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Abstract: Electric vehicles (EVs) have been around for more than a hundred years. Nevertheless,
their deployment has not been a sustainable success up until now. Many scientists, engineers and
policymakers argue that EVs are a promising, maybe even indispensable option to achieve ambitious
decarbonization goals, if powered by electricity from renewable energy sources. At the moment,
the EVs market is gaining a lot of momentum and we may be near the point of no return for a
sustained mass market deployment of electric vehicles. Many papers exist that describe future
prospects of EVs. In our commentary we try to provide a bigger picture view and look at market and
societal aspects. We analyze why previous generations of EVs were not successful and how current
electric vehicles could become a sustainable success. We perform a semi-quantitative Strengths,
Weaknesses, Opportunities, Threats (SWOT) analysis and find that current electric vehicle designs are
technologically on par with or better than conventional alternatives. Car buyers go electric when the
economics make sense to them. We conclude that incentives are needed for electric vehicles until
battery costs lower—as much as to allow EVs to become cheaper—from a total cost of ownership
(TCO) perspective, than other alternatives. Other policy measures are needed to overcome remaining
barriers, especially in supporting the setup and operation of publicly accessible recharging points
to overcome range anxiety. EVs in isolation may not be the next mobility killer app. The real next
mobility killer app may emerge as an autonomous shared EV in a world where the border between
public and private transport will cease to exist. The findings of our commentary are relevant for
scientists, policymakers and industry.

Keywords: transport electrification; electric vehicles; policy measures; incentives; transport policy;
energy policy

1. Introduction

120 years ago, when cars emerged on the road in larger numbers, electric vehicles (EVs) (With a
focus on battery electric vehicles.) were among the leaders in the transition from horse-drawn carriages
and other transport modes to cars. While they were market leaders around 1900, their share soon
declined and they were replaced by, at the time, a better alternative: internal combustion engine
vehicles (ICEVs). During the past 100 years, not a lot happened regarding EVs. There were a few
attempts to gain ground, accompanied by optimistic forecasts, but they did not lead to a sustained
resurrection of EVs. One author described this phenomenon as the eternal emergence of the electric
car [1]. In the film "Who killed the electric car?" Chris Paine argues that newly launched EVs in the
1990s were the better alternative over ICEVs, but were stopped by a conspiracy of incumbent car
manufacturers and government officials [2].

Recently, EVs are gaining momentum again. They are seen by many as a key enabler to reach
the global long-term climate goals [3]. Optimistic forecasts for the future market evolution of EVs are
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outrivaling each other [4]. Will EVs deliver this time? We present what needs to happen, to our view,
for EVs to achieve a sustained market growth. Consequently, we present in our commentary a bigger
picture view on the opportunities and challenges for EVs. This may be relevant to many scientists,
policymakers and decision-makers from industry working on EVs.

2. One Hundred and Twenty Years of EV Re-emergence

After the decline of the first EVs in the early 1900s consumers and industry lost interest in this
technology up until the first oil crisis, when attention in EVs increased again. Over the following years
several new EVs with futuristic designs hit the roads. The Zagato Zele—marketed in North America
under the programmatic name Elcar 2000—and the Sebring-Vanguard Citicar entered the market in the
early 1970s. These cars and other EVs featured some technology compromises, which led to consumer
dissatisfaction (see Box 1) [5].

Box 1. Example of technology compromises in EVs of the 1970s [5].

“The Elcar has no fresh-air ventilation system. Even with the windows open, the car was hot and stuffy
in the summer. The Elcar also lacks a heater or defroster, perhaps a concession to the fact that cold weather
makes the car’s range impractically short anyway. In its petition for exemption from Federal safety standards,
the manufacturer of the Elcar claimed that the sliding windows would alleviate fogging - but that proved true
only when the car was moving.”

The GM EV1, Th!nk City and Peugeot 106 Electric achieved higher technological sophistication.
The market entry of these and similar EVs as well as the zero-emission vehicle program of California
led to projections of fast and high EV deployment.

Despite rather high expectations from various researchers on the future evolution of EVs (see Box 2
and Figure 1), none of the EVs that entered the market between 1900 and 2010 became a sustainable
commercial success.

Box 2. Example of high EV expectations in the 1980s [6].

“To achieve commercial success, the battery vehicle must meet the operators’ performance requirements in
full and must do so at a total cost of lifetime ownership which is competitive with the equivalent gasoline or
diesel-powered vehicle. A demonstration program involving 71 electric vans and buses, known as Dodge Silent
Karriers, is now well established and some results are presented. Following the satisfactory performance in
service and the favorable operator reaction to these vehicles, an improved vehicle, the Dodge ‘50 Series’, is to
go into production in October 1981 at a rate of up to 20 per month. A whole life ownership cost comparison
with the diesel vehicle shows that at present Government support is needed equivalent to about 14% of the total
lifetime cost in order to achieve parity. The subsidy requirement is expected to reduce to zero by 1987.”

3. When the Economics Make Sense to Car Drivers, They Go Electric

From 2010 onwards a new generation of EVs were deployed. Among the first and most successful
ones are the Tesla Roadster, Nissan Leaf, Mitsubishi I-Miev and its European siblings, the Citroen
C-Zero and Peugeot Ion. Different from previous EV generations, which mainly used lead-acid,
nickel-cadmium or nickel-metal-hydride batteries, the new EVs after 2010 used lithium-ion batteries
with a better technical performance [7]. The massive investments of the industry in mobile lithium-ion
battery research, development and production has led to an unprecedented cost reduction [8]. EVs
also benefited from steady improvements and cheaper processors, which are vital components for the
battery management systems, power electronics and many other vehicle systems [9]. Still, in most
countries the purchase cost and total cost of ownership (TCO) for EVs are much higher than the ones
of comparable conventional cars [10].
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Figure 1. Electric vehicle sales evolution and projections in various countries and regions from 1900 to
2025. Timeline not to scale. Europe includes the group of 28 European Union Member States (EU28)
plus Iceland, Norway, Switzerland and Turkey. The 2019 sales data are January—July. Adapted from
Fréry [1] with recent sales data from European Alternative Fuels Observatory [11].

Nevertheless, Figure 1 reveals that, while experts still see battery performance as a possible barrier
and researchers continue to strive for battery improvements [12], consumers already go electric in
those countries where market barriers are removed by government support measures, such as Norway,
which is a global leading country in terms of EV shares. Interestingly, while Norway has been offering
substantial incentives to prospective EV buyers since 1990, consumers only began to take up the
incentives from 2010 onwards [13]. Subsequently, within ten years EVs morphed from a niche offer to
the mainstream choice in Norway. It should be mentioned that already in 2016 Norwegian politicians
agreed to phase out ICEVs by 2025. The national transport plan 2018-2029 states that this goal will
be achieved by «technological maturity in the vehicle segments» [14]. The Norwegian experience
suggests that EVs are seen by most consumers as the best alternative when the economics are favorable.
In fact, while EVs benefit from tax exemptions, conventional vehicles are taxed so high in Norway that
retail prices for many EVs are lower than for comparable ICEVs [13].

Meanwhile, a recent study [15] on the impact incentive policies and other socio-economic factors
have on the adoption of EVs, found that even with the abolishment of subsidy schemes, there are
other, potentially more effective policy solutions for promoting EVs. These are based on a series of
factors that would have a positive and high significance in predicting the adoption of EVs, such as road
priority, charging infrastructure density and fuel prices. The development of new business models for
encouraging the uptake of EVs in the absence of policy support has also been investigated [16].

Table 1 presents a semi-qualitative analysis of the strengths, weaknesses, opportunities and threats
related to EVs that were identified in the relevant literature, ordered by number of instances. We have
identified altogether 8 strengths, 10 weaknesses, 10 opportunities and 7 threats. They cover a mix
of market, technical and societal aspects. Market and market imperfection related aspects feature
among the highest mentioned strengths, weaknesses, opportunities and threats in the literature that
we analyzed.
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Table 1. Strengths, weaknesses, opportunities and threats related to EVs found in the literature.
Type Source
Positive market response to targeted support measures [13,15,17-20]
Zero tailpipe emissions [21-23]
Low operational noise levels [24-26]
Strengths Local air quality benefits [21,22]
Low operational costs [10,22]
No fossil fuel use [22,23]
Improved driving experience [27,28]
Positive public image [27,29]
High sticker prices for EVs [10,13,19,21,22,30]
Shorter range and long recharging time [19,21,30,31]
Lack of sufficient charging infrastructure and harmonized standards [15,21-23]
Grid restrictions [22,23,32]
Weaknesses High battery prices [12,21,22]
Limited model choice and after sales support [25,33]
Higher emissions in EV and power production [21,23]
Lower range real life vs certified [34]
Low consumer knowledge of EVs and associated incentives [17]
Gap between EV stated preference and actual adoption trends [30]
Increase user/public awareness on incentives and new technology [17,19,20,22,27,30]
Privileged access to lanes and low—'emission zone, free parking [13,1517,22,23]
and charging
Development of innovative business models [16,22,23,35]
Can increase energy security [19,22,23,32]
Vehicle-to-Grid and to-Home, synergies with variable renewable
Opportunities energy sources [19,22,32]
With the right policy mix, EVs can accelerate the decarbonization of [21,23,32]
the power sector
Development of alternative battery and cell technologies [12,22,23]
Good option to decarbonize transport [23,32]
Future ICEV bans in countries and cities [36,37]
New models cheaper and with longer ranges [25]
Consumer misperceptions of EVs [19,22,30]
Raw material constraints and spikes in commodity prices [12,22,23]
Better other low/zero-emission mobility options [21,23]
Threats Low oil and increasing electricity prices [15]
Safety incidents [23]
Child labor and health/safety issues in some mines (e.g., cobalt) [12]
Use-based incentives to car users gives a message favoring car [20]

use(decreased marginal cost may cause rebound effects)

On the basis of Table 1, the Strengths, Weaknesses, Opportunities, Threats (SWOT) analysis in
Figure 2 was developed. It shows the most important strengths, weaknesses, opportunities and threats
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that modern EVs have, from a consumer perspective and societal point of view, which should be
taken into consideration when developing policies related to road transport electrification. A series
of mitigation policies introduced at European and global level are provided as a means to address
weaknesses and threats.

The most important strengths of today’s EVs for consumers are driving comfort and lower
operational costs as well as a positive environmental image. From a societal perspective, the most
important strengths are the EVs’ potential to reduce fossil oil use, the absence of tailpipe emissions and
related air quality benefits [38,39]. This clearly sets them apart from plug-in hybrid electric vehicles
(PHEVs) that are a low emission alternative but still cause tailpipe emissions. Nevertheless, PHEVs
could be threat to the market success of EVs.

Opportunities for a further EV market growth are the trend to increased electric ranges and lower
purchase costs with new model generations [10,40]. Privileged access to commuter lanes, low-emission
zones, free parking and charging can offer substantial benefits for EV drivers [13].

W ( Mitigation Policies
EU, European and other countries

Financial incentives in various countries
- Shorter range and long recharging time Subsidies for fast charging stations investment along
Positive market response to targeted support
measures

Lack of sufficient charging infrastructure and Trans-European network
Zero tailpipe emissions

Strengths Weaknesses

High sticker prices for EVs

harmonised standards EU alternative fuels infrastructure directive
Grid restrictions Investment in (smart) grids
Low operational noise levels High battery prices Financial i ives in various ies, R&D p
Local air quality benefits EU CO, and other emission regulations influence
Low operational costs . . . X manufacturer offer strategy
Higher emissions in EV and power production Emission Trading Scheme, proposed EU Carbon Border Tax
Lower range real life vs certified Type approval directive, new drive cycle

Limited model choice and after sales support

No fossil fuel use

Improved driving experience "
" o Low consumer knowledge of EVs and associated Labelling, information campaigns, demonstration projects
Positive publicimage incentives
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adoption trends
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new technology
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variable renewable energy sources e
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Development of alternative battery and cell Use-based i tives t s
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Good option to decarbonise transport cause rebound effects)
Future ICEV bans in countries and cities
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Figure 2. Strengths, Weaknesses, Opportunities, Threats (SWOT) analysis of electric vehicles (EVs)
vs. internal combustion engine vehicles (ICEVs) and support policies mitigating the weaknesses and
threats, adapted from [41].

Possible future bans of ICEVs in countries or cities bear significant upside potential for the future
sales of EVs [36]. With the right policy mix, EVs can accelerate the decarbonization of the power
sector [42]. EVs can facilitate the grid integration of higher variable renewable energy sources [32].
However, besides high costs, several other weaknesses and threats remain before EVs can develop into
a full-scale and sustainable market success.

4. How Can Electric Vehicles Become a Sustainable Success?

EVs will need to contain their threats, overcome their weaknesses, exploit their strengths and
transform their opportunities into tangible advantages. For most of the weaknesses and threats, policy
support measures can mitigate their impact. Some of the EV opportunities are linked to national,
regional or municipal policies. The European Union (EU) and European countries as well as other
states (e.g., China, United States) have a wide portfolio of policy support measures in place to foster
low-emission mobility [40]. These improve the competitive positioning of EVs (see Figure 2).
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Recent initiatives in the EU have already helped to address some of the weaknesses of EVs,
notably (i) the lack of harmonized standards and insufficient charging infrastructure, which remains
a major concern for EV and other car drivers [43,44], through the EU directive for alternative fuels
infrastructure and the investment subsidies for the deployment of recharging network along major
European motorways [39] and (ii) the gap between real-life and certified electric range [45] through the
new drive cycle, the worldwide harmonized light vehicles test procedure as mandated in the EU type
approval procedure [34].

The European Commission is committed to put the EU on a clear path in becoming the world’s
first climate-neutral continent [46]. Several newly proposed initiatives aim at creating a more favorable
market environment for EVs. The plan to cut in half greenhouse gas emissions in the EU by 2030,
an increased ambition from the current plan of 40% reductions, can accelerate the deployment of EVs
and decarbonization of the power sector. Related emission regulations for cars influence the offer
strategies of car manufacturers and increase model choice for car buyers [47]. Low oil-derived fuel
prices remain a threat to the success of EVs, as Germany demonstrates, where gasoline and diesel pump
prices rose roughly 18% since 2005 [48], while domestic consumer retail prices for electricity grew by
67% [49]. The review of the EU energy taxation directive could help improving the TCO position of EVs.

Within the TCO, the purchase price and depreciation costs are still dominant for EVs [10,50].
A key improvement needs to come from reducing the costs of batteries. Financial incentives can help
to kickstart the market in the beginning. Then, the market has to take over to achieve significant cost
reductions so that incentives can gradually be phased out. The withdrawal of policy support measures
needs to be carefully designed. If it happens too early or too abruptly, it can lead to the collapse
or perturbations of EV sales. Figure 3 shows as an example the recent developments of EV sales in
Denmark and Estonia, where the suspension of financial incentives resulted in drastic reductions of EV
sales. The reintroduction of incentives in Denmark has helped its EV market to recover. In Estonia,
no further incentives were introduced after 2014 and consequently the EV market stayed low in this
country. These examples show how reliant the EV market still is on policy support measures.
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Figure 3. Electric vehicle market shares in Denmark and Estonia from 2011 to 2019. 2019 sales data are
January-July. Data from European Alternative Fuels Observatory [7].
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Furthermore, policies can assist in overcoming other limitations and mitigate or prevent any
undesired effects that may arise from a larger deployment of EVs. An EU carbon border tax could
ensure a further reduction of emissions in the supply chain for EVs, including battery production.
This tax would complement the emission trading scheme, designed to ensure that additional power
demand from EVs is satisfied in a carbon neutral way [42]. The EU circular economy initiative aims
at mitigating the effect of raw material constraints [51]. Development cooperation programs and
sustainable financing guidelines [52] aim at preventing child labor and health/safety issues, as reported
in connection with some mining activities of raw materials used for EVs.

5. Policy Implications

Unless they receive incentives, EVs are still more expensive than ICEVs, not only in terms of
purchase price but also from a TCO perspective. In countries where incentives are substantial, EVs
have become a mainstream option for car buyers. Incentives should target zero emission mobility
solutions and need to remain in place until EVs or other zero emission solutions, reach cost parity with
ICEVs. Otherwise, the deployment of zero emission mobility could stop. Additionally, the carbon
content of fuels will likely have to be taxed higher in order to ensure that zero emission vehicles realize
necessary cost savings during the use phase versus ICEVs. Policy support measures for an appropriate
and publicly accessible recharging network can further increase the confidence of potential EV drivers
in the viability of EVs. These policies need to be accompanied by additional support measures in
order to overcome remaining barriers and avoid or mitigate undesired effects. The EU has a rather
comprehensive policy package in place and intends to complement it further, but a lot depends on
policies that are in the jurisdiction of the EU member states and other authorities. It will be crucial to
tailor policy measures thoroughly so that a zero emission mobility becomes a reality, at least for cars.
Lack of appropriate policies could lead to a situation in which EV deployment and related progress is
“killed”. Similar policy related conclusions have been identified by other authors for the deployment
of zero emission vehicles in various regions of the world [53-55]. Besides EVs, there are other zero
emission mobility solutions such as walking and cycling for short distances and fuel cell cars as well as
electric or fuel cell trams, buses, trains etc. for longer distances. For some of these alternatives more
efforts and a smart integration of different modes may be required to make them as convenient for
consumers as cars.

6. Conclusions

EVs have the potential to become an important pillar for reaching a long-term climate neutral
society. After roughly 120 years—during which EVs failed to achieve a sustained market success—EVs
are now technologically sophisticated enough to compete with conventional alternatives. However,
also today EVs still need support measures in order to be a fully viable market proposition for
prospective car buyers. EVs in isolation may not be the next mobility killer app able to completely
transform the mobility system into one that is more sustainable, more affordable and more convenient
than the current one. The real next mobility killer app may emerge as an autonomous shared EV
in a world where the border between public and private transport will cease to exist. In any case
competitive EVs would be a prerequisite for this. More research is needed to fully understand the
implications of autonomous shared EVs [56], their relation to advancements in telecommunications [57]
and the electromagnetic compatibility of EVs with the sensors, actuators and communication devices
of autonomous vehicles [58,59].
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Glossary

CO, Carbon Dioxide

EU European Union

EU28 Group of 28 European Union Member States
EV Electric Vehicle

ICEV Internal Combustion Engine Vehicles

PHEV Plug-in Hybrid Electric Vehicle

R&D Research and Development

SWOT Strengths, Weaknesses, Opportunities, Threats
TCO Total Cost of Ownership

us United States
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