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Abstract
Purpose We are interested in what policy insights can be
transferred from EU countries that have been most successful
in introducing EVs to those that are debating policy options.
As we use a model to explore this, we are also interested in the
application of modelling, seeking to understand if real world
policies and results can be replicated in a model and, more
generally, the challenges to the use of modelling in policy
appraisal.
Methods We use the EC-JRC Powertrain Technology
Transition Market Agent Model (PTTMAM), a system
dynamics model based around the interactions of concep-
tual market agent groups in the EU. We perform iterative
scenario tests to replicate the policies carried out in the
Netherlands and the UK in recent years in an attempt to
achieve similar results in EV sales. We then transfer the
policy scenarios to other EU member states and assess the
transferability of the policies.
Results Reasonable approximations of the Netherlands and
UK EV policies and sales were achieved and implemented
in other EU member states.
Conclusion We find that the PTTMAM is fit-for-purpose and
can replicate successful policies to a certain degree. Policy
success is sensitive to country specific conditions, and a

system dynamics model like the PTTMAM can help identify
which conditions react to which policy stimulus. There are
challenges to modelling in policy appraisal, such as the sub-
jectivity of the modeller and flexibility to specific conditions,
which must be kept transparent for the model to be a relevant
tool for policy making.
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SystemDynamicsModelling . EU

1 Introduction

As part of the White Paper on Transport [1] there is the desire
to significantly reduce emissions from road transport vehicles,
and to eliminate all tailpipe emissions from urban areas. The
European Union (EU) has introduced numerous regulations in
support of this goal, including fleet emission targets [2–5] and
the Alternative Fuel Infrastructure Directive [6]. The transition
away from conventionally fuelled internal combustion engine
vehicles towards electric vehicles (EV) forms a major part of
this. Therefore a comprehensive system dynamics model of
the EU light duty vehicle road transport sector was built, in
order to satisfy a need to create a more sophisticated model for
understanding relevant interactions and transitions than previ-
ously available. This model, the Powertrain Technology
Transition Market Agent Model (PTTMAM) has been pre-
sented in previous publications [7–9]. In this paper, modelling
case studies are tested against Breal-world^ passenger car
Plug-in Electric Vehicle (PiEV) uptake. PiEV are a sub-
category of EV that includes only Battery Electric Vehicle
(BEV) and Plug-in Hybrid Electric Vehicle (PHEV). Due to
the timescale of this paper Fuel Cell Vehicles are not directly
considered. This exercise addresses three research questions:
1) Can the model replicate short term effects of real world
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policies in individual countries?; 2) What policy insights can
be transferred from EU countries who have been successful in
introducing EVs to others that are debating policy options?;
and 3) What challenges are there to the use of modelling in
policy appraisal? Question 1 relates to an extension in scope
of a model that is primarily geared to analyse longer term
effects of policies and market developments, and has to date
only been used in studies at an EU-wide level. Question 2 is
important for evidence-based policy advice that can inform
future policy decisions by both the EU and individual member
states. Question 3 addresses the need to qualify the model
based conclusions within the context of the limitations of the
chosen modelling approach.

2 Background

As discussed in previous literature [10, 11], the use of system
dynamics modelling is widespread in transport studies, and in
particular regarding the uptake of new and alternative fuel
vehicle (AFV) technologies. Without wishing to repeat the
review or discussion of previous papers, suffice to say that
to date, many of these models and studies have been limited
in their scope. Due to the nature of modelling a detailed focus
on a specific area, with assumptions regarding aspects external
to the study boundaries, is a necessity For example, system
dynamics has been used to model specific regulations on au-
tomobile manufacturers in California [12], the concept of
‘willingness to consider’ a generic AFV [13], strategic niche
management of AFVs [14], and the impact of infrastructure on
potential hydrogen transitions in Germany [15]. However, in
order to support the European Commission in their policy
decisions a model that expanded on these studies was re-
quired, which can consider multiple countries, market agents
and alternative technologies relevant to the complex market
that exists within the EU.

The EVmarket is still in its early stages in Europe [16]. EU
member states are adopting various strategies to encourage the
take up of new technologies, concerning both the vehicle and
its supportive infrastructure. In this study the Powertrain
Technology Transition Market Agent Model (PTTMAM), a
system dynamics model implemented in Vensim™ software,
is employed to generate policy insights that could support
both EU-wide regulations and the implementation of policy
in individual member states. Studies using the PTTMAM
have been published that consider the impact of key market
and policy conditions [9], and the sensitivity to infrastructure
[7]. This study builds on these publications that have only
considered hypothetical scenarios at an EU level.

In this paper, following a short model introduction that
summarises a publically available Technical Report describ-
ing the PTTMAM [8], the responsiveness of the model to real-
life policies is established, using the Netherlands and UK as

case studies. As the EV market remains in infancy and exten-
sive data and experience is simply not available, the model is
calibrated to historical data for key parameters such as vehicle
demand and component costs. At present it is difficult to cap-
ture some of the more detailed dynamics within the system or
to fully replicate individual or focused (eg regional or user
oriented) policies. As such, it is necessary to manually per-
form iterative testing of simplified policy representations to
obtain model scenarios that reasonably match reality. This
learning is then applied across the whole EU and discussion
focuses in particular on those EU member states with less
ambitious EV policies to understand if a similar success could
be achieved if the case study policies were applied. The paper
concludes with a summary of the policy insights and model-
ling challenges encountered in the study.

3 Model Description

The PTTMAM was initially designed around the decision
rules and main interactions of four conceptual market agent
groups, being Users, Manufacturers, Infrastructure Providers
and Authorities, fundamentally similar to [12]. The aim is to
study the interaction between, and influence of, the market
agents of the automobile sector on possible powertrain tech-
nology transitions within Europe, for each of the member
states, and across the period 1995 to 2050. It has been in
use since 2013, and has undergone continuous improvements
and updates as new data and concepts become available. The
model is not agent-based, i.e. it does not consider actions at an
individual level for any of the conceptual groups.
Nevertheless, through subscripting (such as powertrain type
or member state) the model does allow the disaggregation of
the conceptual groups into sub-groups in order to distinguish
some behavioural variations. As would be expected, bound-
aries and assumptions had to be imposed in order to simplify
the model. For instance, the model only represents in detail the
28 EUmember states, with all other countries accounted for as
rest of the world simplifications, and only where their interac-
tions would appear to be relevant. Where reliable data was
available it was used as an exogenous input or calibration
dataset, otherwise expert judgment was employed. The main
sources of this data include [17–19] and various industry as-
sociations, such as the European Automobile Manufacturers
Association (ACEA). Endogenous variables were defined by
standard formulations or sourced from literature, such as [13,
20]. In a model scenario, the user may alter data inputs or
model structure to represent market conditions, implemented
policies or manufacturer/infrastructure provider strategies.
The simulation performs calculation for every 0.25/year be-
tween 1995 and 2050, though in our work we only consider
annual figures. Fig. 1 is a high-level overview diagram of the
PTTMAM, representing the key interactions and feedbacks
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between the four market agents. In reality, the full model con-
tains over 1300 separate variables, leading to more than
550,000 once subscripts are considered. Of this, there are over
300 data variables (nearly 12,000 inputs when including sub-
scripts) and 18 data look-up tables. Due to this high data
dependence, the model was subjected to robust validation
testing, which is described in more detail in the model
Technical Report [8]. Most importantly, for 71 key data inputs
that could not be reliably obtained, calibrations were carried
out using historical data sets. These inputs are updated peri-
odically when sufficient new data becomes available.
Furthermore, sensitivity analyses of 146 data inputs were car-
ried out to assess the impact on key performance indicators
EV sales and Emissions to determine confidence in the chosen
input values for the model baseline. For further assessment
and validation of the logic of the model structure and outputs,
reality checks and extreme cases were tested to assess if the
model responded appropriately and assist in the design of
baseline scenarios (see Technical Report (ibid.) for further
detail on these). The successful adherence to these checks
supports confidence in the interpretation of any observed be-
haviour, despite the high degree of freedom and uncertainty in
a large model. Further to this an external expert reviewed and
verified the technical report and model. Relevant to this study,
the reader should note that a number of parameters are cali-
brated at a country level to historical data sets from the period
1995–2013, for example the coefficients that determine total
vehicle stock and demand, sensitivity to scrappage schemes,
willingness to consider powertrains, infrastructure fuel

margins, and vehicle emissions. Fractional sales and stock
are one of the historical data sets used for this, but as EVs
are new technologies, reliable data was only available for sales
in limited countries from 2010. In addition, due to the time
frame of the calibration, no policies were used in the calibra-
tion of the baseline, so it may be seen as a reference against
which to assess the impact of policies as we do in this study.

The previously mentioned Technical Report describes the
model in detail, including model structure, key equations and
data inputs, by market agent group. The main characteristics
and decision rules of the groups are further summarised in
Pasaoglu et al. [9]. Nonetheless, for the reader we provide here
a brief overview of the key aspects and interactions which
drive the model.

3.1 Users

The user group (blue variables of Fig. 1) is responsible for the
evaluation and purchase of new vehicles at each time step of
the simulation. Overall vehicle demand is determined by in-
ternally calibrated variables for each member state. Vehicle
stock market share is thus governed by the inflow of new
registrations and outflow of discarded vehicles (eg from aging
or unaffordability). Within the demand, market shares for each
powertrain type, size, and user group (eg urban/non-urban or
public/private/fleet) are determined using a simple multinomi-
al logit discrete choice model based on a combined utility of
each powertrain. The attributes that characterise the
powertrains, and drive their attractiveness are Environment,

Fig. 1 High-level overview (NOT a causal loop diagram, but showing
polarity of relationships) of PTTMAM main interactions (Colours
represent market agent group: Blue = Users, Green = Infrastructure

Providers, Turquoise = Manufacturers, Grey = Authorities) (From
Technical Report and adapted from Pasaoglu et al. [9]))
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Performance, Reliability, Safety, Convenience, Popularity,
and Choice. They evolve in relation to the investment in re-
search & development (R&D) and infrastructure. Also includ-
ed in the combined utility is a ‘willingness to consider’ con-
cept [13], and a relative financial cost (purchase price and a
proportion of running costs). In future development the choice
model will be further refined to obtain more specific prefer-
ence parameters and a cross-nested structure. User choice is
further influenced by the other market agent groups - author-
ities as they introduce subsidies or scrappage schemes, infra-
structure providers who build infrastructure, and manufac-
turers investing in R&D of the new technologies.

3.2 Manufacturers

Within the PTTMAM, automobile manufacturers (turquoise
variables of Fig. 1) are considered as a whole, rather than as
individual manufacturers, though there is a certain amount of
competitiveness built in to capture these important behav-
iours. They are responsible for the development, production,
pricing and marketing of all vehicles. Influences from the
authorities, such as fleet emission targets, and from users
who take up new technologies, drive the decisions by manu-
facturers to invest in production capacity and R&D of new
technologies, due to forecast or speculative profits. As such,
R&D, Financials and Production form the basis of this agent
group. This results in a large number of variables, data inputs
(and calibrations) for this section of the model. Although the
PTTMAM is focused on Europe, assumptions are made re-
garding importing and exporting of vehicles to the rest of the
world. Manufacturers influence sales of new technologies by
their pricing and marketing decisions, in addition to improve-
ments in vehicle attributes brought about by R&D investment.
This module includes an assessment of future profits, current
maturity of powertrain components and their contribution to
potential powertrain improvements, in particular the reduction
in emissions in relation to the penalties that may be imposed
by authorities.

3.3 Infrastructure Providers

Powertrain options within the PTTMAM rely heavily on the
provision of relevant and sufficient infrastructure and mainte-
nance facilities, both of which are represented by the infra-
structure provider group (green variables of Fig. 1). This is
important, not just for the user, but also to the manufacturers
who invest in new technologies. The main driver for the in-
frastructure provider to install new infrastructure is the return
on investment that they will expect to receive for both new
types of fuels at existing refuelling stations, and a new net-
work of charging stations (both standard and fast-charging)
for PiEVs. This investment, which has costs inversely propor-
tional to cumulative installed infrastructure, can be supported

by subsidies from authorities, and driven by fuel / power de-
mand based on vehicle use by the users. In the PTTMAM, the
infrastructure provider also is responsible for maintenance
provision. One of the greatest influences on the remainder of
the model, and of interest to the development of the EV mar-
ket, is the effective available network (e.g. as charging posts
are installed the proportion of households with access to
charging is increased). This is more important for BEVs,
which are fully reliant on charging, than PHEVs that are only
partially reliant on the charging network.

3.4 Authorities

Authorities (grey variables of Fig. 1) have the power to influ-
ence all other market agents through their policies and incen-
tives. In the PTTMAM they can be represented at either mem-
ber state level or EU-wide, providing user fiscal incentives
(e.g. subsidies, taxation, and scrappage schemes) and support
to both manufacturer and infrastructure providers. The most
important concept governed by the Authorities group are the
fleet emission regulations. The model replicates the require-
ments of the actual regulations [2–5] and is an important driv-
er for manufacturer investment in R&D of the powertrain
components, which in turn drives improvements in the attri-
butes as perceived by the user in the choice model.

4 Method

Previous publications utilising the PTTMAMhave considered
policy scenarios at an EU level with a long-term view. In this
paper, the focus is turned to how responsive the model is in
replicating Breal-world^ policy case studies and short term
effects given the boundaries and assumption limitations.
This demonstrates the flexibility of the PTTMAM and its
suitability for policy design. It does not suggest that a single
scenario should be taken as a forecast, more that scenarios can
be compared to reveal policy implications. By carrying out
this exercise, not only could insight into policy outcomes be
obtained, but also an improved understanding of the model
and methods to overcome challenges. In order to do this, two
case study countries were chosen, Netherlands and UK. We
iteratively test policy variables within the PTTMAM to deter-
mine a scenario that most closely represents (within the limi-
tations of the model) the observed growth in sales of BEVand
PHEV between 2011 and 2015, identifying the most appro-
priate scenario by visual data comparison with real world data.
We do not imply that the resultant scenarios are accurate rep-
resentations of the real world situation, simply an approxima-
tion for comparison. We then apply these scenarios across the
EU and consider the specific cases of four other EU countries
that have adopted contrasting policy approaches, in order to
gain insight into the transferability of policies between
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member states. The Netherlands and the UK were chosen as
two EU countries currently experiencing the greatest suc-
cesses in EV uptake [21], but also because they have had
diverse existing situations and adopted differing policy strat-
egies to support EV. It is acknowledged that Norway could
have made an interesting additional case study as it is the
country with the highest take up and EV/capita in the world
with a market share of 23% in 2015 [22]. However, the
PTTMAM was initially designed to advise EU policy, affect-
ing primarily only the 28 EU member states of the EU, and so
at present it is not possible to replicate Norway within the
model. One important piece of legislation in this context is
the Directive on the Deployment of Alternative Fuels
Infrastructure (2014/94/EU) [6], which obliges the member
states amongst others to establish national policy frameworks
outlining their projections of future penetration of electric ve-
hicles, corresponding infrastructure provision and support
measures targeting vehicles and infrastructure deployment.
Norway is not subject to this Directive. However, we do make
comment on our findings in relation to Norway in the
Discussion and Conclusion sections. Table 1 provides an
overview of the variables adopted in the scenarios applied to
the case studies, which are explained and justified in the fol-
lowing sections.

5 Case Study 1: The Netherlands

The Netherlands (NL) is currently the most successful EU
member state in the uptake of EVs both in terms of growth
and absolute numbers [21], with the sales of PiEV over the
past 6 years shown in Table 2.

Similar to many EU countries with EV incentives in place,
the main policies being employed in NL are exemptions for
EVs from both registration (BBPM^) and circulation
(BMRB^) taxes [24]. Such taxes are relatively high in NL com-
pared to other states [19], at up to €434 per gCO2/km [25].
These exemptions have been in place since 2011, and were

originally due to end in 2014, but were later extended until
2017, with reductions for PHEV during 2016 [26]. There are
also various policies that are difficult to directly capture in the
PTTMAM, due to the current structure and scope. For example,
favourable company car taxation allowances, subsidies for cer-
tain fleet vehicle types (€3-5000 for taxis and delivery vans)
and regional/municipality incentives (such as infrastructure pro-
vision, additional purchase subsidies and free or priority
parking) [26]. As the PTTMAM does not have a regional sub-
script below MS level nor detailed fleet taxation it was not
possible to replicate these at this time. As the calibrated baseline
used historical data to 2013, with limited PiEV data and no
policies in place, an iterative method was followed to find a
scenario that best fit reality, which focused on minor changes to
the original base model and policy conditions. The resultant
scenarios are described in the text below and in Table 3.
Resultant sales market shares from the scenarios and the actual
data from Table 2 are then presented in Fig. 2 for BEVand Fig.
3 for PHEV.

Three amendments were made to the base model for this
case study. Firstly, the original model only included tax reduc-
tions based on relative CO2 emissions, but for this study
reductions/exemptions specifically for EVs were implement-
ed. Secondly, the market share determined by the user group
could be influenced by Bdemand kicks^ from subsidies and
exemptions. This demand kick is a calibrated multiplier of
market share over the period that the incentive is in place,
the value of which is determined by a sensitivity of a base
demand kick to the magnitude of the subsidy/exemption.
This characteristic did not originally include the circulation
or registration tax exemption. Finally, scenarios were run
where registration taxes were included in the purchase price
of the vehicles, rather than the fixed operational costs as per
the original model structure. As NL registration taxes are par-
ticularly high, and the exemption could have a bigger impact
on the purchase decision, including registration taxes in the
purchase price may be a more accurate account of reality. In
addition to the above changes, an attempt was made to capture
some of the idiosyncrasies of the incentives at regional or fleet
level. As over 90% of EV purchases in 2014 were fleet vehi-
cles [27], €5000 subsidies were implemented throughout the
fleet. Furthermore, we tested the isolated impact of including
only PHEV in the demand kick, as BEV results seemed to
over-predict actual data.

Also worth mentioning, NL has had an extensive pro-
gramme of installing public charging infrastructure [28] in
addition to municipal initiatives and private charge point pro-
vision. This was difficult to implement in the current model
structure where charging points are installed when they were
predicted to satisfy a certain return on investment for infra-
structure providers. Incorporation of exogenous policy-driven
infrastructure provision will be considered in future versions
of the model. For this study, even taking into account lower

Table 1 Comparison of variables considered in case study scenarios

Policy Netherlands United Kingdom

Registration Tax Exemption X X (VED)

Circulation Tax Exemption X X (VED)

Registration Tax Demand Kick X X (VED)

Circulation Tax Demand Kick X X (VED)

Purchase subsidy X X

Registration Tax considered in
purchase price rather than fixed costs

X

Congestion charge exemption X

Charging installation subsidy X
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predicted stock shares for EVs, installed public charge points
in the model is at a level of around half of the actual numbers
[26]. However, other studies using this model which have
focused on infrastructure [29, 30] suggest, and correlate with
other literature [31–33], that dense charge point provision has
low importance to early EV adopters. It is noted that some
studies are known to have placed stronger correlation between
uptake and infrastructure [34–36], or at least acknowledge that
concerns over rechargingmay deter EV purchase, but this is as
much related to range and recharge time as infrastructure pro-
vision. However, little evidence was found to directly regard
early adopters, so we retain our supposition that it is logical
that they would be more reliant on private charging provision.

Looking at the results in Fig. 2, we can clearly see that
NL_2 – NL_7 exhibit much higher sales growths than were
realised up to 2012. As these are the scenarios which include a
demand kick for BEV, it may be reasonable to assume that the
additional attention paid to PHEV during this time caused a
demand kick in sales of this model that did not occur in BEV.
In particular, there were targeted promotions of models such
as the Mitsubishi Outlander. In addition to the uncaptured
policies, the lack of sales growth between 2011 and 12 that

was observed in the real world data can be explained partly by
the entry of PHEV into the market, creating competition be-
tween electric powertrains, when general concerns about the
transition straight to BEV may have led to some consumers
from discounting it from their decision set. Such issues led to
higher sales (and thus higher overall exposure) of PHEV, and
may have been sufficient for PHEV to pass a tipping point
where the demand kick takes affect that the BEV did not
achieve. Once these scenarios are discounted, we can focus
onNL_Base, NL-1 and NL_8 –NL_15. Of these, only NL_14
and NL_15 exhibit reasonable approximations of the sales
growth seen in 2013 and 2014, as well as a dip in sales in
2015. Again, these would all seem to be related to the inter-
action with the PHEV option not fully captured within the
model. To overcome this in future work, an improved choice
model, with a nesting structure allowing similar options to be
considered more closely together, will be employed. Scenario
NL_14, with registration taxes considered within the fixed
costs (as in the default model), would seem to be marginally
the better visual fit with the observed data.

For PHEV, the PTTMAM under predicts actual sales and
growth rates in all scenarios, as well as failing to capture a dip

Table 2 Netherlands PiEV share of total passenger car sales and absolute numbers (2010-14 [23] adapted by [16]; 2015 [21])

2010 2011 2012 2013 2014 2015

BEV 0.01% (53) 0.15% (835) 0.16% (806) 0.62% (2,595) 0.92% (3,558) 0.71% (3,178)

PHEV 0 0.002% (12) 0.86% (4,728) 4.70% (19,546) 3.12% (12,021) 8.96% (40,244)

Table 3 Netherlands Scenario Conditions

Registration and Circulation
Tax Exempt 2011-15

Registration and Circulation
Demand Kick

Purchase Subsidy
€5 k 2013-14

Registration Tax

NL_Base No No No FC

NL_1 Yes No No FC

NL_2 Yes Yes No FC

NL_3 Yes Registration only No FC

NL_4 Yes Circulation only No FC

NL_5 Yes Yes No PP

NL_6 Yes Registration only No PP

NL_7 Yes Circulation only No PP

NL_8 Yes PHEVonly No FC

NL_9 Yes PHEV Registration only No FC

NL_10 Yes PHEV Circulation only No FC

NL_11 Yes PHEVonly No PP

NL_12 Yes PHEV Registration only No PP

NL_13 Yes PHEV Circulation only No PP

NL_14 Yes PHEVonly Yes FC

NL_15 Yes PHEVonly Yes PP
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in sales between 2013 and 2014. There are two real world
phenomena not considered in the model that may explain
the lower sales growth. Firstly, as already mentioned, over
90% of EV sales have been to fleet users rather than private
customers. As the additional benefits provided to fleet cus-
tomers from company car taxation relief is not currently cap-
tured in the PTTMAM structure, then the model may under
predict the impacts of this, though fleet purchasers are consid-
ered to give greater weight to the costs in their purchase deci-
sion in the PTTMAM. Secondly, the PTTMAM does not cap-
ture regional offers such as subsidies and parking incentives.
A third dynamic which could explain the uncaptured sales
growth in both 2013 and 2015 is that in both of these years
favourable EV tax conditions were due to end. In 2013, it was
announced that PHEV benefits would be reduced in 2014,
which may have led to a rapid growth in sales caused by
customers that wanted to ensure that they would still benefit
from the incentives. The expiry of the incentives was then
delayed until 2016 which could maybe explain the second
surge in 2015, and the lower sales of 2014. Advanced pur-
chase decisions in the context of scrappage schemes or tem-
porary incentives are a common phenomenon in the car mar-
ket. Furthermore, as PHEV are not as reliant on the charging
network as BEV, it may be that the impact of charging

availability on the convenience attribute is over-estimated. A
final impact of 2015 may be the provision of favourable offers
at the dealership level. For instance, the Mitsubishi Outlander,
which was the highest selling model of 2015 [26], had offers
available that could make the PHEV version less expensive
that its conventional counterpart for some customers. Bearing
in mind the above discussion and observations of the results
Scenario NL_14 would seem to be an appropriate representa-
tion of the policy case in the Netherlands for this study, though
should be considered conservative due to its smaller and more
constant sales growth rates.

6 Case Study 2: United Kingdom

The United Kingdom (UK) is the third most successful EU
country in terms of absolute numbers [21] and overall sales
have at least doubled year-on-year since 2010, as presented in
Table 4. It is clear that the UK lags somewhat behind the
Netherlands, as presented in Table 2, particularly in terms of
share, as the Netherlands has a smaller total volume of annual
new registrations.

The UK has implemented various policies for EV uptake
aimed at users, that have had many changes in recent years.
The most prominent of these are the plug-in car grant, a £5000
subsidy(around €6500, limited to 25% of the vehicle purchase
price),1 and an extensive ongoing infrastructure programme
BPlugged-in Places^ [37], involving eight test regions receiv-
ing investment for public infrastructure. In such places, not
only is infrastructure being subsidised up to 75%, but in many
cases it is free to use and park. An assumption is made that it is
a suitable approximation that EV users will seek out free
parking opportunities. A 75% subsidy is also offered for the
installation of home charging points. Vehicle Excise Duty
(VED), the UK form of registration and circulation tax, is
gradeated by tailpipe emissions, and vehicles emitting less
than 100 g CO2 /km (which includes all BEV and most
PHEV), have been exempt since 2010. FromApril 2017 these
rates will change for all new cars, and only zero emission
vehicles will be fully exempt from charges.2 There are also
company car tax benefits available to fleet users. Furthermore,
vehicles classed as a Bgreen vehicle^ (emitting below a certain
amount) have been exempt from the City of London conges-
tion zone fee from 2011. This was limited during 2013 to only

1 In place since 2011 and recently amended to maximum £4500/35%, though
this is outside the timeframe of the presented model https://www.gov.uk/plug-
in-car-van-grants (accessed 22/03/17)
2 https://www.gov.uk/government/publications/vehicle-excise-duty/vehicle-
excise-duty, accessed 07/04/17
0 https://tfl.gov.uk/modes/driving/ultra-low-emission-zone, accessed 06/04/17
0 This was estimated to be €250, based on 235 days a year (working days
excluding holidays), an average £10/day over the time frame (The congestion
charge was £8/day in 2010, £10/day from 2011, and £11.50/day from 2014)
and affecting 10% of the UK fleet.

Fig. 2 NL BEV sales shares under scenario conditions detailed in
Table 3 and actual sales detailed in Table 2

Fig. 3 NL PHEV sales shares under scenario conditions detailed in
Table 3 and actual sales detailed in Table 2
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Bultra-low emission vehicles^ such as EVs. The zone is due to
be augmented with an ‘Ultra Low Emission Zone’ by
September 2020,3 that will enforce additional charges on ve-
hicles not meeting exhaust emission standards, though this is
beyond the scope of this study. Around 10% of UK vehicles
are based in Greater London [38] and there has been a partic-
ularly strong EVuptake in the London commutable area [39].
As such it was felt appropriate to include this exemption in the
scenarios, even though it is applied as a constant annual input
across the whole UK fleet4 As it seemed that this exemption
makes more of an impact on BEV than PHEV, scenarios were
tested where only BEV benefited from the exemption. Shown
in Table 5, various scenarios were designed, with the same
baseline conditions as the NL case, and based on the above
policies. Results and actual data are shown in Fig. 4 and Fig. 5.

For BEV, all scenarios other than the base would seem to
have a close fit to the actual UK figures between 2010 and
2011. Scenario UK_3 has the closest correlation in the early
years, though the remaining scenarios are somewhat lower
(which may be explained by an under-estimated demand
kick). Between 2011 and 2012, observed sales would seem
to stagnate, which is not captured in any of our scenarios. One
reason for this deviation could be similar to that discussed in
the NL case, that the PTTMAM is not sophisticated enough at
present to account for the introduction of the competitor
powertrain PHEV in 2012. Though if this were the case then
the model may under-predict in later years. Due to this stag-
nation however, the scenarios other than UK_3 and UK_Base
have similar sales shares in 2012. Scenarios UK_1, UK_2,
and UK_6 – UK_13, where PHEV do not have congestion
charge exemption, display a very similar growth rate to the
observed data between 2012 and 2013 whereas Scenarios
UK_4–8 all marginally over predict due to the earlier impact
of the congestion charge exemption. This has led to an ob-
served sales share in 2013 that is between these two groups of
scenarios. A strong growth rate between 2013 and 2014 has
led to even higher sales than all of these scenarios, and is close
to the sales that year captured in UK_3. Although growth rate
of Scenarios UK_10–13 are closest to the observed during this
period, they still under predict as the exemption impacts later
in the time period, from 2014. Clearly there may be some

uncaptured behaviour or policy causing this. During the final
period, 2014–15, the sales growth of all Scenarios UK_3–13
are similar to the observed growth, thoughwith lower absolute
sales due to earlier success in the observed data. The scenarios
that include infrastructure subsidies and additional demand
kicks make very little impact on the results. This is not sur-
prizing. Firstly, as already observed in the discussion of the
NL case, provision of public charging infrastructure would not
be expected to have major impact on early uptake. Secondly,
the home charging subsidy is a minor portion of the overall
vehicle price (around 2% of a c.€40,000 purchase). Finally,
the demand kick from the taxes does not have the same impact
as in the NL case as these taxes are a much smaller portion of
the cost in the UK. Despite no direct match, based on these
observations, scenarios UK_10–13 all show similar trends to
the observed data that could be used to represent the real
world.

As with the NL case, PHEV follows a different uptake path
to BEV. All scenarios but Base and Scenario UK_3 have a
reasonable correlation with the observed sales growth up to
2012, but fail to account for a sales stagnation in 2013. This
would seem to be a trend also observed in BEV and NL case
BEV – a fall or stagnation in the second year of sales.
Although it was previously suggested that this may be due
to the entry of PHEV, it may also be that there is a peak in
the first year of sales as a new entry into the market, and the
excitement is not sustained in the next year. There may of
course be other explanations for this, such as an uncaptured
uncertainty of policies or the actions of Bearly adopters^
which are not currently captured in the PTTMAM as markets
are not segmented. From 2013 to 2015, UK_3–5 and UK_9,
which include a PHEV congestion charge exemption, seem to
exhibit a similar growth trend to the observed data. The other
scenarios (other than Base which has growth close to zero), all
have rather lower sales growth rates than the observed data,
though in 2014 the absolute sales are similar. This indicates
that the congestion charge primarily stimulates BEV sales in
reality. As with BEV, infrastructure and demand kicks make
little impact on PHEV uptake.

Shown in Fig. 4 and Fig. 5 the sales growth of both
powertrains are generally under predicted by even the most
similar scenarios, and this would seem to be explained by an
uncaptured sales stagnation in the second year of sales.
Similar to the NL case, it is likely partly due to the lack of
detail on company car tax included in the PTTMAM, although
private sales are a slightly higher portion of total sales in the

3 https://tfl.gov.uk/modes/driving/ultra-low-emission-zone, accessed 06/04/17
4 This was estimated to be €250, based on 235 days a year (working days
excluding holidays), an average £10/day over the time frame (The congestion
charge was £8/day in 2010, £10/day from 2011, and £11.50/day from 2014)
and affecting 10% of the UK fleet.

Table 4 United Kingdom PiEV sales shares of total passenger cars and absolute numbers (2010-14 [23] adapted by [16]; 2015 [21])

2010 2011 2012 2013 2014 2015

BEV 0.006% (116) 0.056% (1088) 0.064% (1298) 0.111% (2496) 0.271% (6688) 0.377% (9934)

PHEV 0 (0) 0.0004% (7) 0.048% (985) 0.043% (980) 0.316% (7,805) 0.712% (18,770)
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UK than NL. It is not certain what other uncaptured behav-
iours or policies the observations could be a result of, possibly
unforeseen marketing, the introduction of new models (cur-
rently in the PTTMAM this is represented as a vehicle attri-
bute from a simple function of the growing market share) or a
change in public interest. However, based on the observations
in growth trends relative to observed data discussed above,
Scenario UK_11 has been chosen to represent UK EV policy.

7 Country Comparison

Following the successful replication of NL and UK policy
case studies as described in the previous section, the next step
of this study was to apply the designed scenarios to other
countries in order to identify any further policy insights or
model challenges. It is recognised that each member state
has individual characteristics regarding its passenger car fleet

and market, including economic and social attributes. The
scenario conditions were applied to every country in the EU.
Due to inter-country feedbacks this will create a slightly mag-
nified impact compared to applying the policy conditions to
one country in isolation, as illustrated by the inclusion of the
case study results for UK and NL in Fig. 6. Here it can be seen
that the later years in the UK case are clearly more successful
when the policies are applied EU wide, though this not so for
NL. Although the UK case is essentially an extension of the
NL case (which just had tax exemptions), it was felt useful to
compare the two case studies to each other, to the whole EU
and to individual countries, to elucidate policy insights as to
not only what the tax exemptions could stimulate but also the
additional UK policies.

As well as comparing NL and UK to each other and EU
wide, focus was also given to four selectedmember states with
differing current approaches to EV policy [24]. Denmark

Table 5 UK Scenario Conditions

Purchase Subsidy
£5 k 2011-15

VED Exemption
2010-15

Congestion Tax Exemption 75% Charging Installation Subsidy
Public Home

VED Exemption
Demand Kick

UK_Base No No No No No No

UK_1 Yes No No No No No

UK_2 Yes Yes No No No No

UK_3 Yes Yes 2011-15 No No No

UK_4 Yes Yes 2013-15 No No No

UK_5 Yes Yes 2013.5-15 No No No

UK_6 Yes Yes BEVonly 2013.5-15 No No No

UK_7 Yes Yes BEVonly 2013.5-15 2013-15 2010-15 No

UK_8 Yes Yes BEVonly 2013.5-15 2013-15 2010-15 No

UK_9 Yes Yes 2014-15 2013-15 2010-15 No

UK_10 Yes Yes BEVonly 2014-15 2013-15 2010-15 No

UK_11 Yes Yes BEVonly 2014-15 2013-15 2010-15 Yes

UK_12 Yes Yes BEVonly 2014-15 2013-15 2010-15 Registration only

UK_13 Yes Yes BEVonly 2014-15 2013-15 2010-15 Circulation only

Fig. 5 UK PHEV sales shares under scenario conditions detailed in
Table 5 and actual sales detailed in Table 4

Fig. 4 UK BEV sales shares under scenario conditions detailed in
Table 5 and actual sales detailed in Table 4
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(DK) has higher rates of vehicle taxation than NL (up to 105%
of vehicle value [25]), but less generous policies as only the
registration tax is exempt; Germany (DE) is experiencing rel-
atively successful sales despite few policy incentives being in
place as only the low circulation tax is exempt; France (FR)
has a unique Bbonus-malus^ scheme in place which is
favourable towards BEV; and Luxembourg (LU) offered up
to 2014 a €5000 purchase subsidy if the user obtained 100%
renewable electricity [16]. The resultant sales shares in Fig. 6
are shown under both UK and NL cases and the real world
data, and are discussed in the next section.

8 Discussion

In all circumstances, the UK policy case would produce better
EV sales than the NL policy case, and in many this would
have been better than sales that have been actually realised.
This is not surprizing as the UK policy package includes the
main NL policy (registration and circulation tax exemption),
and all the illustrative countries were chosen because of their
low take-up and/or policies. Due to differing existing market
and policy conditions in each of the countries the results vary,
and therefore some policy and modelling insights can be de-
termined from the results.

Across the EU between 2012 and 2014, the model output
suggests BEV sales could have been almost twice as success-
ful had UK policies been in place. In 2015, BEV sales stag-
nated whereas under UK policy they could have doubled from
2014. EU PHEV sales would seem to be more in line with the
PHEVorientedNL policies. However, if UK policies had been
in place across the EU, which go further than NL as not only
are tax exemptions offered but also additional incentives, then
by 2015 sales could have been almost three times greater.
Naturally, the EU actual sales mask the relative success (or
failure) of each of the EU MSs, so attention now turns to the
selected examples.

If the UK adopted only NL policies, without the additional
policies to tax exemption, the UK would not have achieved
more than a 0.1% sales share for either BEVor PHEV for any
year in the period tested. This shows the importance of these
additional measures in the UK to support EV uptake, as taxes
are a relatively small portion of costs in the UK, compared to
NL. For NL, had the additional UK policies been in place,
then BEV sales could have been much greater. This would
seem to reinforce the supposition that the NL policies were
biased towards PHEV, something that was corrected by the
NL with effect from 2016.

As previously remarked, Denmark has registration taxes
even greater than NL, so BEV sales closely mirror the NL
case in the early years, then following a stagnation between
2012 and 13 have a significant increase in sales in 2015 which
actually makes them one of the most successful EU states for

BEV sales.5 This may partly be because Denmark announced
during 2015 that they would be removing the tax exemption,
and indeed the Tesla Model S was the biggest selling single
model across all automobile sales in December 2015 [40].
However, had the full suite of UK policies been in place, this
could have been even greater, yielding an almost 20% sales
share, an unprecedented success. On the other hand, PHEV
has witnessed very little success in Denmark as the tax ex-
emption only applies to pure electric vehicles. Had it been in
place, even in the absence of other polices similar to NL, then
PHEV could have achieved in the region of an 8% sales share.

Perhaps one of our most striking results occurs in Germany,
where the two case studies both yield lower sales for BEV
than were achieved in reality until 2015, and the PHEVactual
sales were better than the NL case but not the UK case. This
would seem to suggest that there is some unique aspect to the
automobile market in Germany that may not be captured cur-
rently in the PTTMAM. Germany has the biggest market in
terms of car sales in the EU, as well as producing the highest
number of cars [41]. Maybe due to these, German makes
account for over 70% of domestic German sales [42]. As
major manufacturers BMW and VW entered the EV market
in recent years this may account for some of the unaccounted
discrepancy. This said, Germany could have had around a
doubling of 2015 sales had the UK policies been in place,
and indeed the German government is currently considering
the introduction of purchase subsidies [43], though possibly
with a difference to other states as automobile manufacturers
would be expected to contribute [44]. The NL case is not very
successful in Germany as the registration and circulation taxes
are very low.

France has had a Bbonus-malus^ scheme in place for a
number of years that not only incentivises low emission vehi-
cles but also deters the purchase of higher emission vehicles.
In addition there are registration and company car tax exemp-
tions available. Viewing the results obtained from the model,
BEV sales have been more successful under these conditions
than they would have been in the UK case, whereas PHEV
would have benefited from UK policies being in place. This is
a good illustration of how policies tailored to country specific
needs or culture may be important.

The last country we considered was Luxembourg, a small
country with high GDP and a renewables conditional EV pur-
chase subsidy in place up until 2014 (the drop off in 2015
when this is removed can be seen). As such, either policy case
would have resulted in more successful BEVand PHEV sales
throughout the time period studied as they both offer greater
benefits than that actually offered, though registration and
circulation taxes are relatively low. This suggests that the
model does behave as would be expected.

5 Though it should be noted that the ACEA 2015 data did not distinguish
between BEVand PHEV so they were all assigned to BEV in this study.
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Fig. 6 PiEV sales shares in the
EU, case study countries (UK and
NL) and selected comparative
countries (DK. DE, FR, LU)
under NL and UK policy
scenarios determined in the case
studies (NL_14 and UK_11) and
actual sales (2010-14 [23]
adapted by [16]; 2015 [21])
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Although we were not able to actively model these scenar-
ios against Norway as it was not explicitly included within the
model, we can discuss our findings in the context of the
Norwegian policies that led to it achieving the most successful
EV uptake. Norway has had an extensive incentive pro-
gramme since the 1990s, implementing the policies consid-
ered within our UK and NL scenarios, such as tax exemptions,
congestion charging and network provision, as well as further
support such as free use of parking, bus lanes, toll roads and
ferries. These policies started to have a big impact from 2010
onwards, when the supply of electric vehicle models in the
market increased [45, 46]. Similar to NL, Norway has very
high import/registration taxes meaning the exemption causes a
significant attraction to EVs.

9 Conclusions and highlights

In this research paper we have addressed three research ques-
tions, and have been able to satisfactorily draw conclusions
and insights from our findings, as highlighted in this section.

9.1 Replicating short term effects of real world policies
in individual countries

Previous research focused on generalisations and long term
applications of the model concentrating at the EU level. By
successfully replicating approximations of the NL and UK
policies and their success, this research suggests that the
PTTMAM could be used to focus on more specific policies
and country conditions. This helps to identify factors for suc-
cess of each policy. For example the UK policy was found to
produce more successful results in countries other than the
UK, due to characteristics such as taxes, average costs and
consumer preferences that may be more amenable to the pol-
icies than they were in the UK.

9.2 Policy insights from EU countries experiencing EV
success

We conclude that while each EU member state has its own
characteristics the PTTMAM can help in guiding policy de-
sign and facilitate learning across member states on which
policies may work and which not.

& Even in countries with technology neutral policies, PHEV
and BEVare likely to have very different uptake paths as
they do offer different utilities to users. The model results
seem to substantiate previous studies that early adopters
are not reliant on a public charging infrastructure. There
would appear to be an initial demand kick that should be
factored into policy design, as should the impact of chang-
ing announcements to policies and their timing

& As demonstrated by the interaction between BEV and
PHEV there is an important competition dynamic between
electric powertrains at present, and so timing of the intro-
duction of new models, and of targeted policies, is impor-
tant as support for specific options may suppress the mar-
ket development of others. This observation further sup-
ports the ongoing PTTMAM development towards a
cross-nested choice model structure.

& Policies replicated in a different country will not produce
the same results as policy success is sensitive to country
specific conditions. This is despite the assumptions and
generalisations necessary in any modelling exercise.

& The policy implications identified in this research can be
transferred beyond the member states of the EU, even
though they have not been directly modelled. The findings
would appear to confirm that strong fiscal support is im-
portant, especially when high polluting vehicles are heavi-
ly taxed, as is the case with Norway. Although Norway
has what can be undisputedly called EV success as almost
a quarter of new sales in 2015 were PiEV, in the future the
support policies may be reduced in recognition of an in-
creased competitiveness of EV. This next stage of policy
will be closely followed in order to inform future scenario
development within the PTTMAM, in order to understand
tipping points and how EV’s become embedded into a
decision set.

9.3 Challenges to the use of modelling in policy appraisal.

Although widely applied in transport research and policy ap-
praisal it is acknowledged that any model is only a simplified
representation of the real world, subject to boundaries, as-
sumptions and interpretation. However, the choice of system
dynamics as the underlying principle for the PTTMAM has
advantages that may make it a more appropriate choice for
policy appraisal than other options. For instance, the clear
visualisation of logical feedback loops can be easily under-
stood by non-modellers, facilitating dialogue on the model
assumptions, as well as allowing a more open and engaging
development process. These aspects may reduce subjectivity
and mis-interpretation, and/or increase the confidence in the
model by third parties. The validation tools available to the
system dynamics modeller, such as extreme case testing and
sensitivity analysis, coupled with short running times for even
the most complex model, allows for an efficient calibration
process and testing of many more scenarios than alternative
modelling tools. Although there may be individual or non-
empirical aspects that may be overlooked, subjective or diffi-
cult to capture, as long as these are clear to the parties design-
ing scenarios, interpreting the results and applying them to
policy decision making, modelling is an important and rele-
vant part of a policy tool kit.
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AFV, Alternative Fuel Vehicle; BEV, Battery Electric
Vehicle; DE, Germany; DK, Denmark; EU, European Union;
EV, Electric Vehicle (BEV, PHEV + Fuel Cell Vehicle); FR,
France; LU, Luxembourg; NL, The Netherlands; PHEV, Plug-
in Hybrid Electric Vehicle; PiEV, Plug-in Electric Vehicle
(BEV + PHEV); PTTMAM, Powertrain Technology
Transition Market Agent Model; R&D, Research and
Development; UK, The United Kingdom.
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