show the simulated 2020 and 2030 reductions attained
in the NPF scenario with respect to the base scenario for,

Fig. 7 Changes in EV stock versus CO2 emissions between scenarios in 2030

Table 4 Modelling assumptions to address inadequate
information

NPF information General assumption

More than one estimate of EV
stock was reported for a given
year.

Average value calculated, in the
absence of a middle estimate.

EV stock estimates for certain
years (2020, 2025, 2030) were not
available.

Base scenario values assumed
beyond the last available year.

Powertrain replacement not
reported.

Two EVs replace two medium-sized
conventional cars: one gasoline and
one diesel (see text for exceptions).

Type of EV not reported. EV refers to BEV.
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respectively, urban background concentrations of NO2

and PM2.5. In both NO2 and PM2.5 modelling, baseline
total emissions (not only from traffic) are initially consid-
ered, then analysing how the change in transport emis-
sions (considering only reductions of exhaust emissions,
and no change in tyre, break and road wear emissions
from EVs) affect concentrations. Indeed the maps show
only the impact on concentrations due to traffic policies,
but (to be able to properly simulate air quality) all other
emissions (from the other sectors, as from agriculture,
residential heating, etc.) are taken into account.

In terms of NO2 concentrations, the largest reduc-
tions (up to 1%) with respect to the base are simu-
lated to occur in AT, DE and FR in 2020 (map on
the left in Fig. 9). In 2030, the greatest improvements
in NO2 concentrations of up to 6% can be found in
AT and IE (map on the right in Fig. 9). Concerning PM2.5

concentrations, the pattern is similar in the sense that the
greatest reductions can be found in the same countries,
for both years (Fig. 10). However, differences between the
two pollutants emerge: whereas NO2 tends to be concen-
trated along road links, PM2.5 appears to be concentrated

Fig. 9 NO2 concentration reductions [%] in 2020 [left] and 2030 [right] (in the NPF scenario with respect to the base scenario). Source: based on
EU [22]. Legend: note the change in scale

Fig. 8 Changes in air pollutant emissions between scenarios in 2030
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around urban areas but more dispersive at this level of
spatial aggregation. In particular, Switzerland seems to
benefit in the simulation from lower levels of PM2.5 con-
centrations as a result of EV market uptake in its neigh-
bouring countries. The maximum relative reduction in
PM2.5 concentrations with respect to the base is 0.5% in
2020 and 4% in 2030.
As expected (cf. Section 4.2), there are no differ-

ences in the values of the environmental indicators
between both scenarios for EL, HR, MT, RO, SE and
SI. This is also visible in the maps (with the excep-
tion of MT due to their size), which show zero
changes (i.e. in red) for these countries. Again, due to
the aforementioned dispersive effect, some of these
countries (particularly SI) seem to benefit from PM2.5

concentration reductions (Fig. 10).

6 Conclusions and further research
Ambitious GHG emission and air pollutant emission
and concentration reductions in the transport sector
require sound policies that facilitate the market de-
ployment of low- and zero-emission vehicle technolo-
gies. Given the uncertainty that surrounds the market
uptake of EVs, in this study two scenarios were
constructed and, after calibration, calculated in the
DIONE model. Their impacts on five environmental
indicators (tailpipe CO2, NOx and PM2.5 emissions as

well as urban background NO2 and PM2.5 concentra-
tions) were modelled and presented. Whereas the
base scenario drew on the PRIMES-TREMOVE out-
put for an adapted version of the EU Reference Sce-
nario 2016, the NPF scenario was the result of
quantifying the effect of the Directive (2014/94/EU)
on the European countries that communicated future
EV stock estimates in their NPFs.
Due to the growth trend in car travel demand at

the EU28 level projected in the EU Reference Sce-
nario, in the base scenario the total reductions in
CO2 emissions between 2015 and 2030 are lower
(13%) than those that could be achieved on a per car
basis (21%) (i.e. if the 2030 value of the average an-
nual vehicle-km travelled by car remained at the same
level as the 2015 value).
The NPF scenario leads to higher emission reductions,

when compared with a scenario that does not take in-
centives for alternative fuels into account (i.e. base sce-
nario). When put into perspective with the GHG
emissions mitigation goals highlighted in the introduc-
tion, the simulated level of CO2 emissions from EU cars
in 2030 under the NPF scenario remains relatively high.
This would entail that substantial mitigation efforts
would still be needed beyond 2030 to meet the 2050
transport mitigation target. Based on our simulations, it
can be expected that countries with a higher level of am-
bition will achieve higher reductions in GHG emissions

Fig. 10 PM2.5 concentration reductions [%] in 2020 [left] and 2030 [right] (in the NPF scenario with respect to the base scenario). Source: based
on EU [22]. Legend: note the change in scale
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and concentrations of air pollutants. In this work, only
two countries (AT, IE) achieved CO2 emission reduc-
tions greater than 10%. These same two countries also
achieved, as per our simulations, the greatest PM2.5 and
NOx emission reductions with consequently the greatest
reductions of PM2.5 and NO2 concentrations with posi-
tive effects on health.
Notwithstanding, a higher level of ambition does

not necessarily translate into attainment of the EV
stock estimates envisioned by the NPFs. For that, pol-
icy measures supporting EV uptake are needed. These
were indeed stated in most of the NPFs assessed, but
their contribution to realising the future EV stock es-
timates has not been analysed in this paper. Further
research will revolve around the analysis not only of
those measures, and on whether they are consistent
with the emission reductions simulated here, but also
consider recent announcements of future bans on
conventional car sales.
The main limitation of this study was data avail-

ability. Article 10(1) of the Directive requires that
Member States submit a report on the implementa-
tion of their NPFs in late 2019. Annex I of the Dir-
ective states that one element of the report is 2020,
2025 and 2030 alternative fuel vehicles estimates. Be-
cause of these requirements and as progress in the
field of electro-mobility is being made, we expect the
datasets contained in those implementation reports
to be more comprehensive than the ones used in
this work. This would allow a more robust analysis
at the EU level. As stated in Section 4, the scenario
method was adopted to cope with uncertainty but
we do not claim we have covered the possibility
space with the two scenarios presented in this paper.
In fact, there was overall limited difference between
scenarios. Furthermore, undertaking a scenario con-
struction exercise tackles only one level of uncer-
tainty. To account for uncertainty within each
scenario, additional techniques such as sensitivity
analysis [31] via Monte Carlo simulation are avail-
able. A promising starting point for such analysis
would be to test the assumptions listed in Table 4,
which may also be revisited in future work as new
information becomes available.
A second limitation arises from the model differences

between PRIMES-TREMOVE and DIONE, which re-
quired several assumptions. These in turn strongly influ-
enced the results of the whole modelling exercise.
Further work to address this issue in DIONE could be
undertaken.
The third limitation concerns the adoption of

emission factors and system boundary. This study fo-
cused on tailpipe or tank-to-wheel emissions. Specif-
ically, real-world CO2 emissions, not New European

Driving Cycle type approval, were calculated. How-
ever, recent evidence using an alternative measure-
ment method suggests that NOx emissions from
diesel cars are notably higher than previously esti-
mated (see [2]) and used in this study. In addition
to tailpipe, vehicle non-exhaust and well-to-tank
emissions (see [13, 39, 50]) could be further
researched. An even wider system boundary would
also consider car manufacturing and scrappage, in-
cluding battery-related, emissions (see Samaras and
Meisterling [45] and Notter et al. [41]). A compre-
hensive lifecycle analysis is expected to shed more
light into the actual environmental impacts of a
more diversified car stock in Europe. A recent step
in this direction is EEA [16], which reports not only
human health impacts from EVs, such as toxicity,
but also ecosystem impacts such as freshwater eu-
trophication (see also Hawkins et al. [33]). In terms
of job impacts, see Thiel et al. [49].
Finally, travel behavioural changes have not been

addressed in this work. It is desirable to carry out
further research on the implications of autonomous
cars as well as on the potential for reducing car own-
ership levels (through e.g. shared mobility) and for in-
creasing public transport ridership in Europe.

7 Appendix
Despite having aligned the car travel demand and car
stock values between both models, there was still
some discrepancy in the variable energy demand
(Fig. 11). In this exercise, energy demand refers to
tank-to-wheel (i.e. direct) and is measured in kilo-
tonnes of oil equivalent (ktoe). As can be seen, the
update of DIONE to car travel demand and car stock
according to the EU Reference Scenario 2016 im-
proves the match between both models for energy de-
mand but it is not as close to 100% as was the case
for other variables (cf. Fig. 2). To get closer (we
found satisfactory for our purposes to tolerate a
match above 90%), a second correction was made by
adjusting the efficiency values of cars.
As outlined in Section 4.2, an alternative approach to

deal with the second group of countries was to assume
constant EV stock beyond the last reported value. This
is represented by the ‘dummy NPF scenario’, as illus-
trated for BE in Fig. 12.
As explained in Section 5, the remarkable results

for FI can be traced to the assumption that deter-
mines the proportions of PHEVs, BEVs and FCEVs
within the EV stock, justified in Section 4.2. In the
particular case of FI, Fig. 13 shows that the share of
BEVs is systematically larger in the NPF scenario than
in the base scenario.
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Fig. 11 Energy demand (EU28) in PRIMES-TREMOVE and DIONE, before and after correction

Fig. 12 EV stock (BE) under different scenarios

Fig. 13 EV stock (FI), by powertrain
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