Dissertation
Technology and Policy Diffusion for Sustainable Development:
An Analysis of the Formative Stage of Electric Vehicles
Ausgeführt zum Zwecke der Erlangung der Doktoratswürde in Sozial- und
Wirtschaftswissenschaften (Dr. rer.soc.oec) und eingereicht an der TU Wien, Fakultät für
Elektrotechnik und Informationstechnik von

Caroline Zimm

GutachterInnen:
Prof. Dr. Amela Ajanovic, TU Wien
Prof. Dr. Dirk Messner, Universität Duisburg-Essen | Umweltbundesamt

Betreuung:
Prof. Dr. Nebojsa Nakicenovic

März 2021

Table of Contents
LIST OF FIGURES.............................................................................................................................................. v
LIST OF TABLES ............................................................................................................................................... vi
LIST OF ACRONYMS ..................................................................................................................................... vii
STATEMENT OF CONTRIBUTIONS ........................................................................................................viii
ABSTRACT ......................................................................................................................................................... ix
1.

INTRODUCTION...................................................................................................................................... 1
1.1.
Aim and scope .................................................................................................................................... 2
1.2.
Contribution to the literature............................................................................................................ 4
1.3.
Outline ................................................................................................................................................. 5

2.

LITERATURE ............................................................................................................................................. 8
2.1.
Sustainable development for all ....................................................................................................... 8
2.1.1. Sustainability transitions ................................................................................................................. 15
2.1.2. Transforming the transport sector ................................................................................................. 17
2.2.
Diffusion of innovations .................................................................................................................. 21
2.2.1. Temporal diffusion .......................................................................................................................... 21
2.2.2. Takeoff ............................................................................................................................................... 23
2.2.3. Spatial diffusion................................................................................................................................ 24
2.3.
Electric vehicles ................................................................................................................................ 26
2.3.1. Electric vehicle technologies ........................................................................................................... 26
2.3.2. Global market development ........................................................................................................... 29
2.3.3. Environmental and other sustainability aspects of EVs ............................................................. 31
2.3.4. Barriers to EV diffusion ................................................................................................................... 32
2.3.5. EV support policies .......................................................................................................................... 34
2.3.6. Adopters of EVs................................................................................................................................ 37
2.4.
Similar work ...................................................................................................................................... 38
2.4.1. Quantitative studies ......................................................................................................................... 39
2.4.2. Case studies on market and policy development ........................................................................ 43
2.4.3. Event history analyses of transformative policy and technology.............................................. 44

3.

THEORETICAL FRAMEWORK ........................................................................................................... 51
3.1.1. Technology adoption ....................................................................................................................... 52
3.1.2. Political theories of national policy making ................................................................................. 53
3.1.3. International mechanisms ............................................................................................................... 55

4.

RESEARCH DESIGN AND METHODOLOGY ................................................................................ 57
4.1.
Research question............................................................................................................................. 57
4.2.
Dependent variable .......................................................................................................................... 60
4.3.
Time frame ........................................................................................................................................ 63
4.4.
Country sample ................................................................................................................................ 63
4.5.
Country case studies ........................................................................................................................ 64
4.6.
Hypotheses and independent variables ........................................................................................ 65
4.6.1. Population characteristics ............................................................................................................... 66
4.6.2. National characteristics ................................................................................................................... 66
4.6.3. International mechanisms ............................................................................................................... 68
4.6.4. Variables considered but not included.......................................................................................... 69
4.7.
Large-N analysis............................................................................................................................... 75
4.7.1. Exploratory analysis: set-theoretical approach ............................................................................ 75

ii

4.7.2.
4.7.2.1.
4.7.2.2.
4.7.2.3.
4.7.2.4.
5.

Event history analysis ...................................................................................................................... 76
Proportional hazard model: Cox regression ................................................................................. 78
Discrete-time models: Logistic regression .................................................................................... 80
Model building and diagnostics..................................................................................................... 81
Data set .............................................................................................................................................. 83

COUNTRY CASE STUDIES .................................................................................................................. 84
5.1.
Norway .............................................................................................................................................. 86
5.1.1. National objectives and market development.............................................................................. 86
5.1.2. EV support policies .......................................................................................................................... 88
5.1.3. Lessons learned ................................................................................................................................ 88
5.2.
Netherlands (including box on EU) ............................................................................................... 88
5.2.1. National objectives and market development.............................................................................. 89
5.2.2. EV support policies .......................................................................................................................... 90
5.2.3. Lessons learned ................................................................................................................................ 91
5.3.
France ................................................................................................................................................. 92
5.3.1. National objectives and market development.............................................................................. 93
5.3.2. EV support policies .......................................................................................................................... 94
5.4.
UK....................................................................................................................................................... 94
5.4.1. National objectives and market development.............................................................................. 94
5.4.2. EV support policies .......................................................................................................................... 95
5.5.
China .................................................................................................................................................. 96
5.5.1. National objectives and market development.............................................................................. 97
5.5.2. EV subsidies ...................................................................................................................................... 98
5.6.
Germany .......................................................................................................................................... 100
5.6.1. National objectives and market development............................................................................ 100
5.7.
Japan................................................................................................................................................. 103
5.7.1. National objectives and market development............................................................................ 103
5.7.2. EV support policies ........................................................................................................................ 104
5.8.
US (including box on California) ................................................................................................. 104
5.8.1. National objectives and market development............................................................................ 105
5.9.
Malaysia........................................................................................................................................... 108
5.9.1. National objectives and market development............................................................................ 108
5.9.2. EV support policies ........................................................................................................................ 109
5.10. Ukraine ............................................................................................................................................ 110
5.10.1. National objectives and market development............................................................................ 110
5.10.2. EV support policies ........................................................................................................................ 111
5.11. Hungary........................................................................................................................................... 111
5.11.1. National objectives and market development............................................................................ 112
5.11.2. EV support policies ........................................................................................................................ 112
5.12. Romania ........................................................................................................................................... 113
5.12.1. National objectives and market development............................................................................ 113
5.12.2. EV support policies ........................................................................................................................ 113
5.13. Brazil ................................................................................................................................................ 114
5.13.1. National objectives and market development............................................................................ 114
5.13.2. EV support policies ........................................................................................................................ 116
5.13.3. Lessons learned .............................................................................................................................. 116
5.14. Other markets ................................................................................................................................. 116
5.15. Summary.......................................................................................................................................... 118

iii

6.

RESULTS OF LARGE N-ANALYSES OF EV TAKEOFF ............................................................... 118
6.1.
Set-theoretical exploration ............................................................................................................ 118
6.2.
Event history analysis .................................................................................................................... 121
6.2.1. Descriptive statistics ...................................................................................................................... 122
6.2.2. Full sample ...................................................................................................................................... 123
6.2.3. Subsample analyses ....................................................................................................................... 126
6.2.3.1. OECD-HI/EU .................................................................................................................................. 126
6.2.3.2. Non-OECD-HI/EU ......................................................................................................................... 127
6.2.4. Sensitivity analysis ......................................................................................................................... 127
6.3.
Summary of findings ..................................................................................................................... 129

7.

DISCUSSION AND CONCLUSION ................................................................................................. 133
7.1.
Discussion of results ...................................................................................................................... 133
7.1.1 Population characteristics ............................................................................................................. 133
7.1.2 National characteristics ................................................................................................................. 134
7.1.3 International mechanisms ............................................................................................................. 134
7.2.
Contribution to the literature........................................................................................................ 135
7.3.
Limitations ...................................................................................................................................... 137
7.4.
Further research.............................................................................................................................. 138
7.5.
Concluding remarks and policy implications ............................................................................ 139

APPENDICES .................................................................................................................................................. 143
Appendix 1. Descriptive statistics of samples....................................................................................... 143
Appendix 1a. Full sample (n=453, 18 events, 60 countries) ................................................................... 143
Appendix 1b. OECD-HI/EU subsample (n=286, 15 events, 39 countries) ........................................... 144
Appendix 1c. Non-OECD-HI/EU subsample (n=167, 3 events, 21 countries) ..................................... 145
Appendix 2. Model diagnostics ............................................................................................................... 146
Appendix 2a. Full sample........................................................................................................................... 146
Appendix 2b. OECD-HI/EU subsample ................................................................................................... 147
Appendix 3. Sensitivity analysis ............................................................................................................. 148
Appendix 3a. Full sample, different takeoff thresholds ......................................................................... 148
Appendix 3b. OECD-HI/EU subsample, different takeoff thresholds ................................................. 148
Appendix 4. Full sample, detailed results of univariate and multivariate analyses ...................... 149
Appendix 4a. Full sample, univariate models ......................................................................................... 149
Appendix 4b. Full sample, Correlation matrix of continuous variables .............................................. 150
Appendix 4c. Full sample, Chi-Square tests of independence (p-values) (categorical variables) .... 151
Appendix 4d. Full sample, geography/living conditions, logistic regression incl. time (N=453) .... 151
Appendix 4e. Full sample, energy & transport sector, logistic regression incl. time (N=453) .......... 152
Appendix 4f. Full sample, environment, logistic regression incl. time (N=453) ................................. 153
Appendix 4g. Full sample, industry, logistic regression incl. time (N=453)........................................ 154
Appendix 4h. Full sample, market size, logistic regression incl. time (N=453) .................................. 154
Appendix 4i. Full sample, institutional capacities & characteristics, logistic regression incl. time
(N=453) .......................................................................................................................................................... 155
Appendix 4j. Full sample, international mechanisms, logistic regression incl. time (N=453). ......... 156
Appendix 4k. Full sample, combinations, logistic regression incl. time (N=453) ............................... 157
Appendix 4c. Full sample, combinations, Cox regression (N=453) ...................................................... 158
Appendix 5. OECD-EU/HI subsample results ...................................................................................... 159
Appendix 5a. OECD-EU/HI sample, univariate models ....................................................................... 159
Appendix 5b. OECD-EU/HI subsample, combinations, logistic regression incl. time (N=286) ....... 160
Appendix 5c. OECD-EU/HI subsample, combinations, Cox regression (N=286)............................... 161
BIBLIOGRAPHY ............................................................................................................................................ 162

iv

LIST OF FIGURES
Figure 1. Thesis structure and objectives. ........................................................................................................ 6
Figure 2. Diffusion of select indicators of human development.. ................................................................. 9
Figure 3. Characteristics of accelerated low-carbon transformation on the granular-lumpy continuum..
.............................................................................................................................................................................. 10
Figure 4. Disparities in human development and anthropogenic pollution. ............................................ 12
Figure 5. Identifying sustainability and knowledge gaps in integrated pathways vis-à-vis the SDGs . 13
Figure 6. Selected sustainable pathways achieving several SDGs and their performance on key
indicators.. .......................................................................................................................................................... 14
Figure 7. Evolution and breakdown of global anthropogenic CO2 emissions until 2100.. ...................... 19
Figure 8. S-Shaped diffusion pattern.) ............................................................................................................ 23
Figure 9. Policy diffusion:) ............................................................................................................................... 24
Figure 10. Spatial passenger car diffusion at the global level: Catch-up, but at lower adoption levels.
Estimated saturation density and diffusion rates expressed as a function of the introduction date of the
automobile. ......................................................................................................................................................... 25
Figure 11. Major steps in the development of BEVs. .................................................................................... 27
Figure 12. Electrification ratio (left) and architectures (right) of various types of vehicles. ................... 28
Figure 13. EV market share in new passenger vehicle sales globally 2010–2020 (August).. ................... 29
Figure 14. The theoretical framework . ........................................................................................................... 51
Figure 15. Categories of adopters.. .................................................................................................................. 52
Figure 16. Steps undertaken in this research. ................................................................................................ 58
Figure 17. The research design ........................................................................................................................ 59
Figure 18. Takeoff year and EV market share in 2017. ................................................................................. 61
Figure 19. Cumulative number of countries and number of countries taking off per year. ................... 63
Figure 20. Geographical spread of country sample. ..................................................................................... 64
Figure 21. EV market share development: Norway 2010–2020 (August). ................................................. 86
Figure 22. EV market share development: Netherlands 2010–2020 (August)........................................... 89
Figure 23. EV market share development: France 2010–2020 (August). .................................................... 93
Figure 24. EV market share development: UK 2010–2020 (August). ......................................................... 94
Figure 25. EV market share development: China 2010–2020 (August). ..................................................... 96
Figure 26. EV market share development: Germany 2010–2020 (August). ............................................. 100
Figure 27. EV market share development: Japan 2010–2020 (August). ................................................... 103
Figure 28. EV market share development: US 2010–2020 (August). ........................................................ 105
Figure 29. EV market share development: Ukraine 2010–2020 (August). ............................................... 110
Figure 30. EV market share development: Hungary 2010–2020 (August). ............................................. 111
Figure 31. EV market share development: Romania 2010–2020 (August). .............................................. 113
Figure 32. EV market share development: Brazil 2010–2020 (August). ................................................... 114
Figure 33. Membership in the six country groups (in 2017) ...................................................................... 119
Figure 34. Sequence of EV takeoff by country group ................................................................................. 120
Figure 35. Cumulative number of countries and number of countries taking off per year .................. 122
Figure 36. Distribution of EV markets for different groupings.. ............................................................... 122
Figure 37. Distribution of total EV sales/registration and EV market share for different groupings.. 123

v

LIST OF TABLES
Table 1. Overview of EV support polices ...................................................................................................... 35
Table 2. Overview of studies on explanatory variables for EV adoption: global and regional level. ... 47
Table 3. Overview of studies on explanatory variables for EV adoption: national-level studies. ......... 48
Table 4. Overview of case study literature on EV adoption for selected countries ................................. 49
Table 5. Selected studies on cross-country policy and technology diffusion using event history analysis
.............................................................................................................................................................................. 50
Table 6. Takeoff year as a predictor of EV market share in 2017 (R2) ........................................................ 60
Table 7. Differences in takeoff years depending on chosen market share ................................................ 62
Table 8. Dependent variable ............................................................................................................................ 62
Table 9. Population characteristics: Hypotheses and variables .................................................................. 70
Table 10. National characteristics: National strategic objectives hypotheses and variables ................... 71
Table 11. National characteristics: Capacity (socioeconomic and institutional) and impediments
hypotheses and variables.................................................................................................................................. 72
Table 12. International mechanisms: Hypotheses and variables ................................................................ 73
Table 13. Case study countries ........................................................................................................................ 84
Table 14. Selected characteristics of case study countries ........................................................................... 85
Table 15. Hypothesis testing: results of event history analysis, full sample (n=453), logistics regression
including time. ................................................................................................................................................. 125
Table 16. Summary of significant variables in event history analysis for full sample .......................... 126
Table 17. Summary of significant variables in event history analysis for OECD-HI/EU subsample .. 127
Table 18. Summary of findings of event history analysis .......................................................................... 131
Table 19. Summary of findings of event history analysis and set-theoretical exploration ................... 132

vi

LIST OF ACRONYMS
ACF
AIC
ASEAN
BEV
CARB
EFTA
ETS
EU
EV
EVI
FCEV
GDP
GHG
HEV
HOV
ICCT
ICEV
ICT
IEA
IPCC
LCA
LEV
MLP
NAP
NGV
NPE
OECD
PC
PH
PHEV
PEV
PV
RE
REX
SDG
SSP
TIS
TPES
UK
US
VIF
WB
WHO
ZEV

Advocacy Coalition Framework
Akaike information criterion
Association of Southeast Asian Nations
Battery electric vehicles
California Air Resources Board
European Free Trade Association
Emissions Trading System
European Union
Electric vehicle
Electric Vehicle Initiative
Fuel cell (electric) vehicle
Gross Domestic Product
Greenhouse gas
Hybrid electric vehicle
High-occupancy vehicle
International Council on Clean Transportation
Internal combustion engine vehicle
Information and communication technologies
International Energy Agency
Intergovernmental Panel on Climate Change
Life-cycle assessment
Low-emission vehicle
Multi-level perspectives
National Automotive Policy
Natural gas vehicle
National Electric Mobility Platform
Organization for Economic Co-operation and Development
Personnel computers
Proportional hazard
Plug-in hybrid electric vehicle
Plug-in electric vehicle
Photovoltaics
Renewable energy
Range extender electric vehicle
Sustainable Development Goal
Shared Socioeconomic Pathways
Technological Innovation System
Total primary energy supply
United Kingdom
United States
Variance Inflation Factor
World Bank
World Health Organization
Zero-emission vehicle

vii

STATEMENT OF CONTRIBUTIONS
Section 2.1 is largely based on the following (co-)authored peer-reviewed articles:
•

•

•
•
•

Wilson, C., A. Grubler, N. Bento, S. Healey, S. De Stercke and C. Zimm (2020).
“Granular Energy Technologies for Accelerating Low-Carbon Transformation.”
Science 368: 6486.
Zimm, C. (2019). “Methodological issues in measuring international inequality in
technology ownership and infrastructure service use.” Development Studies Research
6(1): 92-105.
Zimm, C., J. Goldemberg, N. Nakicenovic and S. Busch (2019). “Is the renewables
transformation a piece of cake or a pie in the sky?” Energy Strategy Reviews 26: 100401.
Zimm, C. and N. Nakicenovic (2019). “What are the implications of the Paris
Agreement for inequality?” Climate Policy: 1-10.
Zimm, C., F. Sperling and S. Busch (2018). “Identifying Sustainability and Knowledge
Gaps in Socio-Economic Pathways Vis-à-Vis the Sustainable Development Goals.”
Economies 6(2): 20.

The quantitative event-history analysis of the diffusion of electric vehicle and support policies
across countries, covering large parts of Chapters 3, 4, 6 and 7, has been published in the
following peer-reviewed article:
•

Zimm, C. (2021). “Improving the Understanding of Electrical Vehicle Technology and
Policy Diffusion across Countries.” Transport Policy 105: 54-66.

viii

KURZFASSUNG
Innovation ist einer der Grundbausteine menschlicher Entwicklung. Die Verbreitung von
Innovationen (z. B. Prozessen, oder Technologien) kann zu einer nachhaltigeren Zukunft
beitragen, wie dies in der Agenda 2030 der Vereinten Nationen und ihren 17 globalen Zielen
für nachhaltige Entwicklung (SDGs) vorgesehen ist. Gleichzeitig bestehen große Unterschiede
innerhalb und zwischen den Ländern weltweit, sowohl in Bezug auf Einkommen und den
Zugang zu Technologien, als auch hinsichtlich negativer Auswirkungen auf Umwelt und
Menschheit. Unterschiede im Verbreitungsgrad bestehen auch zwischen verschiedenen
Technologien. Um die SDGs und eine langfristig nachhaltigere Zukunft zu erreichen, müssen
diese Unterschiede verringert werden. Ein menschenwürdiges Leben für alle bedeutet, den
Zugang zu neuen, effizienteren Technologien zu verbessern, und dadurch die negativen
Auswirkungen der Menschheit auf den Planetenzu verringern. Szenarien, die die SDGs
erreichen, zeigen, dass die verbleibenden Herausforderungen wie Dekarbonisierung und
Ressourcennutzung durch Verhaltens- und technologische Veränderungen bewältigt werden
können.
Die Dekarbonisierung des Verkehrssektors stellt eine besondere Herausforderung dar.
Elektrofahrzeuge (d.h. batteriebetriebene Fahrzeuge und Plug-in-Hybride) können
Treibhausgasemissionen, den Bedarf an fossilen Brennstoffen, die Abhängigkeit von
Energieimporten sowie die Luft- und Lärmbelastung verringern. Elektrofahrzeuge stellen
damit eine mögliche transformative Transporttechnologie dar. Unterstützungsmaßnahmen
spielen eine wichtige Rolle bei der Verbreitung neuer Technologien, insbesondere in der
formativen Phase einer neuen Technologie und wenn sie mit einer etablierten Technologie
konkurrieren muss, während die neue Technologie höhere Investitionskosten verursacht. In
einzelnen Ländern bestehen große Unterschiede in Bezug auf Marktanteil und
Unterstützungsmaßnahmen von Elektrofahrzeugen.
Diese Arbeit trägt dazu bei, die Verbreitung von Elektrofahrzeugen in der frühen Phase der
Marktentwicklung in verschiedenen Ländern besser zu verstehen. Ihr Theoriebeitrag liegt
darin, die Verbreitung von Elektrofahrzeugen als Resultat von existierenden
Unterstützungsmaßnahmen zu konzeptualisieren, basierend auf sozioökonomischen
nationalen Merkmalen sowie internationalen Mechanismen. Der empirische Beitrag der
Arbeit besteht in der Identifizierung und Validierung gesellschaftspolitischer und
wirtschaftlicher Faktoren sowie internationaler Mechanismen, die mit der Verbreitung von
Elektrofahrzeugen einhergehen. Eine Literaturanalyse, 13 Länderfallstudien zu
unterschiedlichen sozioökonomischen Kontexten und eine mengentheoretische Analyse
tragen zu den zu prüfenden Hypothesen bei. Eine Ereignisanalyse zur Verbreitung von
Elektrofahrzeugen in 60 Ländern zwischen 2010 und 2017 identifiziert die erklärenden
Variablen, die für die formative Phase der nationalen Elektrofahrzeugmärkte relevant sind,
wobei der Schwerpunkt auf der Bildung staatlicher Ziele, der internationalen Diffusion und
lokalen Technologiesystemen liegt.
Politische EntscheidungsträgerInnen müssen beim Einsatz knapper öffentlicher Mittel
unterschiedliche strategische Ziele in Einklang bringen und gegeneinander abwägen. Die
Dekarbonisierung des Transportsektors durch einen niedrigen Netzemissionsfaktor, der sich
als eine der wichtigsten erklärenden Variablen herausstellte, deutet auf Klimaziele der
politischen EntscheidungsträgerInnen bei der Unterstützung von Elektrofahrzeugen hin.

ix

Weitere energiesektorbezogenen Variablen konnten nicht bestätigt werden. Die Existenz und
Größe einer lokalen Automobilindustrie zeigte einen positiven Zusammenhang mit der
Verbreitung von Elektrofahrzeugen, was auf die wichtige Rolle der Industriepolitik deutet.
Die Form der Regierungsführung hat keinen wesentlichen Einfluss auf die Verbreitung von
Elektrofahrzeugen, wie die jüngsten Marktentwicklungen in so unterschiedlichen Ländern
wie Norwegen, Frankreich, China oder den USA zeigen. Man muss sich jedoch
Elektromobilität und entsprechende Unterstützungsmaßnahmen auch leisten können: Der
Wohlstand (BIP pro Kopf) eines Landes erwies sich als bedeutende Variable. Die
Wahrscheinlichkeit einer erfolgreichen Marktentwicklung nimmt mit der Zeit zu.
Technologisches Lernen durch global wachsende kumulative Produktion führt dazu, dass
Elektrofahrzeuge attraktiver und erschwinglicher werden.

Schlüsselwörter: Diffusion, Elektrofahrzeuge, Politikgestaltung, Überlebensanalyse,
Ereignisanalyse
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ABSTRACT
Innovation is at the core of human development. The diffusion of innovations (e.g., ideas,
technologies, or policies) can contribute to a more sustainable future for all, as envisioned by
the United Nations 2030 Agenda and its 17 Sustainable Development Goals (SDGs). At the
same time, large disparities within and between countries remain, in terms of inequality in
income, access to technologies, and the contribution of technology to adverse impacts.
Disparities in diffusion also exist across different types of technologies. To achieve the SDGs
and a sustainable future for all, these disparities need to decrease. A decent life for all implies
improving access to a new, more efficient set of technologies that will reduce the negative
impacts of humanity on the Earth system. SDG-achieving scenarios show that the remaining
challenges, such as in decarbonization and resource-use, can be tackled through behavioral
and technological changes.
The transport sector has been identified as particularly difficult to decarbonize. Electric
vehicles (EVs, i.e., battery powered and plug-in hybrids) can reduce greenhouse gas
emissions, domestic fossil fuel demand, energy import dependency, and air and noise
pollution. EVs are a potentially transformative transport technology. Policies play an
important role in the diffusion of new technologies such as EVs, especially in the formative
stage of a new technology when it must compete with the incumbent technology, while they
have higher investment costs. Great discrepancies exist across countries in their support for
and uptake of EVs.
This thesis contributes to a better understanding of EV diffusion across countries in the early
phase of EV market development. This thesis makes a theoretical contribution by
conceptualizing EV diffusion as an outcome of policy adoption based on demographic and
national characteristics and on international mechanisms. The empirical contribution of the
thesis lies in identifying and validating sociopolitical and economic factors and international
mechanisms that are associated with the diffusion of EVs. A literature review, 13 country case
studies with diverse socioeconomic contexts and a set-theoretical analysis lead to a set of
hypotheses to be tested. An event history analysis on EV diffusion across 60 countries between
2010 and 2017 identifies explanatory variables relevant for the “formative phase” of national
EV markets with a focus on the formation of state goals, international diffusion, and local
technology deployment systems.
Policymakers aim to tackle different national strategic objectives when allocating scarce public
resources. The decarbonization of the transport fuel mix through a low-grid emission factor,
which turned out to be one of the most significant variables, is hinting at climate objectives of
policymakers in supporting EVs. Other energy-sector-related variables could not be
confirmed. The existence and size of a local automotive industry had a positive connection to
EV takeoff, hinting at a strong lever of industry-policy. The form of governance does not have
a significant impact on the timing of EV takeoff, as illustrated in recent history by the rapid
spread of EVs in countries as diverse as Norway, France, China or the US. One has to be able
to afford EVs and EV support policies, though: wealth (GDP per capita) turned out to be
significant and strong. The probability of EV takeoff increases with time as global
technological learning through growing cumulative output lead to EVs becoming more
attractive and affordable.

Keywords: diffusion, electric vehicles, policy adoption, event history analysis
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1. INTRODUCTION
Innovation is at the core of human development. The diffusion of innovations (e.g., ideas,
technologies, or policies) can contribute to a more sustainable future for all, as envisioned by
the UN 2030 Agenda and its Sustainable Development Goals (SDGs) (UN General Assembly
2015) or the Paris Agreement (UNFCCC 2015). Humanity has seen vigorous technological
advances, especially over the past two centuries. This has led to increased life expectancy and
improved well-being. However, there is great variation in how quickly technologies diffuse.
Moreover, significant disparities between countries remain, with many people not having
access to and benefitting from the available technological advances (UN 2016).
At the same time, the negative impacts of humans’ use of inefficient and polluting
technologies has also increased, threatening long-term sustainability. Scenarios that set out
future developments have identified sustainability gaps in meeting the SDGs and the Paris
Agreements (TWI2050 2018; Zimm et al. 2018). Several of these sustainability gaps, such as
those related to energy and climate, can be closed through behavioral and technological
changes (Grubler et al. 2018).
For policymakers, a common strategy to reduce the sustainability gap is to introduce policies
that support more sustainable technologies or behavior. This happens within the wider sociotechnical transitions1 that include the evolution of norms,2 priorities, behaviors, knowledge,
and technology. Policymakers are influenced by and aim to shape the socio-technical systems
in which they operate. The predominant socio-technical systems are characterized by the
problems of inertia and lock-ins. As a consequence, sustainability transitions require critical
interventions from state and non-state actors to overcome these problems (Unruh 2000). For
such interventions to be effective, it is necessary to understand why, in addition to all the other
ongoing changes in the system, policy innovations diffuse to some countries earlier than
others, and even not at all in the case of some countries. Policy diffusion is part of the overall
process of change and happens together with the diffusion of other innovations (e.g.,
technology, behaviors, institutions, or business models).
Introducing new technologies in the transport sector is one of the great challenges for reducing
domestic fossil fuel demand (and hence often imports), enhancing energy security, curbing
local air and noise pollution, and reducing greenhouse (GHG) emissions, in line with the
SDGs and the Paris Agreement. The transport sector is responsible for around 28% of global
final energy demand, 65% of global final oil energy demand, and 24% of global energy-related
CO2 emissions, of which road transport (cars, trucks, buses, and two- and three-wheelers)
1

The terms “transition” and “transformation” have are used differently across scientific disciplines and
are often used interchangeably leading to a lack of clarity (Hölscher et al. 2017). For this thesis, the
following meanings are followed: ”transition” refers to a change from one state to another while
”transformation” is an open ended change. When literature is cited the term used in that source is kept
to which might impact consistency.
2 The international climate youth movement Fridays for Future (https://fridaysforfuture.org/) is an
example of civil society engagement that attempts to influence, and also reflects, shifting values within
parts of society.

1

emissions amount to close to 75% (IEA 2020a). Passenger transport makes up the largest share
of this. The road transport sector relies almost entirely on fossil fuels (> 95% in 2018 [IEA
2018c]), clearly indicating the challenge for decarbonization. It is the least diversified energy
end-use sector (IPCC 2018; IEA 2020a). The dependence on fossil fuel imports is an energy
security and national account issue that many countries struggle with.
The transport sector has been experiencing rapid growth, with its emissions having grown
faster than those of other sectors over the past half-century (IPCC 2018). In unsustainable
scenarios, the sector’s emissions are projected to double by 2050 (Rogelj et al. 2018). Yet there
are positive signs as well. In 2019, global transport emissions increased only by less than 0.5%
(compared to previous annual increases of 1.9% since 2000). This can be traced back to
efficiency improvements, electrification, and greater use of biofuels (IEA 2020b).
Further growth in the demand for transport energy is expected, especially in emerging and
developing economies (EIA 2017), where there is increasing demand for mobility in general
and individual transport in particular. If current trends continue, the global number of lightduty vehicles (mostly passenger cars) will roughly double by midcentury, driven by rising
affluence in China, India, and Southeast Asia (Sperling and Gordon 2009). Besides issues
relating to energy and GHG emissions, additional challenges exist with regards to air and
noise pollution, congestion, and accidents.
All this makes a sustainability transformation, above all the decarbonization of the transport
sector with a focus on individual passenger transport, a paramount challenge. The sector must
decarbonize quickly for the world to stay within the Paris Agreement temperature guardrails
(Rogelj et al. 2018). Several countries, such as Germany (Canzler and Wittowsky 2016, Agora
Verkehrswende 2018), have identified the transport sector as the most difficult to decarbonize
when curbing emission targets. Mode and demand shifts (see, e.g., Grubler et al. 2018), novel
technologies, and incremental changes in existing technologies are all needed simultaneously.
Transport policies aim to improve energy efficiency and support the shift to clean, alternative
fuels or modes of transport (e.g., public transport, walking, biking), thus reducing the demand
for fossil fuel energy and other negative impacts of the sector. Together with new technologies
(including digital technologies that enable a sharing economy, a reduction of transport
demand through novel communication technologies, and an increase in overall efficiency),
they play a key role in the low-carbon transformation. In 2017, less than 30% of energy use in
the transport sector was covered by mandatory policies, making it the least regulated energyuse sector and the one sector showing the least improvement over the years (Foster et al. 2018).
Transport policies can support transformation of transport with several co-benefits, such as
reduced GHG emissions and air pollution, and increased local job generation, which are
conducive to achieving the SDGs.

1.1. Aim and scope
This research focuses on one of the many transformations in the transport sector, an ongoing
and complex process with many actors and interconnected developments. In long-term
decarbonization scenarios, the energy demand for individual motorized transport is
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dramatically reduced and the remaining demand is met with more sustainable energy sources
(IPCC 2018), enabled by a mix of policy, behavior change, and technology improvement.
Within such scenarios, the electrification of the passenger car fleet plays an important role.
Electric vehicles (EVs)3 are one technology in relation to individual transport and are
supported in different ways by various countries. They provide a prominent example of the
ongoing early diffusion of an innovation within the larger system.
In several countries (e.g., Norway and the Netherlands) the diffusion of EVs and related
policies has progressed far enough to offer insight for other countries that are lagging behind.
The differences in national-level experiences and the state of EV market development raise
many questions relating to the speed and outcome of the global transformation: In particular,
why are EVs not adopted more broadly and why do some countries have higher diffusion
rates than others?
Initially, EVs rely on policy support to become competitive with vehicles operated with fossilfuel-powered internal-combustion engines (ICE) (Lieven 2015; Rietmann and Lieven 2019;
Ajanovic and Haas 2020). Unlike the novel technology, ICE vehicles (ICEV) benefit from lockins, unaccounted externalities (that act in favor of ICEVs), and preconceptions. The differences
in national diffusion of EVs can be traced back to available policy support in the early phase
of the technology (Münzel et al. 2019). Support policies, such as financial incentives, thus play
a key role in the diffusion of new technologies, such as EVs, and they are especially important
in the formative stage. In this stage, the new technology competes with the incumbent
technology. Policies do not operate in or emerge from a vacuum; rather, they are part of a
larger socio-technological innovation ecosystem of diverse actors and drivers.
But why are some countries early adopters of such policies whereas others lag behind? What
factors explain this variation? Conceptually rigorous and empirically validated answers to
such questions are essential for constructing global transition pathways that reflect nationally
differentiated technology transitions. Contributing to this overall goal, this research has the
following four objectives:
Objective 1: Developing a theoretical framework to analyze EV takeoff in the transport
sector in the world’s key car markets. The framework relies on population and national
characteristics, strategic objectives, and international mechanisms relating to EV technology
and policy adoption. It connects explanatory variables and mechanisms with outcomes of
high regularity.
Objective 2: Identifying variables and mechanisms that explain EV takeoff. The variables
and mechanisms are first identified through a review of the literature (case-based and
quantitative studies). The variables cover socio-economic, energy and transport sector
The following definitions are used throughout this thesis: The term electric vehicle (EV) refers to
passenger “battery electric vehicles” (BEV) that have only a battery-powered electric motor, thus
deriving all their energy from electricity, and “plug-in hybrid electric vehicles” (PHEV), vehicles that
can derive some of their power from electricity and the rest from an internal-combustion engine. This
is a common definition used to study EVs (see Barton and Schütte, 2017; EV Volumes, 2019a and b; IEA,
2020).
3

3

characteristics as well as environmental and government indicators. Insights from case studies
from 13 countries enrich the list.
Objective 3: Exploring the timing and variation of EV takeoff across a global sample of 60
countries. The study uses the a set-theoretical approach and the statistical technique of event
history (survival) analysis.4 The 60 countries included in the sample make up more than 90%
of the global car market (and nearly the entire EV market) and cover all continents.
Objective 4: Validating identified variables and mechanisms through quantitative
analysis. The identified variables and mechanisms are validated in a large-N analysis.
This study contributes to improving the understanding of the diffusion of new technologies
supportive of a sustainability transformation. It is as much a study of policymaking as it is a
contribution to policymaking.
The study follows a mixed-method approach to answer the research question, combining
qualitative analyses of country case studies and set-theoretical approaches with quantitative
statistical techniques of event history analysis to bring together insights from country-level
policy and market development with global patterns of diffusion.

1.2. Contribution to the literature
There is a wealth of literature on the diffusion of EVs across consumer groups and in
individual markets (Priessner et al. 2018; Zarazua de Rubens 2019), and on different policy
support schemes and their effectiveness (Egnér and Trosvik, 2018). Studies have also begun
to investigate differences in EV diffusion across countries (Münzel et al. 2019; Plötz et al. 2016).
Another stream of literature investigates the diffusion of policies across countries
(Bisenbender and Tosun 2014), including energy technology policy such as that which
supports renewable energy technologies. The diffusion of EV policies or technologies has not
been studied in a similar way. Deepening the understanding of the variation across countries
will help improve predictions about which countries will adopt policies, when they will do
so, and whether they reach takeoff. So far, the transport sector has been largely neglected in
the policy diffusion literature, even though it represents a policy area with a large potential
(Schmidt and Fleig 2018).
This thesis contributes to the understanding of the drivers of EV and EV policy diffusion
across countries. There is little empirical evidence about policy adoption in this realm. The
research might also help to identify some barriers and drivers of policy evolution, thus
improving guidance for policymakers on the design of national transport and development
strategies. It can also help to improve scenarios and modeling of the energy and transport
transition via better forecasting of technology diffusion – that is, by improving the predictions
of which countries will adopt a new policy or reach a –specific technology penetration rate
next.
Several elements of this research are new: The study presents a theoretical framework to
analyze EV takeoff across countries (Objective 1). A novel theoretical contribution of this
4

Henceforward, the term “event history analysis” will be used.
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study is a conceptualization, informing a framework, of EV sales takeoff as an outcome of EV
support policy diffusion based on population and national characteristics, and on
international mechanisms. The study combines qualitative methods (i.e., case studies and a
set-theoretical approach) and quantitative statistical analysis (i.e., large-N event history
analysis). The case studies go beyond the usual analysis of the lead or largest markets.
Together with the literature review, the case studies contribute- to the identification of
explanatory variables (Objective 2).
The empirical contribution of this study lies in validating (Objective 4) sociopolitical and
economic factors and international mechanisms that influence the position of a country on the
EV diffusion curve across a global sample (Objective 3). It is the first quantitative study that
looks at EV diffusion in the formative phase over several years (2010–2017). This is the first
study to apply event history analysis to EVs and related policies, aiming to explain which
countries opt for EV policy support. Moreover, it is the broadest study yet undertaken: it
covers 60 countries that together make up more than 90% of the global car market, practically
the total global EV market, including middle-income and developing countries, whereas
previous research has focused mainly on high-income countries and individual years.

1.3. Outline
Figure 1 provides an overview of the structure of the chapters of this thesis. It also shows in
which chapters the four research objectives are predominantly addressed.
Chapter 2 provides a review of relevant strands of literature. The chapter begins by
considering the discrepancy between human advances and continuing disparities regarding
access to basic technologies and infrastructure services. These gaps need to be closed to
achieve the SDGs by 2030. Increased diffusion of novel technologies and policies can support
this goal. Next, I introduce the theory of diffusion. The diffusion of innovations (e.g., policies,
technologies) is characterized by temporal as well as spatial characteristics. International
diffusion mechanisms and national characteristics influence the adoption of policies across
countries. This chapter also dives into the state of EV diffusion and related policy support
across countries.
Different processes are at play when policies are adopted by countries that are summarized
in the theoretical framework in Chapter 3. Four main layers influence EV takeoff: individual
adoption, national characteristics, international diffusion, and global learning mechanisms
that are grouped into individual, national, and global levels. Among others, differences
between populations, infrastructures, and economies lead to variation in technology adoption
rates. Introducing policies supportive of EVs is a political decision by a jurisdiction, such as a
nation or federal state, or a city. How these political decisions are taken is influenced by
domestic and external variables, reflecting a jurisdiction’s political, economic, and social
characteristics and international diffusion mechanisms. I explore the variation in national
support by using the following main theories: state-centric, state-structuralist, and statecapabilities approaches. Global learning – that is, learning by doing and using – leads to cost
reductions and performance improvements that increase adoption over time.
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Figure 1. Thesis structure and objectives.

Chapter 4 delineates the research design. The research design comprises country case studies
and a large-N analysis. Country case studies help us to learn from policy experiences in
different national circumstances. They yield insights into the early implementation of public
policies aimed at overcoming and/or compensating for a technology’s tradeoffs and risks.
Case studies provide an opportunity to identify potential explanatory variables and
peculiarities that cannot be captured quantitatively.
Next, the data and variables used in the quantitative analyses are presented. The hypotheses
and independent variables are outlined, as are the variables that were not included in the
analysis. The dependent variables are a binary dummy for the year when the share of EVs
reaches more than 1% of new car sales in a country. For simplicity, the 1% threshold is used
as an approximation mark for the end of the formative phase. A rationale for the choice of this
threshold is given. This threshold is also a measure of strong transport policies that pull EVs
into the market. It is an outcome of transport policies rather than a measure of the transport
policies themselves.
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The next section introduces the country sample for the quantitative part of the study. The
country sample includes 60 countries of which 28 have reached EV market shares of more
than 1% in new sales by 2018. Again, the sample represents more than 90% of annual new car
sales during the period 2005–2017, capturing nearly the entire global EV market. It covers all
OECD and high-income countries as well as emerging economies with annual passenger car
sales greater than 150,000 in 2017 or previous years. The timeline of analysis is from 2010, the
year in which EVs were introduced to a broader consumer market, to 2017 when the most
recent data is available. I focus on the early years of EV diffusion as policies are crucial at this
stage.
The applied quantitative methodologies are also introduced in Chapter 4. Temporal and
spatial characteristics can be analyzed descriptively. In the literature, explanatory variables of
policy adoption have been estimated by discrete-time or event history models. This technique
uses a data structure in a time-event format to understand the probability of the occurrence
of an event – in the case at hand, the time of takeoff. It thereby investigates the differences or
similarities encountered by different countries and provides explanations for them.
Descriptive statistics and logistic and Cox regression models are approaches used in event
history analyses.
Chapter 5 considers 13 country cases, including lead markets, early followers, and markets
that are just taking off or where there is no real EV market in sight yet. This helps to identify
possible explanatory variables and mechanisms at play when EV policies are introduced.
Chapter 6 presents the results of the quantitative analyses. S-curves show the diffusion over
time. Additional descriptive statistics of the sample (e.g., number of countries with policies,
time frames) are also used in the analysis. The set-theoretical analysis groups the 60 sample
countries into six country groups according to key independent variables. The event history
analysis for the full sample and a subsample of high-income countries shows that per capita
income, the CO2 intensity of the electricity mix, the existence and size of a national car
industry, status as an old EU/EFTA member, transport sector energy growth, fuel prices, and
proximity are linked to the likelihood of EV takeoff. Time is clearly significant in increasing
the takeoff likelihood, underlining the theory of global learning.
Chapter 7 summarizes the answers to the research questions and the limits of the research. It
outlines future research priorities and presents policy implications.
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2. LITERATURE
This literature review covers different strands of relevant literature. Section 2.1 touches on the
overall objective of sustainable development for all, and on the existing disparities and
transitions to overcome sustainability gaps. Section 2.2 deals with the concept of diffusion of
innovations, covering both technologies and policies. Section 2.3 discusses EVs, EV support
policies, and studies on EV diffusion.

2.1. Sustainable development for all5
Sustainability as a concept for global human development can be traced back to the report by
Brundtland et al. (1987). Prior to that, the Club of Rome study “Limits to Growth” (Meadows
et al. 1972) had ignited discussions surrounding the future of humanity on Earth. Clark and
Munn (1986) anchored and broadened the concept of sustainability in the scientific
community., Their work evolved out of an interdisciplinary initiative on understanding and
managing the complex environmental and development complexities which was hosted by
the International Institute for Applied Systems Analysis (IIASA, Laxenburg, Austria 6)
Subsequent to this discourse, the United Nations organized a conference on the Environment
and Development in Rio de Janeiro in 1992 (UN 1992). Follow-up conferences have been the
Earth summit of Rio conferences (e.g., in Johannesburg Rio+10 [UN 2002] or the 2012 Rio+20
anniversary conference in Rio de Janeiro [UN 2012]). The conferences established three
dimensions of sustainability – namely, society, economy, and the environment – as a guiding,
holistic, and global principle for development. Essentially, all international agreements,
contracts, and development programs have since acknowledged that unsustainable economic
development can have unforeseeable sociopolitical and environment risks.
The noticeable impact of human activity on the environment, also known as the Great
Acceleration (Steffen et al. 2015), has been acknowledged by a discussion surrounding the
naming of a new geological epoch, the “Anthropocene” (Crutzen 2006). The discussion on
how to deal with human development in the Anthropocene includes setting limits on the use
of natural resources (e.g., Rockström et al. [2009]), but it also refers to the power of innovation
(e.g., TWI2050 [2019] and TWI2050 [2020]).

This section is partly based on the following papers by the author: Zimm, C. (2019). "Methodological
issues in measuring international inequality in technology ownership and infrastructure service use."
Development Studies Research 6(1): 92-105. DOI: 10.1080/21665095.2019.1605533., Zimm, C. and N.
Nakicenovic (2019). "What are the implications of the Paris Agreement for inequality?" Climate Policy:
1-10. DOI: 10.1080/14693062.2019.1581048., Zimm, C., J. Goldemberg, N. Nakicenovic and S. Busch
(2019). "Is the renewables transformation a piece of cake or a pie in the sky?" Energy Strategy Reviews
26: 100401. DOI: https://doi.org/10.1016/j.esr.2019.100401. and Zimm, C., F. Sperling and S. Busch (2018).
"Identifying Sustainability and Knowledge Gaps in Socio-Economic Pathways Vis-à-Vis the Sustainable
Development Goals." Economies 6(2): 20. DOI: 10.3390/economies6020020. and Wilson, C., A. Grubler,
N. Bento, S. Healey, S. De Stercke and C. Zimm (2020). "Granular technologies to accelerate
decarbonization." Science 368(6486): 36-39. DOI: 10.1126/science.aaz8060.
6 www.iiasa.ac.at
5
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Innovation is at the core of human development. The diffusion of innovations (e.g., ideas,
technologies, and policies) can contribute to a more sustainable future for all, as envisioned
by the UN 2030 Agenda and the SDGs (UN General Assembly 2015) and the Paris Agreement
(UNFCCC 2015). Access to technologies, infrastructures and their related services are essential
for raising global living standards and human well-being (Alkire and Santos 2014; Lamb and
Rao 2015; Rao and Min 2017). Several of the SDGs deal with providing access to technologies
and service infrastructures to that share of the global population that has hitherto been
excluded (UN 2015). “Technology” features prominently in the UN 2030 Agenda: it is the third
most used noun after “country” and “development” and is mentioned in half of the SDGs. At
the same time, the SDGs, above all SDG 10 on reducing inequalities within and among
countries, promote a more equitable world, in terms of both inter- and intra-national equality,
and emphasize the challenge of doing so in a sustainable manner.
There have been many technological advances over the past century, leading to increased life
expectancy and improved well-being (Lutz et al. 2014). However, there is great variation in
how quickly technologies diffuse and what level of saturation they reach (Figure 2). Even
today, 2.8 billion people lack clean cooking fuels and technologies, and around one billion
people do not have access to electricity (IEA 2017). Around 2.4 billion people lack clean
sanitation and 660 million people lack access to an improved water source (UN 2016).
Although these technologies have been around for a long time and have been partly
supported through policies, coverage is not universal.
At the same time, nearly seven billion people have gained access to a mobile phone in recent
decades (ITU 2019). The question arises as to why some technologies diffuse faster and to a
higher degree. Wilson et al. (2020) argue that this pertains, inter alia, to the granularity of
technologies.

Figure 2. Diffusion of select indicators of human development. Source: Data from World Bank (2019b).

Granular technologies are small scale, modular, replicable, and divisible, and they have low
unit costs. They reach larger cumulative output numbers through up-scaling and have higher
learning rates than lumpy technologies (Wilson et al. 2012). Granular technologies have
shorter technical lifetimes, which reduces lock-in risk with quicker innovation cycles and
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stock turnover (Wilson et al. 2020). The extent to which long-lived incumbent technologies are
locked in also depends on the relative advantage of new competitors. The high relative
advantage of ICE technology in cost, performance, and supporting infrastructure (refueling,
maintenance, sales) counteracts policy efforts to induce substitution or fuel switching, even
though the car’s relative granularity creates conditions more conducive to escaping lock-in
(Cowan and Hultén 1996; Erickson et al. 2015). Granularity of a technology cannot, therefore,
be viewed as independent of the wider system. Novel analysis of historical data shows that
granularity enables faster and less risky diffusion outcomes with more equitably distributed
benefits (Wilson et al. 2020) (Figure 3), which could help accelerating a low-carbon
transformation through policy support for portfolios of granular energy technologies in line
with international climate targets.

Figure 3. Characteristics of accelerated low-carbon transformation on the granular-lumpy continuum. Data
points in each panel represent an energy technology. Unit size and unit cost correlate strongly and are used
interchangeably as measures of granularity on log horizontal axes. Vertical axes show: (i) diffusion timescale, (ii)
conventional learning, (iii) equality of access, (iv) efficiency potential, (v) technical lifetime, and (iv) complexity.
In panel (i), Dt is the time period over which a technology diffuses from 1 to 50% market share. In panel (ii), the
conventional learning rate is the percentage cost reduction per doubling of cumulative capacity, which conflates
two drivers of cost reduction: unit-scale economies (more capacity per unit) and experience (more units).
Descaled “true” learning rate is the percentage cost reduction per doubling of cumulative numbers of units,
which strips out the effects of unit-scale economies on cost trends. In panel (iii), low unit scale times low unit
costs imply low cost barriers and hence higher affordability of access for the poor and thus more equitable access.
R2 and p values denoted by asterisks describe simple bivariate model fits (*p < 0.05, **p < 0.01, ***p < 0.001).
Source: Adapted from Wilson et al. (2020). Graphic courtesy Simon De Stercke.
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Large inequalities across countries remain in terms of human development. Research on
income inequality is well established (Stiglitz 2012; Piketty 2014; Milanovic 2016), and there is
an extensive body of literature examining the causes (Acemoglu and Robinson 2000;
Acemoglu 2002; Stiglitz 2012) and consequences of inequality (Alesina and Perotti 1996;
Easterly 2007; Neckerman and Torche 2007). Lack of access and barriers to adopting new
technologies is a key factor in disparities in per capita income across countries (Parente and
Prescott 1994).
Although the role of technology in income inequality has been explored, inequality in
technologies has not been investigated systematically. Income, wealth, technology ownership,
and infrastructure use are correlated (see, e.g., Steckel et al. [2017] on infrastructure, and CruzJesus et al. [2018] and Cruz-Jesus et al. [2016] on the digital divide), but knowledge on how
this relationship holds across different indicators and countries is scarce. Literature on the
digital divide in relation to differences in access and utilization of information and
communication technologies (ICT, such as personnel computers [PCs], mobile phones, radios,
television sets [TV] or the Internet) has identified several additional drivers, such as education,
urbanization, innovation capacity (Pick and Nishida 2015; Skaletsky et al. 2016; Lee et al. 2017),
and the regulatory and sociopolitical characteristics of a country (Guillén and Suárez 2005).
Access rates to infrastructures vary across countries of similar economic development, with
urban areas showing higher access levels. However, they seem to follow a sequence (from
water via sanitation, electricity, and telephony) with countries with lower income inequality
achieving higher access rates for basic infrastructures (Steckel et al. 2017). Rao and Ummel
(2017) show that drivers other than income, such as identity, can influence ownership of
household appliances and that the influence of income differs by appliance and by region. Wu
et al. (2017) argue that inequality in energy is systematically different from income inequality
and that it can provide additional insights into consumption inequality. Differences in
electrification rates across countries have been related to urbanization rates, education levels,
and the availability of renewable energy sources, with weaker links to per capita GDP and
funding availability (Magnani and Vaona 2016).
It is to be expected that inequalities between countries in terms of human development and
the distribution of resources are greater than inequalities in income alone. This also relates to
the development perspectives of a society. Inequalities in general purpose technologies such
as ICT and electricity not only are related to basic needs but also affect the productivity of an
economy, which can contribute to the widening of income differentials between countries (Lee
et al. 2017).
The left panel of Figure 4 shows Lorenz curves for a set of end-use technologies and
infrastructure services related to the SDGs, including transport technologies. This shows how
unequal are their global distribution. Mobile phones have diffused from a very unequal
distribution from 2000 (a Gini of 0.84) to 2014 (a Gini of 0.22). Of the technologies and
infrastructures presented in Figure 4, passenger cars are the most unequal today, with a Gini
coefficient of 0.78 and close to 75% of the global population without access to a car. A global
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Lorenz curve for EV would be barely visible: it would show a steep vertical ascent, with close
to 100% of the world population not having an EV.

Figure 4. Disparities in human development and anthropogenic pollution. Left panel: Lorenz curves of select
end-use technologies and infrastructures. Right panel: Lorenz curves of GHG emissions according to the
submitted National Determined Contributions. Source: left panel adapted from Zimm (2019); right panel adapted
from Zimm and Nakicenovic (2019).

As with technologies, there is also variation in the level of pollution and adaptive and
mitigative climate capacity across countries (Figure 4, right panel). The distribution of global
effort sharing to reduce GHG emissions in line with the Paris Agreement also reflects unequal
technology distribution and unequal diffusion of sustainable practices.
The world is not on a sustainable trajectory towards achieving the SDGs (TWI2050 2018). In
addition to large inequalities, unsustainable, wasteful, and inefficient use of natural resources
is harming people and the planet. A range of sustainability gaps, in comparison both to the
most sustainable scenarios in use by many modeling groups (Zimm et al. 2018) (Figure 5) and
to trend scenarios (TWI2050 2018) (Figure 6), need to be closed, which requires science,
innovation, and policy action.
Based on work by TWI2050 (2018), Figure 6 presents sustainable development paths and
baseline scenarios for indicators relating to the transformation of the global energy system, as
approached from a demand perspective that considers responsible consumption and
sufficiency. TWI2050 (2018) positions the transport sector within two of the six key
transformations7 needed to achieve the UN 2030 Agenda: decarbonization and energy, and
infrastructure and smart cities. The sector is also closely related to responsible consumption
and demand.
In 2018, the first report by TWI2050 on Transformations to Achieve the Sustainable Development Goals
identified six exemplary transformations needed to achieve the SDGs and long-term sustainability to
2050 and beyond: i) human capacity & demography; ii) consumption & production; iii)
decarbonization & energy, iv) food, biosphere and water; v) smart cities and vi) Digital Revolution
(TWI2050 2018).
7
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I. SSP1-2.6 in
line with SDG

SDG

Target/ Indicator
In 2030, SSP1-2.6 runs provide indicators for and are fully in line with several
SDG targets (3.1-3.7, 7.2, 7.3, 8.1, 8.2, 8.5). They are also inline with parts of
other SDG targets (3.9, 9.4, 10.1, 11.6, 15.2., and SDG 13 via Paris Agreement
per definition).

II. Sustainability Gaps
within SSP1-2.6

SSP1 runs do not meet SDG targets

2015

1.1 Pop. living in extreme poverty

702 million

1.2 Pop. living in relative poverty

~1.8 billion

2.1 Pop. living at the risk of hunger

795 million

SDG value
2030

GAP

0

~350 million

GAP

~1 billion

2 billion

GAP

4.1 Pop. (age 15-19, %) w. lower
secondary education
4.3/ 4.5 Gender gap (pop 15+) mean
years of schooling

66%
0.78 years

0

183 million

GAP

77 %

100%

GAP

0.5 years

0

Sources
based on
Gidden et
al (under
review)
Hasegaw
a et al.
2015
KC and
Lutz 2011

III. Knowledge Gaps
within SSPs

The following SDG targets are not (sufficiently) covered quantiatively by the SSPs

Legend:

A knowledge gap persists within SSPs to quantiatively provide information about the majority of SDG targets
(3.8, 5.1, 5.2, 5.3, 5.4, 5.5.; 6.1, 6.2, 6.3, 6.4, 6.5, 6.6; 7.1; 8.3, 8.7, 8.8, 8.9, 8.10; 9.1, 9.3, 9.5 . 9.2; 10.2, 10.3,
10.4, 10.5, 10.6; 11.1, 11.2, 11.3, 11.4, 11.5, 11.6, 11.7; 12.1, 12.2, 12.3, 12.4, 12.5, 12.6, 12.7, 12.8, 13.1, 13.3;
14.1, 14.2, 14.3, 14.4, 14.5, 14.6, 14.7, 15.1, 15.3, 15.4, 15.5, 15.6, 15.7, 15.8, 15.9, 16.1, 16.2, 16.3, 16.4, 16.5,
16.6, 16.7, 16.8, 16.9, 16.10, 17.1, 17.2, 17.3, 17.4, 17.5, 17.6, 17.7, 17.8, 17.9, 17.10, 17.11, 17.12, 17.13,
17.14, 17.15, 17.16, 17.17, 17.18, 17.19).
2030: Sustainability Gap: SDG not achieved
2050: Sustainability Gap remains: SDG not achieved by 2050

2100: Sustainability Gap remains: SDG not achieved by 2100

Figure 5. Identifying sustainability and knowledge gaps in integrated pathways vis-à-vis the SDGs, and
distinguishing between SDG targets: (I) targets with which SSP1/1-2.6 is in line by 2030; (II) targets where
sustainability gaps persist in SSP1/1-2.6 in 2030 and partly beyond; and (III) targets that are quantitatively not
sufficiently covered by Shared Socioeconomic Pathways (SSPs) to assess the sustainability gap (current
knowledge gaps). Source: Zimm et al. (2018).

The role of the demand side is too often overlooked when discussing future energy
transformations (e.g., Jacobson et al. 2015; Clack et al. 2017; Jacobson et al. 2017). Reductions
in demand (Figure 6, Panel a) provide a valuable and often the most affordable energy
“source” (GEA 2012; IRENA 2017) and make achieving high shares of renewables (Panel b)
and decarbonization (Panel c) easier. Lowering energy demand increases flexibility on the
supply side. The demand for base-load decreases, which enlarges the flexibility of the
technology portfolio.
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Decarbonization &
Energy
Impacts
Figure 6. Selected sustainable pathways achieving several SDGs and their performance on key indicators. A
counterfactual trend scenario (SSP2-Middle of the Road, black dotted line), including recent historic development
(black solid line), is also shown. Blue arrows indicate the difference between the transformative and trend
scenarios. The transformation pathways of the “integrated SDG”, from Parkinson et al. (2018) (dashed magenta
line), achieve the SDGs: (a) final (useful) energy demand (EJ); (b) share (%) of unabated fossil fuels and nonbiomass renewables in primary energy; and (c) CO2 emissions (Gt CO2) per year. Sources: based on data from
Parkinson et al. (2018) and SSP Database (2012–2016), adapted from TWI2050 (2018).

Every unit of energy saved, whether because of behavioral or technological changes, need not
be provided in the first place or can be used somewhere else. Given the conversion losses in
the system, reductions on the end-use side translate to large upstream leverage effects on the
supply side. These “negawatts” (Lovins 1989) are at least as important as additional
megawatts from renewables when tackling the transformation. Electrification can also
contribute to increasing the overall efficiency of the system (see Section 2.1.2). A recent
scenario identifies energy needs and technological change from an end-use perspective, with
a focus on energy services (Grubler et al. 2018). This bottom-up approach leads to a global
final energy demand of 245 EJ in 2050. Such a comparatively low demand can more easily and
flexibly be met with renewables (Zimm et al. 2019).
This approach is relevant to various resources (energy, water, food, land, materials). End-use
demand is the ultimate driver of current resource systems and related negative impacts.
Associated improvements in efficiency, demand reductions, and waste reduction offer,
therefore, ways to contribute to achieving long-term sustainability goals by keeping the total
size of the system manageable and closing current sustainability gaps (TWI2050 2018).
Several of these sustainability gaps, such as those relating to energy and climate, can be closed
through a combination of behavioral and technological changes, which can, in turn, be
induced by policies (Grubler et al. 2018). Countries frequently engage in directed
technological change, creating and shaping markets through policies and investment
(Mazzucato 2016) (see Section 2.1.1).
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2.1.1. Sustainability transitions
Current socio-technical systems are marked by path dependencies, inertia, and lock-ins.
Transitions towards sustainability depend upon determined interventions from the state and
other actors (Unruh 2000). Incumbent socio-technical systems enjoy established user practices
and business models, complementary technologies and infrastructures, and organizational,
political, and institutional structures (e.g., Rip 2018). The established and embedded
regulatory frameworks (e.g., product standards and R&D programs) shape the production,
market development, and use of new technologies (Ashford et al. 1985; Taylor et al. 2005).
This leads to incremental rather than disruptive change from within (Dosi 1982, Markard and
Truffer 2006), entailing co-evolution not only of technology, markets, infrastructure, industry,
and policy, but also of culture and civil society (Geels 2012). The decarbonization of the
transport sector is one example. Yet, given the grand sustainability challenges, incremental
changes alone will not suffice to bend the GHG emissions curve, meet the Paris Agreement,
and deliver on the SDGs (IPCC 2018; TWI2050 2018).
Markard et al. (2012) described suitable theoretical frameworks for sustainability transitions.
The two of most relevance for the present study are the multi-level perspective on sociotechnological transitions (Geels 2002) and the Technological Innovation System (TIS)
approach (Jacobsson and Johnson 2000; Hekkert et al. 2007; Bergek et al. 2008). Socio-technical
transitions that fundamentally shift the established processes include far-reaching changes in
a range of areas, affecting many actors and taking time (Geels and Schot 2010). Compared to
technological transition, socio-technical transitions also impact user practices and institutional
structures. They are usually accompanied by complementary (non-)technical innovations.
Transition studies on the TIS deal with new technologies and the accompanying institutional
and organizational changes, with a focus on the role of the private sector. National and sector
innovation frameworks, such as the Energy Innovation System (Grubler and Wilson 2014), are
related to this concept. Recent TIS studies have started to assess individual (novel)
technologies and their disruptive (and more sustainable) potential impact on the dominating
socio-technical system. While previous studies circled around the contribution of
technological innovation to the economic development of countries, analytical interest has
shifted to novel technologies as key elements of socio-technical transitions. Studies on
policymaking, on the other hand, have examined different types of interventions intended to
encourage innovation, including demand-pull and technology-push policies (Nemet 2009).
Studies of sustainable technological innovations (e.g., Tsoutsos and Stamboulis 2005; Kemp
and Volpi 2008; Rao and Kishore 2010; Karakaya et al. 2014) have identified drivers of and
barriers to diffusion (Kanger et al. 2019). Such innovations rely heavily on public policy
support (Geels 2012).
Longer-term data to assess characteristics of full diffusion pathways are lacking. Much
technology diffusion research focuses on speed and S-shaped diffusion patterns, while
explanations of the processes shaping the larger socio-technical systems in which they are
embedded and how they change are sidelined (Kanger et al. 2019).
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Hansen and Coenen (2015) identified policy and regulation as important pull factors.
Sustainability transitions are geographical processes that occur in a certain place with varying
spatial distribution patterns across transition processes (see Section 2.2.3 on spatial diffusion).
They are not pervasive. Places can have various scales, from an apartment to the entire globe.
Initial conditions, policies, values, and norms constitute space, influence the processes, and
vary across space. We should aim to improve our understanding of these hidden mechanisms
that lead to these arrangements. This requires analyzing both the distinct places where
transitions happen and the spatial connections, interactions, and patterns. Often, these studies
investigate local, regional, or urban scales with less focus on national scales (exceptions are
Angel and Rock [2009] and Berkhout et al. [2009]). Regional and urban policies are regularly
ahead of national policies in providing spaces for experimentation (Hansen and Coenen 2015).
Berkhout et al. (2009) argued that sustainable socio-technical systems will arrive out of
interactions between different levels of governance and markets, from local to global.
One aspect of space specificity relevant for national levels relates to geographical conditions
such as natural resource endowment, climate, or location (e.g., islands). While this can be a
relevant comparative (dis-)advantage, these conditions do not necessarily guarantee the
sustained competitive (dis-)advantage that is linked to local value creation.
Innovation and technological diffusion occur within wider economic and political processes,
and they can be deeply political processes themselves (Meadowcroft 2009; Kern 2015; Kanger
et al. 2019). Substantial policy changes, as required by the SDGs, can lead to shocks and
discontinuities, usually entailing power struggles. Markard et al. (2012) underlined the urgent
need to improve knowledge of the politics and policies of sustainability transitions. Barriers
to sustainability transitions are political rather than economic or technological (Zimm et al.
2019).
Transition studies do not sufficiently investigate the underlying conditions that inform
policymaking (Bergek et al. 2015), which focal area of policy they lead to, and their effects on
the development and diffusion of technology. Following Markard et al. (2015), this study
explores how underlying economic and political conditions influence, across countries, the
diffusion of environmental innovation (i.e., EVs in this research) with a high growth potential
and a reliance on policy support measures. Transition studies often assume that transition
processes only take place within national boundaries. However, there are differences between
countries, which is why this study is an investigation across countries and takes into account
the global nature of the automotive industry. Studying differences between countries and
underlying national causes provides opportunities to obtain insights about the national and
international policy diffusion mechanisms in sustainability transitions.
Previous researchers have studied the drivers (technical, economic, and policy) of individual
technology transitions. However, less attention has been paid to the underlying political
dynamics, even though the importance of politics is recognized Research on the politics that
spur, curb, shape, and diffuse sustainable policies globally is less common (Stokes and Breetz
2018). By combining qualitative and quantitative methods, this study aims to bridge this
knowledge gap.
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Sustainability transitions happen across different geographies, extending the context of
innovation diffusion both spatially and institutionally. Revealing why and how systems
change and if and how change can be purposefully driven in both speed and direction are
crucial challenges (Kern and Markard 2016).
Based on their thorough review of transport studies and climate change, Schwanen et al.
(2011) called for transport studies to become broader and more interdisciplinary, and to learn
from other disciplines, especially the social sciences. To improve research in this area, more
multidisciplinary approaches are needed that combine, for example, political science,
economics, and technology studies.

2.1.2. Transforming the transport sector
The transport sector covers the movement of goods and people, locally, regionally, and
globally. The sector is characterized by a plethora of technologies and modes, including
walking, biking, motorized options such as mopeds and passenger cars, public transport
systems, air transport, and shipping. It covers near, medium and long-distance networks, such
as pedestrian areas, local roads, and international shipping and flight routes.
Communication and related technologies and services, such as the Internet, have impacted
the transport sector and the demand for the movement of goods and people. Historically, the
two were very closely linked (e.g., stagecoaches). Today, advances in communication
technologies, particularly those related to digitalization, impact the demand for transport
services in different ways (e.g., increases in shipped goods and reduced travel due to
teleworking). This also provides opportunities for transformative transport modes, such as
drones or flight-taxis (TWI2050 2019). The ongoing COVID-19 pandemic has been spurring
some of these developments as teleworking arrangements and health measures alter people’s
behaviors and travel choices, showing how innovations can impact many sectors (TWI2050
2020).
The transport system is a complex system of systems that brings together different
infrastructure networks (of rails, roads, or pipelines), actors, and policy fields (e.g., urban
planning, trade, and energy) at different levels. It is place-specific in that it is shaped by
geography, history, and culture, but it is also universal as it features global consumer goods
(e.g., cars and scooters) and meets the need for mobility. Modal splits differ greatly between
cities, regions, and countries and are subject to change due to novel technologies, policies,
economic developments, and shifts in values and lifestyles (GEA 2012). Some of its networks
go back millennia (e.g., roads and trade corridors). Historically, the sector has been
characterized by long waves of technological change, and it has been dominated by large and
expensive dominant infrastructures such as canals, railways, and roads (Nakicenovic 1986).
As the transport sector relies heavily on fossil fuels (IEA 2020a), shifting it towards greater
sustainability is challenging. The growing demand in road transport, especially in individual
motorized transport, poses a particular challenge in this regard. At the same time, there are
many opportunities for change within this broad system.
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Early environmental policy interventions in the road transport sector were motivated by air
pollution (e.g., Californian state regulation of pollution by new motor vehicles in 1960; Stern
[1982]). These policies have diffused widely and have led to technological improvements and
reduced environmental impacts (Saikawa 2010), though there is still ample room for
improvement. Besides tackling local air and noise pollution, congestion, and safety issues, the
sector’s decarbonization has received significant attention recently. Climate mitigation
options come with synergies for air pollution, health, and so on. A trend to larger, more
powerful and emission intensive cars is hampering decarbonization efforts of car-based
passenger transport. The significant difference between real world and test cycle emissions
and related energy use is also posing a problem that policies have failed to tackle successfully
(IEA 2020).
With regards to the decarbonization challenge, Creutzig et al. (2015) summarized the
transport sector’s GHG mitigation options: (i) reducing overall transport demand (distance
traveled, increased load, and mode shifts); (ii) reducing the amount of energy needed for
moving vehicles (e.g., increasing fuel efficiency); and (iii) reducing the carbon intensity of
fuels [gCO2/MJ] (e.g., a fuel shift). Continuous improvements in ICEVs have resulted in
efficiency gains of about 2–4% per year (Winkler et al. 2014). Such incremental improvements
need to be matched with more innovative changes. Transport GHG emissions need to decline
steeply, practically fading out by mid-century, in order to stay within the Paris temperature
boundary, as Figure 7 shows (IPCC 2018).
A deep decarbonization will entail a shift away from fossil fuels “to biofuels, electricity, and/or
hydrogen, either in dedicated battery-electric or fuel cell vehicles or in mixed configurations,
such as plug-in hybrid electric vehicles” (Creutzig et al. 2015, p. 912). Policymakers have been
taking action: in 2017, there were unexpected policy announcements in the transport sector
which hint at a larger-scale transformation, with several countries announcing (the ambition)
to ban the sales of new ICE vehicles (e.g., France; see Chrisafis and Vaughan 2017; Plötz et al.,
2019). By early 2021, 25 countries had announced similar bans for new sales of (certain types
of) ICE vehicles (i.e., countries in order of the time the bans have been announced for: 2025
Norway, South Korea; 2026 Belgium; 2027 Austria; 2030 Slovenia, Iceland, Netherlands,
Denmark, Ireland, Israel, Sweden, India, Germany, United Kingdom; 2035 Japan; 2040 China,
Singapore, Sri Lanka, Taiwan, Canada, France, Spain, Portugal, Egypt; 2050 Costa Rica
[Hanley 2021]).
EVs have matured and been promoted widely in the past decade. Norway has supported EVs
with a range of favorable policies, which has led to the world’s highest EV share of vehicle
stock of more than 9% in 2019 (Government of Norway 2019). Norway is aiming to achieve
100% electric or plug-in hybrid car sales by 2025 (Chrisafis and Vaughan 2017). The evolution
of individual motorized transport EVs is thus a prominent example of a transformative
development that brings together -technology and policy interventions within the wider
emerging transport system.
EVs have been around for decades (see Section 2.3.1) and compared with ICVs have a different
drive, source of energy and require other supporting infrastructure. Today, they still play only
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a small role within the whole system, but they are gaining traction and have the potential to
transform the road transport sector. Their future role will depend on how the entire system
evolves.

Figure 7. Evolution and breakdown of global anthropogenic CO2 emissions until 2100. The top-left panel shows
global net CO2 emissions in below-1.5°C, 1.5°C-low-overshoot (OS), and 1.5°C-high-OS pathways, with the four
illustrative 1.5°C-consistent pathway archetypes of this chapter highlighted. Ranges at the bottom of the top-left
panel show the 10th–90th percentile range (thin line) and interquartile range (thick line) of the time it takes for
global CO2 emissions to reach net zero per pathway class, and for all pathway classes combined. The top-right
panel provides a schematic legend explaining all CO2 emissions contributions to global CO2 emissions. The
bottom row of panels shows how various CO2 contributions are deployed and used in the four illustrative
pathway archetypes (LED, S1, S2, S5, referred to as P1, P2, P3, and P4 in the Summary for Policymakers) used in
this chapter (see Section 2.3.1.1). Note that the S5 scenario reports the building and industry sector emissions
jointly. Green and blue areas show emissions from the transport sector and the joint building and industry
demand sectors, respectively. Source: Figure 2.5 from IPCC (2018).

Electrification of the energy system driven by renewables will lower overall energy demand
significantly (GEA 2012). This can also lead to a great leap in efficiency of mobility. Propulsion
with combustion engines requires roughly three times the energy compared to electric motors.
Electric mobility could further drive overall renewable electricity production and support
demand management (Zimm et al. 2019). The electrification of the energy system and the
decarbonization of the electricity system will be at the core of the energy transformation
(Zimm et al. 2019). Conversion of electricity to mechanical work is very efficient, whereas the
efficiency of fuels going through the thermodynamic cycle is limited (averaging 38% for
OECD plants) (REN21 2017). The electrification of the vehicle fleet has already led to
improvements in country-weighted average fuel consumption by up to 3.5%, with Japan, the
US, and China benefitting the most in 2017. EV efficiency does not depend as much on size
and weight, so markets with larger vehicles benefit most (IEA 2019b).
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Altenburg et al. (2015) argued that electrification of transport translates to a major redesign of
the entire automotive architecture, representing not only a gradual shift or switch to a new
technology but also a paradigm change. Entire value chains will change, with new actors (e.g.,
utilities) entering the field. This could become a paradigm change, enhanced through
digitalization and going far beyond the transport sector (Donada and Fournier 2014). EVs
have lower entry barriers for newcomers in vehicle production (e.g., TESLA and BYD)
compared to ICE production, which will challenge incumbents.
Nevertheless, the speed and impact of this change are related to (i) the remaining technical
challenges faced by EVs (see Section 2.3.4 on barriers); (ii) ongoing improvements in ICE,
making competition harder and arising due to the competition EVs pose to the existing
industry; (iii) customer perception (see Section 2.3.6 on EV adopters); and (iv) evolving policy
frameworks (e.g., emissions standards, carbon markets, fossil fuel taxes).
Passenger vehicles are a competitive global consumer good (although subject to tariffs). The
automotive industry has operated globally with strong players for many decades, so it merits
investigation from an international perspective. It is an important economic sector that
requires a large labor market, which puts it high on the political agenda in producing
countries, while other countries might prioritize environmental aspects or have energy
security concerns (Wesseling 2016). EVs provide an opportunity for countries to develop
competitive domestic automotive industries, whereas previously they had difficulties in
matching the expertise needed for ICE vehicles (Altenburg et al. 2015). Thus, the automotive
industry cuts across different policy fields.
According to Altenburg et al. (2015), “policies are typically the outcome of complex political
negotiations […] they are inherently difficult to predict”; moreover, they argued that “what
motivates governments and industries to pursue the electromobility transformation varies
considerably from country to country”. In their qualitative case study of four countries with
early EV policies, the authors identified differences in initial conditions (e.g., technological
capabilities, demand conditions, and the characteristics of the energy system) as influential on
EV policy design and technological engagement.
Electromobility thus provides an interesting laboratory for studying how, why, and the extent
to which technological pathways differ among countries. So far, the majority of literature has
focused on describing individual country cases and the effectiveness of policies across
countries (see Section 2.4 for a discussion of similar work), but less attention has been paid to
the underlying political and economic dimensions that lead to policy engagement.
Building on Section 2.1.1. on sustainability transitions, this study aims to improve the
understanding of preconditions for a sustainability transition to take place in a country.
Transitions may play out differently across sectors. The transport sector, as discussed in this
section, is closely intertwined with considerations of economic competitiveness but
environmental aspects are gaining traction. We learned that sustainability transitions happen
through determined actions by public authorities or other actors (Unruh 2000) that help
overcome path-dependencies, inertia and lock-ins, novel technologies such as EVs are facing.
Yet, what characteristics support such (policy) action is not well known. The present study
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investigates the explanatory variables of these processes during early adoption of EVs. Early
adoption is an important phase in the overall diffusion of innovation which will be discussed
next.

2.2. Diffusion of innovations
Schumpeter and Redvers (1934) outlined three phases in technological development:
invention, innovation, and diffusion.
Invention is the discovery of a new principle or the feasibility of a proposed solution.
Invention can also be a new linking of existing needs, purposes, and effects. It rarely describes
a possible practical application. Inventions in one field can have large effects on inventions
and innovations in other areas, leading to new technologies, processes, and new industries
(Arthur 2009).
The term “innovation” refers to the practical application of an innovation in a system,
resulting in a new process, method, product, institution, or practice. This also includes
technology and policies. Technological progress is cumulative as innovations happen through
combinations of existing technologies (Arthur 2009), rely on the previously available
technology base, and unfold through incremental change (Dosi 1982) and novel combinations.
Thus, progress builds on local initial conditions. Any new innovation answering to a human
need comes with accompanying requirements for infrastructure, skills, and processes.
Technologies and institutions co-evolve in a continuous problem-solution circle that is flexible
and ever changing. Innovations, once they have successfully diffused, can lead to domino-like
collapses of the old technologies and industries (Schumpeter 1942; Arthur 2009).
The third phase is diffusion, which concerns the replication and adoption of the innovation
throughout society. Diffusion is a social and economic process that includes interactions of
concurrent technological, institutional, behavioral, and social change. It is linked to learning
and resulting comparative advantages (e.g., costs, variety, complexity, interdependency,
interrelatedness, scale, technical performance, and “network externalities”) (Grubler 1998),
and it leads to economic competitiveness (MacGarvie 2005).
The literature on the diffusion of innovations is vast and extends over many disciplinary
boundaries. According to Rogers (2010), four main elements influence the diffusion of an
innovation: the innovation itself, communication channels, time, and the system. Once the
innovation is widely adopted and has reached a critical mass, it can self-sustain. The diffusion
of innovations is characterized by temporal as well as spatial characteristics (Rogers 2010) that
influence the intensity of adoption rates.

2.2.1. Temporal diffusion
Temporal diffusion is often depicted by the well-known S-curve (Walker 1969) (Figure 8). The
S-curve implies that no innovation (technology or policy) is adopted by all potential users at
the same time. Initially, a few users adopt it. Adoption rates then rapidly increase, until they
fall because there are fewer and fewer remaining potential adopters.
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Such non-linear growth curves have been described in many different domains (e.g., biology,
economics, technology studies, mathematics) and hence come with many names, often related
to the respective researchers (e.g., S-curve, logistic curve, growth curve, sigmoid(al) curve,
saturation curve, Verhulst-Pearl equation, Pearl curve, Gompertz curve). Originally, S-curves
were used to study and predict, among other things, population dynamics and economic
development. In 1971, Fisher and Pry formulate the model for binary technological
substitution. Later applications focused on technological forecasting (Kucharavy and De Guio
2011). Research carried out in recent decades at IIASA, has applied logistic S-curves to
economic cycles and the diffusion of innovation in the broader sense (Marchetti 1988; Ayers
1989; Marchetti 1996), with detailed examples in the study of energy (Marchetti and
Nakicenovic 1979), transport systems, and infrastructure, including canals, railroads,
highways, and airlines (Grubler 1990).
The S-curve can be described through a logistic growth function (Verhulst 1838):
( )=

(

(1)

)

where x0 denotes the x value of the midpoint, L is the maximum value of the curve and k is the
steepness of the curve (the logistic growth rate).
Different theoretical approaches have sought to explain the S-shape. They are not mutually
exclusive. Geroski (2000) analyzed three theoretical models: the epidemic model, the probit
model, and the legitimation and competition model. The epidemic model is the most common
model and is built on information about the technology, its use and implications. The leading
alternative is the probit model, which views diversity in adopters and potential adopters, such
as taste, objectives, or expectations, as potential explanations. The legitimation and
competition model has been proposed by population ecologists and assumes that after a novel
technology gets adopted, competition for related resources leads to decreasing returns for
early adopters, which then leads to lower expected returns by non-adopters and to a
decreasing rate of diffusion over time. Other possible models rely on information cascades
related to the initial choice in technology variations, which drive herd-like adoption behavior
(Geroski 2000).
Several phases (Figure 8) characterize the adoption of innovations and follow an S-curve
pattern (Rogers 2010). Many technology policies are targeted at the formative phase to support
technologies entering the market. The emerging supportive social and institutional
framework accompanies this first phase of pervasive diffusion. If a surrounding system is in
place (e.g., there is relevant infrastructure, innovation, and diffusion policy), the first phase
goes by more quickly and the second phase of exponential growth is entered.
The speed of diffusion is affected by different market and technology characteristics. Rogers
(2010) identified relative advantage as the most important determinant of diffusion speed:
technologies that can show cost savings or higher performance will win over existing
technologies, resulting in a faster diffusion. If a new technology is compatible with the existing
technologies and their related infrastructures and institutions, this will also translate into
faster adoption rates. However, if technology is highly complex and interrelates with other
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technologies, it will diffuse more slowly. Increases in diffusion speed of mass-market
consumer goods have historically been noted (Foresight University 2019).
EVs can be regarded as an incremental improvement to ICE vehicles (e.g., no need for new
roads, established traffic regulations), which could lead to a shorter substitution. But they are
also very different. They require new infrastructures (e.g., charging infrastructure, production
capacities, and recycling of batteries) and supportive policies to help them overcome initial
barriers (see Section 2.3) that hamper diffusion speed.

Figure 8. S-Shaped diffusion pattern. Source: Hellsmark and Söderholm (2017) and Swedish Energy Agency
(2014).

Each of the various phases of diffusion are characterized by different economic and
technological aspects. An S-curve on the macro-level is connected to change on the micro-level
(e.g., changing costs, learning rates, design changes) (Grubler 1991).
Policy diffusion literature originated in the US where it has focused on diffusion across states
(Walker 1969; Berry and Berry 2007). Policies also follow an S-shaped diffusion curve
(Fankhauser et al. 2014; Jordan and Huitema 2014; Massey et al. 2014). For example, Tews et
al. (2003) and Busch and Jörgens (2002) showed cumulative adoption for several policies
related to the environment (e.g., waste, soil, air, and water protection laws) for OECD
countries from the 1950s to the early 2000s (Figure 9). Speed and saturation differ. Arbolino et
al. (2018) pointed out that literature on determinants affecting environmental policy diffusion
is scarce. Vehicle emission standards are an example from the transport sector of international
policy diffusion concerned with the environment. California pioneered setting standards in
1959, after which Japan and the EU led the way in the 1970s, with other countries then
following (Saikawa 2010; Gerigk et al. 2015).

2.2.2. Takeoff
Conceptually, takeoff is the point of transition from the introductory or formative phase to the
growth phase in the diffusion of a technology; it denotes the first large increases in adoption
and describes a tipping point. In diffusion theory, takeoff is often described as a signal of mass
adoption of a product and its ultimate commercial success; at this point, policy support is no
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longer crucial. The time to takeoff or the duration of the formative phase depends on market
and technology characteristics, as well as on the overall diffusion speed.
At takeoff, the pace of adoption accelerates and a critical mass of users adopts the innovation,
making it self-sustaining and creating an interactive system in which adopters exchange
information. The time of takeoff varies across products and is inﬂuenced by competition, the
evolution of technology development, and costs, and these depend on a basic level of
agreement on norms, standards, the establishment of networks of actors, and institutions
related to the product (Golder and Tellis 1997). This is especially true for very new or radical
technologies (Arthur 2009). The TIS literature (see Section 2.1.1) conceptualizes this process
and the necessary conditions for the establishment of a support system for the new technology
and industry (Markard et al. 2012), but it says little about what impacts the time to takeoff.
Relevant to takeoff are technological learning and related decreases in production costs and
improvements in quality or attributes due to economies of scale, learning by doing or
searching, or a combination thereof (Rogers 2010; Grubler and Wilson 2014).

Figure 9. Policy diffusion: Cumulative spread of environmental laws in OECD countries and central and eastern
Europe. Source: Busch and Jörgens (2002).

When modeling takeoff, it is necessary to consider it as a time-dependent binary event.
Previous non-occurrence of the event influences the likelihood of the occurrence in the future.
In favorable market conditions, the probability of takeoff increases with the length of time
since the innovation appeared. The probability also increases if there has been prior takeoff in
other countries (Tellis et al. 2003). Penetration rates (or market shares) have been identified as
important correlates of takeoff (Golder and Tellis 1997; Rogers 2010). Market penetration may
correlate with takeoff because market infrastructure, distribution channels, or complementary
products are offered once ownership reaches a certain percentage (Golder and Tellis 1997).
Agarwal and Bayus (2002) called for an improved understanding of the timing and causes of
variations in takeoff (or adoption) between innovations.

2.2.3. Spatial diffusion
Diffusion across space reveals a pattern in which there is a “core”, from where the innovation
originated, and a “periphery” or “rim”, to where the diffusion spreads (Grubler 1991). This
pattern is rooted in relational, evolutionary, and institutional geography. Diffusion in the core
takes longer than in the periphery but reaches higher saturation levels (Hagerstrand 1968;
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Ausubel et al. 1998) (Figure 10). Knowledge spillover effects accelerate diffusion in subsequent
rim and periphery markets (Grubler 1990; Comin et al. 2012).
Spatial diffusion happens from a core to the periphery with a delay, and it influences the
duration of formative phases. Initial deployment in core markets help create knowledge of the
technology (e.g., performance, designs, applications) that enables followers to learn about it.
Innovations do not spread automatically. Followers or later adopters in the rim or periphery
need to have or develop the absorptive capacity (whether institutional, organizational, or skill
related) to apply the technology and use the gained knowledge that is spilling over (Cohen
and Levinthal, 1989; Cohen and Levinthal, 1990). The time to takeoff in follower countries can
be accelerated through (i) harnessing such knowledge spillovers, (ii) developing local
capacity, or (iii) appropriating elements from other TISs (Bento et al. 2018).
This body of literature mostly looks at diffusion across countries, be it the diffusion of
technologies or policies. Understanding the spatial patterns of diffusion is relevant from both
academic and policy perspectives (Fadly and Fontes 2019). Geographical proximity, spatial
interdependence, and trade links matter in the diffusion process of renewable energy
technologies (see Section 3.1.3).

Figure 10. Spatial passenger car diffusion at the global level: Catch-up, but at lower adoption levels. Estimated
saturation density and diffusion rates expressed as a function of the introduction date of the automobile. Source:
Grubler (1990).

Like studies on the geography of sustainability transitions (e.g., Hansen and Coenen 2015),
spatial diffusion studies consider the place of adoption, why adoptions occur in one place
rather than another, and why adoption happens earlier in one place than in another. Variation
in the time to takeoff across countries and product categories has been studied (e.g., Golder
and Tellis 1997; Tellis et al. 2003; Chandrasekaran and Tellis 2008; Bento et al. 2018; Bento and
Fontes 2019). Comin and Hobijn (2010) found that it took countries on average 45 years to
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adopt technologies after their invention, with considerable variation across countries and
technologies (e.g., mobile phones diffused much faster, Figure 2).
Innovations, be it policies, business models, institutions or technologies, impact the transport
sector every day. Private passenger transport changes through new business models such as
digitalization (e.g., Uber), developments in autonomous and assisted driving, and new vehicle
technologies, to name but a few. Modern EVs have entered the market fairly recently (see next
Section 2.3). Their diffusion, including the patterns in terms of time and space, are thus only
beginning to be studied in more depth. Similarly, the supporting policy environment is only
evolving in some countries, while other markets have already comparatively well-established
support frameworks in place. The stark divergence in how fast EVs are taking off across
markets and how patterns of this takeoff or early adoption can be explained motivates this
research.

2.3. Electric vehicles
Recently, EVs have started to challenge the dominance of the ICE. Thus far, EVs seem to be
the most market-ready technology to substitute ICEVs and to tackle the challenge of air
pollution, energy security, and decarbonization in the transport sector.8 The main differences
are the replacement of the ICE with an electric motor and the replacement of diesel or gasoline
with batteries.

2.3.1. Electric vehicle technologies
The first vehicles with electric motors can be traced back to the mid-nineteenth century. Figure
11 provides an overview of EV history, based on Ajanovic and Haas (2019) and Ajanovic
(2015). Around 1900, they were well established in some markets (e.g., achieving close to a
40% share of the car stock in the US) but their limited range due to battery capacity constraints,
higher costs, and lower achievable speeds compared to ICEVs resulted in too many
disadvantages for them to compete with the dominant twentieth-century ICEVs, especially
when road infrastructure improved and fossil fuel extraction led to affordable fuel prices (US
Department of Energy 2014). EVs remained in usage though for small off-road applications
such as Golf carts or mini-cars.
With the oil crises in the second half of the twentieth century, there was renewed interest in
EVs and other alternative fuel technologies, but it was not until clean air regulations in the
1990s and more stringent environmental legislation in the early 2000s that a new era for EVs
began. Market penetration of EVs did not take off for some time because of battery costs and
technology and competition from other alternative fuels such as biofuels, hydrogen and fuel
Note: The substitution of ICEVs by EVs might seem like a radical change; however, it still assumes
individual transport based on (privately owned) cars. That everyone or every household has his/her/its
own car is not a given or an end in itself. Moreover, the switch to EVs does not solve all transportrelated challenges (e.g., congestion or use of public space for parking). Further transformational
changes in the transport sector are possible, including improved public transport and spatial planning,
and novel business models for car-sharing spurred by autonomous vehicles. EVs might only be an
intermediate solution to the problem of transforming the transport sector, but they represent a
technology to seriously challenge ICEVs.
8
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cells (Ajanovic and Haas 2019). The new era was really kicked off with the hybrid-electric
Toyota Prius in 1997 (available worldwide in 2000), which was then followed by the TESLA
Roadster in 2008, the first highway legal serial production all-electric car to use lithium-ion
battery cells (US Department of Energy 2014).

Figure 11. Major steps in the development of EVs. Source: Adapted and updated from Figure 3 in Ajanovic and
Haas (2019) and Figure 1 in Ajanovic (2015).

In 2010, Nissan introduced the first modern electric family car targeted at the mass market,
the Nissan Leaf. With increasing interest in alternative fuels and drives to tackle the
sustainability challenges in the transport sector at the beginning of the twenty-first century
(see Section 2.1.2), EVs were rediscovered by the private sector and policymakers.
Ten years -since, electric mobility has become a technology with disruptive potential. As well
as changing the powertrain of vehicles, it can also influence the conditions of its supply and
use, such as the underlying production, mobility, business, and financing models. There are
different types of electric passenger vehicles, classified by the degree to which they rely on
electricity (EVgo 2020). In this study, battery electric vehicles (BEVs), plug-in hybrid electric
vehicles (PHEVs) and Range Extender Electric Vehicle (REXs) are treated as EVs. Hybrid
electric vehicles (HEVs) 9 are fully dependent on fossil fuels and are thus treated as an
improved energy efficient type of ICEV. They cannot contribute to the substitution of fossil
energy sources (Ajanovic 2015). They are not treated as EVs in this study (following, for
example, IEA 2020). The same applies to Fuel Cell Vehicles (FCVs) which use hydrogen to

9

Hybrid Electric Vehicles (HEVs) are also powered by gasoline and electricity, but they cannot be charged
externally. The battery can only be recharged through internal “regenerative braking”, where some of
the energy from the braking process is converted to recharging the battery. HEVs initially use their
electric motor. With increasing loads and speed, an internal computer decides on when to switch to the
gasoline engine to achieve the best fuel economy. ICE is the typical primary system. The share of
electricity in fuel use is comparatively low. The hybrid technology is considered as a fuel-efficiency
measure. Examples of HEV models are the Toyota Prius Hybrid, Honda Civic Hybrid, and Toyota
Camry Hybrid (EVgo 2020).
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power the fuel cell that provides them with electricity.10 Figure 12 provides an overview of the
set-up of different EV drives and their degree of electrification.
Battery Electric Vehicles (BEVs), are fully EVs with rechargeable high-capacity battery packs on
board. They do not have a gasoline engine or tank with a possibility to generate electricity on
board. The battery is charged from an external source and powers the electric motor and
onboard electronics. During their operation, BEVs do not emit any harmful emissions and
hazards caused by traditional gasoline-powered vehicles, yet their production process and the
electricity generation can have adverse environmental impacts (see Section 2.3.3). BEVs can
be charged at different speeds. Examples of BEV models that can charge on fast chargers
(which only BEVs can do) are the Tesla Model 3, BMW i3, Nissan Leaf, and Mitsubishi i-MiEV.

Figure 12. Electrification ratio (left) and architectures (right) of various types of vehicles. Source: Combined and
adapted from Figure 8 in Ajanovic and Haas (2019) and Figure 6 in Ajanovic (2015).

Plug-in Hybrid Electric Vehicles (PHEVs) can recharge the battery through external electricity,
internal regenerative braking and the ICE onboard. They are not fully electric but can be used
in a way that non-electricity has a marginal share as they have a larger battery than HEVs.
PHEVs can have a range of 15–60 km on electric before their gasoline engines provide
assistance. Examples of PHEVs are the BMW i8, and Plug-in Toyota Prius.
Range Extender Electric Vehicle (REXs) are mainly driven mainly electric. They use an ICE to
extend the range and sustain the battery. Examples of REXs are the Chevrolet Volt, also
badged as Opel Ampera, Fisker Karma or BMW i3 with range extender ICE. Only a few
models are available (Ajanovic 2015) and their sale numbers trail PHEVs and BEVs.

10

Fuel Cell Vehicles (FCVs) rely solely on electric propulsion. A fuel cell powered by hydrogen

produces the necessary electricity. The needed hydrogen can be produced from different primary
energy sources, incl. fossil fuels but also from renewable electricity via electrolysis. FCVs have not
reached wide market penetration. Examples of FCVs models are the Honda FCX Clarity and the
Hyundai ix35 FCEV (Ajanovic 2015).
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EVs are undergoing rapid technological improvements, with new generations becoming
increasingly competitive with ICEVs, as can be seen in their global market development (see
Section 2.3.2). The main remaining challenges, which are being reduced over time, relate to
cost, range, charging time, and infrastructure availability and accessibility (see Section 2.3.4).
To overcome these barriers, different policy incentives have been proposed and implemented
(see Section 2.3.5).

2.3.2. Global market development
Since re-entering the mass market in 2010, EVs have moved beyond a niche market and have
gained traction (Figure 13). In 2010, only about 17,000 EVs were on the roads worldwide (IEA
2020b). The share of EVs in global new sales reached 1% for the first time in 2016 (2017 for
BEVs only) and grew to 2.6% in 2019. At least 20 countries reached market shares above 1%.
Sales reached 2.1 million EVs in 2019, a 6% increase compared to 2018, and there have been
yearly growth rates of 30% and more since 2016. The lower growth rates have to be viewed in
the context of contractions in some key car markets; at the same time, EV market shares in
some countries reached new heights (e.g., close to 5% in China, and 3.5% in Europe). Further,
financial purchase subsidies were reduced in several key markets, including China and the
US, which represent the majority of global EV sales. Europe experienced a 50% sales increase
in 2019 (IEA 2020b). The sales figures for until mid-2020 show that EVs could increase their
global share to 3.7% (EV Volumes 2020).

Figure 13. EV market share in new passenger vehicle sales globally 2010–2020 (August). EV = plug-in
hybrids (PHEV) and battery electric vehicles (BEV). Source: Data from EV Volumes (2020).

EVs made up a 1% share of the car stock in 2019, amounting to 7.2 million units (IEA 2020b).
Only three countries had EV stocks above a 1% share in 2017 (the final year considered in this
study): Norway (more than 6%), Netherlands (1.6%), and Sweden (1%), with China getting
close to 1%. The market is growing but there are large differences across countries (see
Chapters 5 and 6). In absolute terms, China has been the largest EV market since 2016 when
it surpassed the US. China and California, the strongest EV state in the US, accounted for close
to 50% of all EVs in 2016 (IEA 2016c).
EVs’ overall market share still seems to be small, but the powerful effects of exponential
growth should be considered. Annual growth since 2012 has been 1.5% (Rietmann and Lieven
2019, based on EV Volumes 2019b). This growth has resulted from substantial cost reductions
of lithium-ion batteries that are at the core of current-generation EVs (Mirchi et al. 2012) and
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from government support policies (see Section 2.3.5) (Meckling and Nahm 2019). Safari (2018),
in a quantification of technological learning for a sample of EVs, revealed declining prices.
The battery density of 2018/2019 models is 20–100% higher than that of their 2012
counterparts, and the cost of batteries has decreased by more than 85% since 2010 (IEA 2020b).
As the battery is driving the costs of EVs and as it is crucial for their performance and
convenience, research and development on battery technology is important and has great
leverage potential (Ajanovic and Haas 2018). Ajanovic and Haas (2020) see the pace and
degree of technological learning of BEVs and their batteries as the most important aspect in
driving their market potential (or not).
Taking the characteristic historical diffusion speed of automobiles of Δt11=12–14 years
(Nakicenovic 1986) above implies that in 90% of the current global automobile market a 50%
market share of EVs in sales could be reached before 2035 and that the share could be more
than 90% by 2050. Combined with the characteristic turnover rate of the vehicle fleet, this
diffusion scenario for EV sales would mean that by 2050 the majority of the global vehicle fleet
would be electric. Tran et al. (2012) emphasized the importance of evaluating EV diffusion in
an integrated manner, highlighting the interplay of technology and behavior across different
scales.
It is estimated that the global production of EVs (including hybrids) will account for 20% of
all production in 2021 (Ashby 2016). Other technologies, such as fuel cell cars, could also
disrupt, but this is beyond the scope of this thesis. China is the largest producer of EVs
globally, and it is projected to produce more EVs than the US, Germany, and Japan combined
(overall, it will produce around 50% of EVs) (Wagner 2020). Most manufacturers have now
picked up on the EV trend, with many of them adopting corporate EV targets (Meckling and
Nahm 2019). They are responding to the evolving policy environments: Several countries (e.g.,
France) have announced (the ambition) -of banning the sales of new ICEVs (Chrisafis and
Vaughan 2017; Plötz et al. 2019).
A general trend for electrification across the entire transport system can be observed.
Micromobility options, such as electric scooters, bikes, and mopeds, in urban settings are
gaining traction. These developments have been spurred on by bans for ICE two-wheelers.
Electrification is also advancing beyond individual transportation. Driven by air quality
concerns, urban bus fleets have been electrified in cities across China, with other countries
following suit. Opportunities for electrification can be seized over the coming decade even in
transport modes where emissions are hard to abate, such as heavy-duty trucks (sales of 6,000
in 2019), aviation (ground operations such as taxiing, electric planes), and shipping (ports)

(IEA 2020b).
It is likely that the Covid-19 pandemic in 2020 (and ongoing) will affect the EV market, though
probably to a lesser extent than it will impact the overall passenger car market. The IEA
estimates that the passenger car market will decrease by 15% in 2020, while EV sales will
remain at 2019 levels at around 3% (although these estimates do not factor in the possibility

11

Time to grow from 1% to 50% market share.
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of a second wave of the pandemic and slower economic recovery). Several recovery measures
relating to Covid-19 cover vehicle efficiency and electrification. Given the role of the car
industry in many economies, medium- and longer-term recovery measures will have an
impact on the electrification of the road transport sector and related sustainability goals. The
experience of automotive industry stimulus measures has, however, been mixed (IEA 2020b).

2.3.3. Environmental and other sustainability aspects of EVs
Local air and noise pollution can be reduced with EVs. They can contribute to reducing GHG
emissions and to energy transformation targets, and they are more efficient in converting
energy than ICEVs (Ajanovic and Haas 2012). These characteristics have influenced countries’
policy support in the development and deployment of EVs (see Section 2.3.5) (IEA 2020b).
The positive environmental impact of EVs due to reduced GHG emissions from driving and
fossil fuel use largely depends on the electricity mix and production efficiency (Holtsmark
and Skonhoft 2014) and the competing dominating fuel (an interesting case is Brazil where
low-carbon electricity competes ethanol, a non-fossil fuel; see Choma and Ugaya 2017), and it
can be strongly impacted by battery production (see below). In a review on GHG mitigation
options for consumers, Ivanova et al. (2020) quantified the reduction from a shift to BEVs from
ICEVs as being between 5.4 and -1.9 tCO2eq/cap (with an average and median of 2.0
tCO2eq/cap).
The electricity mix alone amounts to 70% of the GHG emissions variability in life-cycle
assessments (LCA) of EVs (Marmiroli et al. 2018). Break-even mileages in terms of GHG
emissions for small EVs versus their ICE model counterparts under various conditions ranged
from 17,000 to 310,000 km (Helmers et al. 2020). It has also been found that under optimized
conditions (all renewable electricity in production and use), EVs (with the exception of electric
buses) were the most competitive mode of motorized transport in terms of CO2-eq emissions
per passenger kilometer, surpassing diesel buses and trains (Helmers et al. 2020). With the
current average GHG intensity of the global electricity mix, BEVs, HEVs, and FCEVs show
comparable LCA GHG emissions, all lower than those for the average ICEV (IEA 2020b). Only
when the electricity is based on coal power exclusively, EVs do not achieve GHG emission
reductions in comparison to ICEVs. To harness their full transformative potential, EVs should
use electricity from a renewable energy source (Ajanovic and Haas 2015; 2016; 2018).
With regards to climate impacts for future EV penetration, the marginal grid emission factor
needs to be considered; this can be substantially different to the average mix. Smart charging
and load management have a significant impact on LCA GHG in electricity grids with varying
shares of renewables and fossil fuel sources (e.g., in Germany the difference can amount to
around 100%). This also influences the timing and existence of a break-even point with LCA
GHG emissions of ICEVs (Baumann et al. 2019). The increasing decarbonization of the
electricity mix benefits both the production and use of EVs, thus contributing to a reduction
of GHG emissions (IEA 2020b).
The average carbon intensity of electricity, and climate impacts in general, have been the focus
of many studies (McManus and Taylor 2015). Helmers et al. (2020) have noted that other

31

environmental impact categories are often missing in LCAs (exceptions include Bauer et al.
[2015] and Hawkins et al. [2013]). They also called for these impact categories to be covered in
future assessments to avoid unintended consequences of EV dissemination. In a comparison
of different vehicle types across several environmental impact categories, Koroma (2018)
found that BEVs perform best for climate impacts, ozone depletion, and fossil resource
scarcity, but worst for human toxicity and ecosystem damage, with their negative impacts
mainly being related to their batteries (Bicer and Dincer 2018). ICEVs, in comparison, had the
lowest levels for human toxicity, acidification, and eutrophication (Koroma, 2018).
For EVs, recycling of batteries and the development of accompanying regulations and markets
are crucial for the industry to reduce its harmful impacts (National Research Council 2013). In
a current BEV (with an 80 kWh battery manufactured in China), the battery can be responsible
for up to a third of life-cycle emissions. However, producing batteries with renewable
electricity decreases the climate impacts of battery production by 69% (Helmers et al. 2020).
There are several ways to reduce the emissions of battery throughout their life-cycle: (i)
increase the energy density of batteries; (ii) achieve economies of scale in battery
manufacturing; (iii) increase the energy efficiency and use of low-carbon energy sources in
battery production, mining, and refining processes for raw materials (e.g., aluminum) and in
synthesizing active materials (i.e., nickel, cobalt, and graphite); and (iv) ensure sustainable
end-of-life battery practices. Human rights, health issues and import dependence relating to
the mining of lithium for batteries should also be mentioned. Innovation with regards to new
components, materials, and substitutes in upstream processes will be fruitful. With increasing
numbers of EVs in the market, estimates for retired batteries by 2030 range from 100 to 120
GWh in capacity, roughly today’s annual production. Without appropriate measures,
batteries will pose a serious environmental liability. As current battery collection and
recycling systems have not been designed for EVs, action by policymakers and the private
sector is required (IEA 2020b).
EVs can also be used to balance the demand and supply of electricity. It will be key to manage
EV charging patterns (at low electricity demand or when variable renewables are in the grid)
as the number of EVs on the road increases. There is great hope in the storage capacities of
EVs to support electricity systems with large shares of variable renewable energy technologies
(Chu and Majumdar 2012; De Gennaro et al. 2015). The IEA estimates that EVs could add 600
GW (5% of total EV battery capacity) of flexible storage capacity by 2030, accounting for the
availability of vehicles, consumer acceptance, revenue generation options, and technical
issues such as battery degradation, discharge rates and impacts on battery lifetime (IEA 2020b)
and ownership costs and the environment (Ajanovic 2019). They can thus play a role within
the transformation of the energy system.

2.3.4. Barriers to EV diffusion
Modern commercial EVs are still quite a recent technology. The first mass-market models
entered selected car markets in 2010. EVs provide the same mobility services as ICE individual
vehicle transport. As such, they are a less radical solution than drones or car-sharing services.
However, they require a different infrastructure (e.g., charging versus gas stations) and, at
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least for the time being, changes in behavior (e.g., charging habits, trip planning).
Consequently, they can be regarded as radical (as well as risky and unfamiliar) and they have
the potential to alter the vehicle landscape and structures. They are competing with and
potentially displacing ICEVs. Existing structures (including technical infrastructure, industry
networks, and policies) are tailored to ICEVs. This institutional bias towards the
characteristics of ICEVs, together with the classical market failure of negative externalities of
ICEVs, contributes to a very uneven playing field for EVs. The benefits of EV adoption accrue
mostly to the environment and society. The drawbacks with regards to performance (so far)
accrue to the vehicle user. Although there is a business case for EVs, existing structures
strengthen the business case for ICEVs, and a technological shift requires shifts in structures
and behaviors (Van der Steen et al. 2014; Zambrano-Gutiérrez et al. 2018).
Research has identified several barriers that explain the initial slow global uptake of EVs. In
those countries where uptake has been faster, policies were implemented to overcome these
barriers (see Section 2.3.4). Rezvani et al. (2015) provided an overview of empirical studies on
drivers of and barriers to EV adoption. The main barriers are related to higher investment
costs (Carley et al. 2013; Ajanovic 2015; Lyndhurst 2015; Contestabile et al. 2017; Berkeley et
al. 2018; Zambrano-Gutiérrez et al. 2018; Abotalebi et al. 2019), concerns about range (Carley
et al. 2013; Ajanovic 2015; Lyndhurst 2015; Contestabile et al. 2017; Berkeley et al. 2018), and
issues relating to charging (Carley et al. 2013; Lieven 2015; Berkeley et al. 2018; Abotalebi et
al. 2019).
The notion that costs are initially the biggest obstacle is confirmed by an expert survey in
which 96% of respondents named EV prices as the biggest barrier (Tietge and Lutsey 2016).
However, bounded rationality should not be overlooked when discussing EVs. Consumers
often lack information about operating costs (Barth et al. 2016). Improvements in the fuel
efficiency of ICEVs hamper the relative attractiveness of EVs’ operating costs (Barton and
Schütte 2017). Many policies aim to reduce EV purchase costs, thus making EVs competitive
in many countries (see Section 2.4.1 on the diffusion of EVs across countries).
Current technical barriers in terms of range and charging relate to reduced convenience and
changes in behavior when using EVs. However, the gap in the range has been shrinking and
most daily trips fall within current ranges.
Fast-charging infrastructure has been expanding and changes in behavior are possible (IEA
2019c). Adoption of EVs is higher in countries with a higher density of charging stations (Javid
and Nejat 2017; Berkeley et al. 2018), areas where overnight-charging is possible, and for
multiple-vehicle homes (see Section 2.3.6 on EV adopters). Initially, a lack of choice of EV
models also posed a significant barrier (Berkeley et al. 2018). Concerns about standardization
in charging infrastructure, safety, maintenance, battery durability, and retention of value
might seem minor on their own, but they contribute to the overall perception that EVs bring
challenges. Lack of familiarity and information, technological conservatism, unproven (or
perceived as unproven) technological performance (see, e.g., Edison and Geissler 2003; Lane
and Potter 2007; Sovacool and Hirsh 2009; Oliver and Rosen 2010; Egbue and Long 2012), and
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social validation are common influences on purchasing decisions for new technologies (Barth
et al. 2016).
Rezvani et al. (2015) noted that many studies on EV barriers consist of surveys of consumers
without EV experience.. All of these barriers have been decreasing over time. It is important
to recall that most of the barriers exist because externalities are not accounted for and that
consumers do not necessarily act rationally (Barton and Schütte 2017). Political commitment
(e.g., incentives, information campaigns, regulatory policies) can speed up EV uptake by
alleviating the barriers, speeding up technological learning and shifting consumer preference
towards EVs, as has been shown in the cases of other transformative technologies (Jacobsson
and Bergek 2011; van den Bergh et al. 2011). Ajanovic (2015) sees a bright future for EVs once
the costs of batteries have been reduced by means of technological learning and if increased
storage capacity supports greater driving ranges. In addition, renewable electricity is noted as
a prerequisite.
Different jurisdictions have used policies to address these barriers and to push EV uptake, as
will be discussed in the next section.

2.3.5. EV support policies
One approach to overcome the barriers to EV adoption (see the previous section) and increase
EV uptake is to implement policies that aim to overcome different market failures.
Policymaking is a political process. It is affected by economic and political circumstances that
influence an orientation towards supply-side measures (e.g., R&D support for manufacturers
of new technology) and demand-side measures focusing on the diffusion of a new technology
(e.g. sales subsidies). In the case of EVs, supply-side policies are motivated by industry and
innovation objectives, while demand-side policies follow environmental objectives (Borras
and Edquist 2013; Wesseling 2016) (Table 1).
On the demand side, the uptake of EVs at this stage of market and technology development
is aligned with regulatory embedding and policy support, above all incentives that make EVs
cost-competitive (Kim et al. 2018; Zarazua de Rubens 2019). Uptake is also supported by
(forthcoming) bans on ICEVs in individual cities (Kanger et al. 2019). However, most
measures in place are so-called pull measures that promote EVs rather than disincentives that
discourage ICEVs (Bjerkan et al. 2016). Policy measures have proven crucial in making EVs
attractive to customers and in enabling manufacturers to provide the market with novel
models.
Demand-side incentives include financial incentives, such as purchase premiums or tax
credits to overcome cost barriers relating to EV purchase and maintenance, support for
charging infrastructure (financial and regulatory), pilot demonstrations and information
campaigns, and preferential treatment (e.g., access to high-occupancy vehicle [HOV] or bus
lanes, free charging, parking fee or toll exemptions) for customers (IEA 2018d; Santos and
Davies 2019). Regulatory policies (e.g., relating to charging and standardization) are crucial
in market development. Bjerkan et al. (2016) provided an overview of the wide range of
different policy options.
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Table 1. Overview of EV support polices. Source: Adapted from Bjerkan et al. (2016), based on Leurent and
Windisch (2011), Kley et al. (2012), Jin et al. (2014) and Wesseling (2016).

(command and
control)
(cost barrier)

Economic

Regulatory

Policy Type

Supply Side

Demand Side

Focused on the inputs, the outputs, or certain
required production processes. Their
effectiveness stems from their legally binding
character, which mainly obliges manufacturers
to provide products that conform to certain
standards.

Focused on making ICEVs less attractive for customers.
Examples: restricted entrance/driving for ICEVs

Examples: emission targets for new vehicles, fuel
consumption standards, sales targets
Incentives for EV technology providers.

Incentives to potential buyers:

Examples: R&D investment programs across the
EV value chain, infrastructure provision, tax
incentives or preferential pricing, emission test
exemptions

Direct incentives: direct monetary value to consumers
Examples: purchase subsidies, license tax/fee reductions,
financing, free electricity, free parking, toll exemption,
insurance discounts
Indirect incentives: not related to direct monetary value,
but rather to providing convenience
Examples: access to HOV or carpool lane, public charging
infrastructure
Disincentives: targeted at ICEVs

Collaborative state exerting a managing role in
the innovation system, guiding processes
conducive to electrification, actor coalition,
and market building.

Organizational: reduced legal hurdles, development of
supervisory bodies for market structures, coordination
between municipalities, utilities, etc.
Examples: charging infrastructure, high-occupancy lanes, free
parking spots, standardization, building codes

Communication: informing and educating consumers to
develop their interest in and acceptance of EVs

Information
(suasive)

Organizational

Examples: Tax rates that reflect tailpipe CO2 emissions

Examples: fairs, media campaigns, test driving

Mixed

Other incentives: other approaches to expand the
market of EVs.
Examples: public procurement programs, incentives provided
by utilities for EV fleets

All the leading markets have various combinations of support measures in place (Tietge and
Lutsey 2016; Tal and Brown 2017; IEA 2018d; EAFO 2019; EV Volumes 2019b) (see Chapter 5
on country case studies). The existing literature covers incentive systems in diverse EV
markets, particularly financial incentives and charging infrastructure development in leading
markets such as Norway and the Netherlands (Bjerkan et al. 2016).
Studies have also shown that EV purchase incentives are effective in supporting EV adoption
(Davies et al. 2016; Santos and Davies 2019; Künle and Minke 2020) (see Section 2.4.1) and that
they are decisive for adopters when making a purchasing decision (Bjerkan et al. 2016).
Research findings about the positive impact of incentives have been summarized by Haveman
et al. (2019). Olson (2018) showed that early adoption of EVs would not have occurred in the
lead markets of Norway and California in the absence of financial subsidies; they argued that,
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in order to achieve a broader global uptake, the technical and cost barriers will have to be
overcome or policies will be necessary. Most studies have investigated the effectiveness of
financial incentives (see Section 2.4.1), but other incentives, such as access to HOV lanes, have
proven effective in tipping the scales (Sheldon and DeShazo 2017).
Well-designed policies can support EV take-up (Ajanovic and Haas 2015). However, not all
policies are effective. Some markets with substantial incentives and charging infrastructure
still have comparatively low EV shares. At the same time, some markets with high EV shares
have comparatively smaller incentives. How EV policy is designed and implemented matters,
because policy goes beyond mere financial incentives to include, for example, information
campaigns (Tietge and Lutsey 2016; Kanger et al. 2019). Hardman et al. (2016) and Lévay et
al. (2017) found no clear link between the level of subsidies and the number of EVs sold in
several European countries, highlighting potential free-riding and ineffective use of funds.
Yet, evidence exists from countries where EV market shares increased significantly after new
incentives were introduced: in Germany a EUR 4,000 purchase incentive was introduced in
2017 and the EV market share doubled compared to the previous year due to that (Rietmann
and Lieven 2019). To leverage their GHG mitigation potential though, EV policies should
depend on the carbon intensity of the relevant electricity mix, for example, through CO2-based
fuel and registration taxes (Ajanovic and Haas 2015).
Financial incentives have become less important over time (Rietmann and Lieven 2019).
Governments might phase out large subsidies in the coming years. Sudden policy changes
should, however, be avoided (see the case study on the Netherlands in Section 5.2). Nilsson
and Nykvist (2016) argued that strong public support is still needed in the near future. In
China, for example, simulations estimate that sales could drop by 40% if the subsidy scheme
is abolished (Kong et al. 2020). Santos and Davies (2019) highlighted that, given the availability
of funds, most support policies could be implemented easily in the majority of countries.
Initially and in most cases, public policies provide incentives within a given institutional
setting. More transformational policies are targeting the institutional setting itself (Van der
Steen et al. 2014).
The extent, types, and timing of supportive transport policies vary across and even within
countries. Transport polices can be a very local, place- or area-specific policy field where
municipalities, provinces, or states actively engage. This is especially an issue for federalist
countries and large cities that are fighting traffic and air pollution. Such diversity can lead to
significant variations in policy support schemes and hence to varying EV diffusion patterns
(Kanger et al. 2019). In a study on EV adoption in Austria, Priessner et al. (2018) found that
early adopters live in regions with EV policy incentives. Variation in policies across different
scales – such as city, state and national policies – influences EV diffusion (Stokes and Breetz
2018). While industrialized countries are leading regarding EV policies, emerging economies
have an option to scale up their policy efforts for secondhand EV imports (IEA 2020b).
Across countries, there is broad variation with regards to the policy approach taken, as well
as to the extent and timing of policies. As policies and measures and their successes vary
greatly between countries there is great potential for exchanging lessons learned (Ajanovic
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2015). The variation matters because such differences in the timing and types of policies seem
to impact the development and diffusion of EVs, as indicated by the different penetration rates
across markets (see the discussion in Section 2.4 of previous work on EV diffusion).

2.3.6. Adopters of EVs
Many studies have empirically assessed the characteristics of EV adopters. Most of these
studies have investigated adopters in high-income lead markets such as Norway, Sweden, the
US (particularly California), Germany, the UK, and China. Rezvani et al. (2015) noted that
many early studies on EV adopters naturally focus on early adopters and thus did not
represent the majority of consumers. In general, EV adopters share many characteristics (e.g.,
high income and education) of early adopters of innovations (Rogers 2010) or of new vehicles
in general (Hjorthol 2013; Figenbaum et al. 2015). Empirical studies have concluded that EV
adopters differ to non-adopters in several respects:
o
o

o

o
o

o

o

They are more likely to have previously owned hybrids (Carley et al. 2013).
They have higher incomes (Saarenpää et al. 2013; Plötz et al. 2014; Figenbaum and
Kolbenstvedt 2015a; Trommer et al. 2015; Hardman et al. 2016; Javid and Nejat 2017;
Vassileva and Campillo 2017; Morton et al. 2018; ACEA 2019a; Sovacool et al. 2019).
Connected to this, their employment rate is higher (Higgins et al. 2012; Mersky et al.
2016).
They have higher levels of educational attainment (Saarenpää et al. 2013; Figenbaum
and Kolbenstvedt 2015a; Vergis and Chen 2015; Hardman et al. 2016; Vassileva and
Campillo 2017; Morton et al. 2018; Westin et al. 2018), with many studies identifying
tertiary education as an important characteristic (Carley et al. 2013; Trommer et al. 2015;
Hardman et al. 2016; Javid and Nejat 2017; Almeida Neves et al. 2019).
They are predominantly male (Trommer et al. 2015; Hardman et al. 2016) and middleaged (Plötz et al. 2014; Westin et al. 2018).
They are aware of environmental issues, showing high degrees of personal and social
norms (Mohamed et al. 2016; Jansson et al. 2017) and awareness of national energy
security (Carley et al. 2013; Trommer et al. 2015). Research has indicated the influence
of non-economically rational aspects of human (choice) behavior (Anable et al. 2012;
Schuitema et al. 2013; Morton et al. 2016; Morton et al. 2018), which suggests that there
might be more determinants to consider (Brand et al. 2017), although such determinants
often lack data. Singh et al. (2020) conducted a review of influencing factors of EV
consumer intention of more than 200 papers (2009-2019) and found personal moral
norms, attitude and environmental awareness to be important.
They are more likely to live in multi-vehicle homes. Multiple car ownership has been
found conducive to EV adoption (Campbell et al. 2012; Plötz et al. 2014; Hardman et al.
2016; Jakobsson et al. 2016; Karlsson 2017), which is correlated with a higher
motorization rate and higher income. The California Center for Sustainable Energy
(2013) and Screeton et al. (2013) found that in multi-vehicle homes EVs were used as the
primary car on a daily basis. This resulted in similar mileages to comparable ICEVs that
were used for longer journeys at infrequent intervals.
They live in peri-urban/suburbs and rural areas (Plötz et al. 2014; Westin et al. 2018)
with access to onsite overnight (home) charging facilities (Campbell et al. 2012;
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Trommer et al. 2015; Vassileva and Campillo 2017), highlighting the importance of local
charging availability and some dwelling types being more conducive to this availability
(Morton et al. 2018; Münzel et al. 2019). According to Screeton et al. (2013), EV owners
prefer the convenience of overnight charging at home, which is little influenced by the
availability of public charging infrastructure. Charging seems to happen mainly at
home, although this might change with improving charging infrastructure (California
Center for Sustainable Energy 2013; Lyndhurst 2015; Contestabile et al. 2017).
o In city centers where home charging is less possible because of dwelling types, the
uptake is related to public charging availability (Namdeo et al. 2014). However, Plötz et
al. 2014 found that adoption is less likely in major cities in Germany, whereas
Figenbaum and Kolbenstvedt (2015a and b) found good uptake in large households in
or around cities in Norway. This might be related to building type.
o Morton et al. (2018) and Westin et al. (2018) found a slight neighborhood effect in EV
adoption.
The heterogeneity of consumers and the differences in characteristics between (early) EV
adopters and non-adopters are important when analyzing and modeling EV market
development (Brand et al. 2017; Gnann et al. 2018). However, not all of these characteristics
can be operationalized for quantitative analysis because of data issues.
Further, the typical EV consumer is changing, from a techy innovator to a mass product
owner. A study of car buyers in 21 large US cities shows that consumer intent to purchase EV
has increased between 2011-2017, mainly driven by changing perception regarding their
relative advantages (Carley et al. 2019). This change influences purchase decisions and
product choices. With increasing consumer choice, more models, and improvements being
announced for the coming year, purchasing decisions might be delayed to get the latest and
best models. Individual companies and their models, such as TESLA, have contributed
significantly to a new, modern image of EVs, spurring expectations for future market
development and changing how owners see themselves and react to supply. With a greater
variety of models available, EVs are moving out of the niche market. New mass-market
models such as the Tesla Model 3 led to a spike in sales in 2018 in key markets such as the US
(IEA 2020b).

2.4. Similar work
Within the transport policy literature, OECD/IEA has been publishing the Global Electric
Vehicle Outlook series (e.g. IEA 2019c) which summarizes the main market and policy
development relating to EVs. Several low-carbon transport initiatives have been collecting
information on best practices and providing policy support (e.g., Partnership on Sustainable
Low Carbon Transport SLoCAT12 or International Council on Clean Transportation ICCT13).
With the increasing commercialization of EVs and based on several years of policy that
supports EV, studies have started to consider the differences in EV diffusion and policy design
across countries: A body of literature is emerging that investigates, both quantitively and
qualitatively, the diffusion of EVs. Country case studies have investigated the evolution (Gass
12
13

http://slocat.net/tcc-gsr
https://www.itf-oecd.org/
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et al. 2014; Liu et al. 2017) and effectiveness (Mersky et al. 2016; Wang et al. 2017) of policies
and the diffusion of novel transport technologies (Olson 2018). Another strand of literature
investigates the technology diffusion of EVs from a consumer perspective (Kim et al. 2018),
identifying the predictors of EV adoption among consumers for individual markets (Priessner
et al. 2018; Zarazua de Rubens 2019).
These studies provide insights into the role of policy in the purchasing decision. Although this
transport literature compares the effectiveness and describes market development, it does not
help to understand why some countries have strong policies in place to pull EV into the
market whereas other countries do not.

2.4.1. Quantitative studies on EV diffusion
Several studies have considered the relationship between incentives, socioeconomic variables,
and EV diffusion by using regression models. Münzel et al. (2019) provided an overview of
econometric studies that have investigated the effects of incentives on the market penetration
of alternative-fuel vehicles. There are earlier studies on hybrids in the US (Diamond 2009;
Beresteanu and Li 2011; Gallagher and Muehlegger 2011; Jenn et al. 2013) and Canada
(Chandra et al. 2010) and on other alternative fuel vehicles, for example in Sweden (Sprei 2013;
Sprei 2018). While similarities between hybrids and EVs can be expected, the following
discussion focuses only on EVs.
Table 2 and Table 3 provide an updated and adapted version of Münzel et al. ’s (2019; Table
1) overview of econometric studies. The tables here focus on EVs only and divide the studies
between those that look at variation across countries (Table 2) and those that consider
variation within countries (Table 3). The dominant choice as the dependent variable is market
share; some studies use total sales or sales per capita. For those studies that investigate the
effects of incentives, several different incentives are included in the models. All studies
include monetary incentives. Charging infrastructure and other non-monetary incentives
(e.g., access to HOV lanes) come up frequently. The geographical scope is narrow. Most
studies consider differences across US states. With more data becoming available and new
countries entering the EV market, more recent studies have extended the coverage of
countries. Nevertheless, high-income countries, such as EU member states and the US, are
predominant in literature in English. Single-year analyses dominate, with different
socioeconomic variables being included as explanatory or control variables. The following
discussion considers the most relevant studies.
Sierzchula et al. (2014) were the first to investigate variation across countries in a study on the
2012 market share of 30 countries. They concluded that the availability of charging
infrastructure was the incentive most strongly related to EV market share, with financial
incentives also relevant. However, they emphasized that neither financial subsidies nor
charging infrastructure leads to high EV adoption per se; rather, country-specific factors can
influence the uptake. An example of a country-specific factor that helps explain the variety in
adoption rates is the local existence of a production facility. Socio-demographic variables,
such as income and education, were not found to be significant. This was a very early study
of a small sample (30 countries). In 2012, modern EVs had been in the commercial car market
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for only one or two years and were niche products. The authors considered sociodemographic variables to be useful variables when analyzing national adoption rates across
countries once the market has developed further.
Plötz et al. (2016) conducted a panel data regression for 30 European countries (2010–2016)
and found that direct and indirect subsidies influence EV adoption positively. Wang et al.
(2019) applied multiple linear regression to the EV market shares in 30 countries for 2015.
They found that fiscal incentives do not explain the difference in EV penetration across
countries; instead, the influences are the density of charging infrastructure, fuel price, and
road priority.
Münzel et al. (2019), in their panel analysis (2010–2017) of 32 European countries, concluded
that financial incentives support EV market diffusion, with an effect of 5–7% (i.e., an incentive
of EUR 1,000 would lead to increases in EV sales share of 5–7% on average) and that energy
prices also matter. They controlled for socioeconomic variables such as income and fuel prices.
They also included a trend variable to reflect overall changes in the diffusion of this new
technology, which proved important. They called for their analysis to be extended.
Lieven (2015) used a choice-based conjoint analysis in a consumer survey of 20 countries
applying, finding that the preferred policy measures were monetary incentives and charging
infrastructure on freeways. Rietmann and Lieven (2019) covered the same 20 countries in 2017
in a covariance-based structural equation model. They included policy variables (e.g., national
climate targets) and national characteristics (e.g., automotive industry and lobbying groups)
and found a link between these variables, EV policy support variables (e.g., incentives,
national and local EV projects), and EV market share. They identified wealth as an important
criterion for the effectiveness of EV support policies.
It should be noted that these studies investigate correlation rather than causation. This relates
to the explanatory power of these variables, such as for charging infrastructure: In their review
paper, Coffman et al. (2017) found that public charging infrastructure is positively correlated
with EV adoption. The direction of causality is not clear (Sierzchula et al. 2014; Mersky et al.
2016; Coffman et al. 2017; Neaimeh et al. 2017).
Table 2 shows that analysis over time is the exception, as most studies look at individual years,
particularly those that consider the global level. This will probably change with increasing
data availability. The coverage is also limited, with European countries and other high-income
countries dominating. So far, the literature has mostly investigated the effects of available
incentives on EV adoption rates.
An exception is the study by Wesseling (2016) which used a mixed methods approach to
investigate the variance in national EV policies. The author combined content analysis of EV
policies (supply and demand side) from 13 industrialized countries and quantitative analysis
of the countries’ annual EV-related policy expenditure. The study revealed that in the early
phases of EV diffusion (2008–2014), national EV policies differed significantly, in intensity and
in type (demand versus supply side), across countries. This affected the socio-technical
transitions in different ways across countries. To understand these differences, the study
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explored the political and economic conditions of these countries. It concluded that all
countries use environmental (particularly air pollution, but also GHG emission reductions)
and that almost all refer to domestic economic benefits as a justification. These economic
benefits are mostly in boosted domestic EV-related industries, but they sometimes also relate
to fossil fuel import dependence. As explanatory variables for subsidies that support EV,
R&D, infrastructure, and sales, Wesseling investigated the role of government, the
significance of the automotive industry, and EV target setting. The study found that statist
(strong centrally organized) governments invest more in EV infrastructure than do other types
of governments. Countries with a strong automotive industry favor R&D subsidies
(supporting supply), while countries with a less significant automotive industry favor sales
subsidies (establishing demand). The latter countries are guided more by environmental
objectives and thus focus on diffusion. Sales incentives are also easier to justify in countries
where the domestic industry profits from them. Germany provides an example of the absence
of sales incentives: German manufacturers were late in producing EVs, so EV subsidies would
have benefited foreign suppliers (Wesseling 2016).
Almeida Neves et al. (2019) investigated the factors supporting the transition to different new
mobility forms, including EV, in 24 EU countries from 2010 to 2016. They distinguished
between policy, social, economic, environmental, and technical factors and found that tailored
policies and charging stations are a driver of e-mobility. Education and share of renewable
electricity are also relevant. In their review of 40 market diffusion models for EVs, Gnann et
al. (2018) called for a broader inclusion of non-financial and indirect incentives in models. This
would also demand a perspective that is broader (e.g., including suppliers) and more granular
(e.g., local level).
Exemplary results from national-level models provide useful insights in this realm, especially
US studies that have investigated the differences between states as a basis for global upscaling. Wee et al. (2018) analyzed US state-level data on EV sales and incentives from 2010 to
2015, estimating that a $1,000 increase in the value of EV policies leads to 5–11% increases in
EV sales. Vergis and Chen (2015) investigated US EV adoption rates across states for 2013 and
found that several variables significantly correlate with BEV market share: electricity price,
gasoline price, charging infrastructure, awareness, education, weather (winter temperature),
and population density. All except electricity price are positively correlated.
Jenn et al. (2018) assessed the impact of incentives on EV adoption rates across US states on a
monthly basis from 2010 to 2015 and found that a financial incentive of $1,000 raises EV sales
by 2.6% on average. They did not cover charging infrastructure but found HOV lane access to
be significant. Consumer knowledge of EVs and associated incentives also helped to explain
differences across states. Clinton and Steinberg (2019), in a state-level analysis covering the
period 2011–2015, found that $1,000 of incentives increases EV sales by about 8%.
Demographic controls include average age, (log of) per capita income, educational attainment,
and an environmentalism index.
Studies on the local level have found that charging infrastructure has a particularly strong
predictive power. With few other differences across municipalities (e.g., in terms of fuel or
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electricity price) and the strong place-related aspect of charging infrastructure, other
incentives and variables become less important to explain variation. Mersky et al. (2016) found
that access to charging infrastructure (close to a major city) was the best predictor of EV
adoption in their municipal-level models for Norway.
The level of regional incomes also had good predictive power. Egnér and Trosvik (2018)
confirmed this in their work on impacts of local policy on municipalities in Sweden, with an
especially strong impact on urban municipalities. Hall and Lutsey (2017) investigated the EV
market share in global metropolitan areas in 2016 by a stepwise linear regression and a focus
on charging infrastructure availability, arguing that public charging is essential for increasing
EV market share. In a survey of Norwegian EV owners, Bjerkan et al. (2016) found that
purchase tax exemptions are the most successful incentives. In a study on the EV-ICEV split
in market share in US states, electricity prices, urban roads, and incentives are identified as
effective factors for EV adoption (Soltani-Sobh et al. 2017).
Finally, there are product-specific factors that influence adoption rates, such as model
diversity (van den Bergh et al. 2006), local industry engagement (IEA 2013), and public
visibility of and familiarity with EVs – that is, the number of years that EVs have been
available in a market (Eppstein et al. 2011; Soltani-Sobh et al. 2017). In a study, in a Canadian
province, incentives were found to translate to sale increases but with differences across
provinces and vehicle classes (Azarafshar and Vermeulen 2020).
The objective of Wesseling (2016) comes closes to the aims of the present study. However, this
study examines a longer period and more countries than Wesseling’s study, and it also
investigates more variables related to the outcome of EV policies.
The studies discussed above confirm the link between supportive policies and early EV
diffusion. Many even quantify the effects of (financial) incentives. As a consequence, countries
without incentives or with low EV markets were not included in these studies. Within the
study of diffusion, it is also important to look at cases and causes of non-adoption (Rose and
Joskow, 1990). Several other questions that these studies have not investigated arise:
Under what circumstances does a country introduce EV support policies? Is there policy
learning across countries? Or are there socioeconomic and demographic differences that
explain variations in the adoption of EV and related policies?
In line with the findings that policies have an impact on EV sales and facilitate their diffusion
in early market development, this study treats EV adoption as an outcome of policy. Although
EVs are becoming mature, they still depend on support in the formative phase. This might
soon change, but the link has thus far been confirmed (Münzel et al. 2019). This study will
account for the policy outcome. As a result, policies – whether financial incentives, support
for charging infrastructure, or regulatory measures – are not included as variables (see
Chapter 4.)
Compared to previous studies, this study covers nearly the entire global market for new
passenger cars. Countries where EV sales have not taken off, because of inexistent or
ineffective policies, are also included. The study aims to shed light on which explanatory
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variables can help explain successful EV adoption. This also merits investigation in countries
that so far have not been successful. To account for the multiple levels at play in EV market
development, this research accounts for characteristics of technology adopters, policy
adoption, and diffusion.

2.4.2. Case studies on market and policy development
Electric vehicle adoption and national level support are multi-dimensional and complex
(Capuder et al. 2020). Several case studies have investigated national-level EV policy
development. They provide qualitative analyses of the mechanisms behind public policy
support for EV diffusion. Case studies usually consider one policy field in an individual
country (e.g., Figenbaum and Kolbenstvedt [2013] for Norway), compare similar policy fields
within one country (e.g., Stokes and Breetz [2018] on energy policy in the US), or compare a
certain policy field across selected countries (e.g., Bose Styczynski and Hughes [2019] on
alternative-fuel transport policies in five countries, and Hildermeier and Villareal [2011] on
EV policy in France and Germany).
Table 4 provides an overview of relevant country case studies. Figenbaum and Kolbenstvedt
(2013, 2015b, 2017), in detailed studies on Norway, found that national characteristics, such as
governance traditions, electricity mix, and traffic regulations, can influence EV policies and
adoption rates. Altenburg et al. (2015) assessed very different early technological pathways in
France, Germany, China, and India, finding them to be influenced by varying starting
conditions of the industry and innovation systems, diverging technological capabilities of
national automotive industries, particular demand conditions, and different political
priorities and problem perceptions of society and government. They highlighted the
objectives of economic versus environmental policy and related different approaches to
economic governance (i.e., supply- versus demand-side EV subsidies). They observed that
very different technological paths have been taken, despite car manufacturing being highly
globalized.
Meckling and Nahm (2018b), for example, analyzed EV policymaking in Germany and the US
in detail, focusing on the two countries’ political traditions of central coordination and lack
thereof respectively. In addition to their quantitative analysis, Rietmann and Lieven (2019)
provided four case studies (Norway, Germany, Netherlands, and Brazil) to illustrate other
factors impacting EV adoption rates: climate policy targets, EV projects, and the role of the
national automotive industry. Barton and Schütte (2017) compared the EV policy landscape
of Norway, California, Germany, New Zealand, Australia, and France, highlighting the role
of industrial policy for car producers. Meckling and Nahm (2019) analyzed EV policymaking
from an industrial policy perspective, highlighting the different objectives of incumbent car
exporters and emergent players. Bose Styczynski and Hughes (2019) compared policy
objectives across countries with regards to their technology focus, finding that policies are
broadly technology-neutral despite differences in national circumstances. According to their
research, despite differences in institutional set-up, governments have opted for technologyneutral policies that support the development and deployment of novel vehicle technologies,
with a focus on R&D subsidies for manufacturers, consumer subsidies, and regulatory
policies. Interdependence, whether through policy learning by international organizations or
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efforts motivated by the automotive industry to harmonize policies globally, might explain
the similarities of policy choices. Governments have also called for an examination of the
processes of policy development across countries to improve the understanding of patterns of
policy diffusion. However, the timing seems to be quite different, as indicated by the different
penetration rates across markets.
The position of the incumbent car industry is important and regulatory incentives and policies
have to be in line with consumer preferences. The interplay between national and local
support policies impacts the development over time of EV adoption pathways across
countries (Künle and Minke 2020).
Most of these studies relied on document analysis supported by expert interviews. Another
strand of literature has used surveys to consider stakeholders’ roles and perceptions
(Sadeghian et al. 2012; Bakker et al. 2014).
Some markets have been studied in greater detail, above all lead markets such as Norway, the
Netherlands, and the US/California, as well as large car markets and car producers such as
Germany, the US, the UK, France, and China. Rietmann and Lieven (2019) and Barton and
Schütte (2017) added lagging markets (e.g., Brazil or Australia) to counterweight the focus on
lead markets. There are also many national modeling studies (e.g., Li et al. [2019] for China,
and Gnann et al. [2018] for a review of 40 such studies), assessments of national incentive
schemes (e.g., Zhang et al. [2017] or Zheng et al. [2012] on China), market assessments (e.g.,
Ou et al. 2019). While insightful for the effect of policies and future market development, these
studies generally do not provide insights into the evolution of the policy landscape.
Overall, smaller and emerging markets, as well as laggards and the reasons behind their
lagging, have received less attention in peer-reviewed literature. This study seeks to close this
gap.

2.4.3. Event history analyses of transformative policy and technology
Policy diffusion has been studied using event history analyses (see Section 4.7.2), investigating
the diffusion of sustainable policies across US states include studies on climate and energy
policies (Matisoff 2008), climate change policies by local governments (Yi et al. 2017), energy
building codes (Nelson 2012), waste handling (Daley and Garand 2005), and organic food
certification (Mosier and Thilmany 2016). Similarly, sub-national examples from Europe
include studies of diffusion across Swiss cantons for energy policies (Strebel 2011) and climate
policies in German municipalities (Abel 2019). The transport sector has hitherto been largely
neglected in the policy diffusion literature, even though it represents a policy area with huge
potential (Schmidt and Fleig 2018).
International policy diffusion literature is well developed for education and health across
countries (Dobbin et al. 2007), and women’s rights have also been studied in this context
(Wotipka and Ramirez 2008). Sustainable policy diffusion has been studied via event history
analysis for renewable energies globally (Alizada 2018), across developing and emerging
economies (Stadelmann and Castro 2014), and across Europe (Jenner et al. 2012; Zhou et al.
2019) and IEA members (Schaffer and Bernauer 2014). Biesenbender and Tosun (2014)
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explored policies limiting nitrogen oxide emissions from large combustion plants in 24 OECD
countries over a 30-year period. They identified learning through participation in relevant
international conventions as the main mechanisms. Vinichenko (2018) used the market share
of renewable electricity as an indication of takeoff and the occurrence of the event.
Techatassanasoontorn and Kauffman (2014) used takeoff in digital wireless phone penetration
to investigate differences across countries and country groups for end-use ICTs. The transport
sector, in particular, has not received much attention. An exception is Saikawa (2013) who
studied the diffusion of automobile emission standards, finding that standard adoption is
related to countries’ efforts to stay competitive.
Table 5 shows that the time spans for cross-country studies varies between 10 and 30 years.
Recent data is already a few years old. The majority of studies have investigated diffusion
across high-income countries. Global studies are rare, and renewable energy policies
dominate the chosen research topics.
Other approaches applied to diffusion in this policy realm include a descriptive analysis of
the diffusion of policies across countries (Schmidt and Fleig 2018), a case study (Matisoff 2008),
and an expert survey (Massey et al. 2014). Other econometric approaches have used the
number of policies adopted by a country over time, such as Cia Alves et al. (2019) for energy
and Fankhauser et al. (2014) for climate policies and environmental policy indices (Nicolli and
Vona 2015). Schmidt and Fleig (2018) also covered transport policy and assessed the first
adoption by a correlation to a set of explanatory variables. They called for further explanatory
variables to analyze country subsets and for country cases to obtain information on
mechanisms at play across countries and sectors. Focusing less on diffusion and more on
convergence, Holzinger et al. (2008) analyzed environmental policies in industrialized
countries between 1970 and 2000 by means of dynamic regression.
More recently, dyadic analysis has gained attention in policy diffusion studies, with analyses
of the effects between individual states or countries. Examples include environmental policies
in Europe (Arbolino et al. 2018), and renewable energy policy adoption and diffusion (e.g.,
globally in Baldwin et al. [2019] and across US states in Carley et al. [2013]). Bento et al. (2018)
used event history analysis for different technologies in the energy field (e.g., electric bikes,
mobiles, nuclear power plants, and passenger cars), comparing the differences in takeoff
across technology characteristics and using 2.5% market share as takeoff.
This study aims to contribute knowledge by applying event history analysis to a global data
set in order to account for the different drivers at play in early transport technology diffusion
and to test different explanatory variables.
Technology and policy diffusion can be supportive of achieving sustainable development. The
scientific community has studied which policy approaches are effective in supporting
(sustainable) technology diffusion, how supportive policy landscapes develop and how
policies and technologies diffuse. The literature comprises quantitative and qualitative
approaches at different levels of granularity (local, regional, and national) and for varying
regional (and topical). These insights can help policymakers - design mechanisms to
implement sustainability transitions on the ground.
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Chapter 2 presented key aspects of relevant literature as a basis to pose the research question
and organize approaches to answer it. Next, Chapter 3 introduces the theoretical framework
that will guide the empirical research. The theoretical framework is based on insights from
the studied literature presented so far. It builds on aspects from across sustainability transition
theories, technology and policy diffusion and adoption literature, and national-level
policymaking studies.
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Table 2. Overview of studies on explanatory variables for EV adoption: global and regional level. Source: Updated and adapted from Münzel et al. (2019)

Multiple linear
regression

x

-

Rietmann
and Lieven
(2019)
Wesseling
(2016)

2017

20

x

+

2008–
2014

13

covariancebased structural
equation model
Bivariate
nonparametric

Europe
Plötz et al.
(2016)

Major European countries including AUT,
BEL, FRA, GER, ITA, NEL, POL, POR,
ESP, SWE, CHE, UK
AUT, BEL, BUL, CRO, CYP, CZE, DNK,
EST, FIN, FRA, GER, GRE, HUN, IRL, ICE,
ITA, LAT, LIT, LUX, MLT, NLD, NOR,
POL, POR, ROM, SVK, SLO, ESP, SWE,
CHE, TUR, UK

2010–
2014

22

Multiple linear
regression

x

Münzel et
al. (2019)

2010–
2017

25
6

Panel data
regression

x

+

-

-

+

+

+

+

+

+

x

+

+

+

x

x

Auto industry

30

-

Urban

2015

+

Government role

Wang et al.
(2019)

Pro-environment

+

Electricity price

x

Fuel price

Pooled OLS
regression

Education

30

Income

2012

Non-monetary

AUS, AUT, BEL, CAN, CHN, CRO, CZE,
DNK, EST, FIN, FRA, GRE, GER ICE, IRE,
ISR, ITA, JPN, NED, NWZ, NOR, POL,
POR, SLO, ESP, SWE, CHE, TUR, UK,
USA (focus on EU and high-income
countries, apart from China and Turkey)
AUT, BUL, CAN, CHN, CRO, CZE, DNK,
EST, FNL, FRA, GER, GRE, ICE, JPN,
KOR, LUX, NEL, NOR, POR, POL, ROM,
CHE, SWE, ESP, SVK, UK, USA (focus on
EU and high-income countries)
AUS, BRA, BEL, CAN, CHE, CHN, GER,
FRA, HKG, IND, ITA, JPN, KOR, NLD,
NOR, RUS, TWN, UK, USA, SAR
CAN, DNK, FRA, GER, ITA, JPN, NED,
NOR, POR, ESP, SWE, UK, USA
(industrialized countries)

Charging infra

Global
Sierzchula et
al. (2014)

Independent variables

Monetary

Dependent variable

Stock/capita

Method

Sales/capita

N

Market share

Time

Sales

Coverage

R&D/ infrastr./
incentive
expenditure

Study

+

+

+

+

+

+

+

+

Notes: Signs show the direction of the relationship reported by the study: “+”, positive relationship, “−”; negative relationship, “+/−”; inconclusive relationship, “0”; direction not reported.
Colors indicate significance of coefficient: dark grey = significant at the 5% or lower level; light grey = significant at 5% in some models of the publication; no shading = never significant. OLS =
ordinary least squares;
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Table 3. Overview of studies on explanatory variables for EV adoption: national-level studies. Source: Updated and adapted from Münzel et al. (2019)

125

Jin et al. (2014)

US states

2013

50

Vergis and Chen (2015)

US states

2013

50

Li et al. (2017)

2011–2013

14,563

2016

200/50

Wang et al. (2017)

Us metropolitan
areas
US metropolitan
areas
Chinese cities

2013–2014

41

Soltani-Sobh et al. (2017)

19 US states

2003–2011

n.a.*

Mersky et al. (2016)

Norwegian
municipalities
Swedish
municipalities
Canadian
provinces

2000–2013

163/20

2010–2016

2,030

2012-2016

4,718

Slowik and Lutsey (2017)

Egnér and Trosvik (2018)
Azarafshar and Vermeulen
(2020)

+/-

+

+

+

-

+

x

+/-

+/-

x

+

-

-

x

+

+/-

+/-

x

+

0

0

x

+

+

+

x
x
x
x

Same notes as in Table 2 apply. * not reported but should be 171. GMM = Generalized method of moments. ** compound indicator

+
+

0

0

0

0

0

+

+

+

0

+

+

+/-

+

+

+

x
x

+

x

+

-

+

+

+

-

+
+

0

+

+

+

x

x
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0

+

+
+

0
+

-

+

+

+
+**

Auto industry

2013–2014

-

Government
role

US states

+/-

x

Urban

2010–2016

Pro-environm

US states

Electricity price

Zambrano-Gutiérrez et al.
(2018)
Plötz et al. (2016)

1,952–
4,287
350

Fuel price

US states

Education

Wee et al. (2018)

18,644

Income

US states

FE panel data
regression
FE panel data
regression
Multi-level FE
regression
FE panel data
regression
Multiple linear
regression
Stepwise linear
regression
Stepwise linear
regression
OLS and GMM
regression
Stepwise linear
regression
Stepwise linear
regression
FE panel data
regression
Stepwise linear
regression
Panel data
regression
GLM regression

Charging infr.

2461

Jenn et al. (2018)

2010–2014
(quarterly)
2010–2015
(monthly)
2010–2015

Non-monetary

US states

Independent variables

Monetary

National
Clinton and Steinberg (2019)

Dependent variable

Stock/capita

Method

Sales/capita

N

Market share

Time

Sales/registr.

Coverage

R&D/ infrastr./
incentive
expenditure

Study

Table 4. Overview of case study literature on EV adoption for selected countries*

8
3
6 (4)
8
3
6
5**
1
3
Emergence of new political actors, lacking technical expertise of state
x
Role of government in policy development; effect of policies and need for technical
x
flexibility (since 1970s)
Hildermeier and Villareal (2011)
Politics in the transition of automotive sector; incumbents vs new entrants
x
x
Sadeghian et al. (2012)
New actors and coalitions; EV stakeholder typology; expert interviews
x
Pohl and Yarime (2012)
Policy-firm-level framework (1930–2010); not national policy but competition in car
x
industry resulted in Japan’s industry leadership
Figenbaum and Kolbenstvedt
Phases of EV development; cooperative policy landscape including companies,
xx
(2013), Figenbaum et al. (2015)
NGOs, and public entities; conducive conditions for EV diffusion
Bakker et al. (2014)
Stakeholder role, interest, and expectations in transition; expert interviews
x
Van der Steen et al. (2014)
Coinciding political objectives; role of individuals; local pilot initiatives
x
Wesseling et al. (2015)
Innovation and political influence framework; manufacturer perspective
(x)
Mazur et al. (2015)
Differing approaches to transforming the automotive industry
x
x
Wan et al. (2015)
Local protectionism undermining national policy; technology uncertainty
x
Altenburg et al. (2015)*
Drivers of divergence in national pathways: technological capabilities, demand
x
x
x
conditions, political priorities, and economic convergence
Barton and Schütte (2017)**
Role of fuel efficiency and emission standards as supportive element
x
(x)
x
Figenbaum (2017)
National characteristics; demand incentives need EV supply; flexibility
x
Wang et al. (2017)
Regional and local protectionisms; need for regulating automotive industry
x
Stokes and Breetz (2018)
Multiple transitions in US energy politics; sector case studies
(x)
Meckling and Nahm (2018b)
Tradition in political coordination impacting the weight of incumbent industry in EV
x
x
policy design
Olson (2018)
Lead market theory; demonstration of feasibility of EVs
x
(x)
Meckling and Nahm (2019)
Industrial policy perspective, ICEVS bans and relation to EVs/car industry
x
x
x
x
Rietmann and Lieven (2019)
Climate policy objectives; national demonstration projects; car industry
x
x
x
x
Bose Styczynski and Hughes (2019)
Framework for cross-country comparison of EV policies; technology-neutral
x
x
x
x
x
approach and similar policy mix dominate
Künle & Minke (2020)
Social value of the technology, willingness of incumbent industry, policies matching
x
x
x
consumer preferences; duality between national and local level, temporal
evolvement
*Also includes India. **Also includes New Zealand and Australia. ***Many articles present Chinese EV policy systems but do not provide analysis or interpretation of the underlying mechanisms and objective.

EU

Japan

Brazil

China***

France

UK

Germany

US
(California)

Country
Netherlands

Focus

Norway

Study

1

Callon (1980)
Åhman (2006)
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x

Table 5. Selected studies on cross-country policy and technology diffusion using event history analysis
Study
Topic
Time
Coverage
Findings (e.g., explanatory variables)
Saikawa (2013)
Automobile
1980–
129 countries Value of automobile exports; developing countries
emission
2000
have adopted developed countries’ standards.
standards
Jenner et al.
Policy support
1990–
27 EU
Solar energy association; solar radiation and
(2012)
for RE electricity 2010
members
unemployment rate are linked to an increased
generation
probability of policy adoption; electricity market
(Feed-in-Tariffs)
concentration decreases the probability.
Stadelmann and RE policies
1998–
112
Domestic: population size, income, democracy,
Castro (2014)
2009
developing/
and natural resources.
emerging
International: adoption by colonial peers, EU.
economies
International finance influences soft policies.
Biesenbender
Nitrogen oxide
1976–
24 OECD
Diffusion is driven by learning via participation in
and Tosun
emission limits
2005
members
an international convention; tightening of
(2014)
for combustion
standards depends on peer pressure.
plants
Schaffer and
Feed-in-Tariffs
1990–
26 IEA
Characteristics of existing energy supply system
Bernauer (2014)
and Green
2010
countries
(e.g., higher shares of fossil and nuclear energy,
Certificate
higher CO2 intensity of economy), federalist
schemes
structure, and EU membership increase likelihood
of policy adoption; economic growth and growth
in solar and wind energy capacity reduce it.
Techatassanasoo End-use ICTs
~1992–
41
Takeoff in the mobile phone market share to
ntorn and
~2003
developed
investigate differences across countries and
Kauffman (2014)
and
country groups, accounting for standards,
developing
previous technology penetration, wealth,
countries
education, country groupings (regions).
Alizada (2018)
RE feed-in
1990–
196*
Strong support for emulation mechanisms (e.g., an
tariffs and
2011
countries
influence of international organizations and
portfolio
multilateral agreements); some support for
standards
learning and suasion (CO2 emission reduction
potential, EU membership, FDI, CDM);
competition mechanism does not explain diffusion
(e.g., expert partners, FDI competitors).
Bento et al.
15 energy
1700–
Global
Substitutability has stronger effects than installed
(2018)
technologies
present
capacity and prices on accelerating takeoff.
Zhou et al.
RE policies
1990–
30 European
Initial RE policy adoption is driven by EU coercive
(2019)
2012
countries
power, competition pressure from economic
peers, and policy learning from intergovernmental
organizations. Policy evolution is influenced by
EU coercion and regional emulation.
Vinichenko
RE (solar &
1989–
60 countries
Takeoff in RE markets, EU/OECD membership,
(2018)
wind) electricity 2015
income, and energy system structure significant.

*Number of countries with available data not explicitly mentioned.
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3. THEORETICAL FRAMEWORK
Socio-technical transitions are results of combinations of different mechanisms across multiple
levels (see Section 2.1.1).
This study identifies processes that influence the adoption of EVs at three levels (Figure 14). This
aligns with the multi-level perspectives (MLP) concept of Geels (2012), as adapted by Figenbaum
(2017) for EV. MLP acknowledges that transitions are nonlinear processes that are influenced by
and happen across three levels: (i) the technology niche where innovations happen; (ii) sociotechnical regimes with established practices and institutions, in our case the transport regime
established at the national-level state; and (iii) the exogenous socio-technical landscape of a global
kind. In addition, the adoption of a technology happens on the individual level, which I introduce
as the basic level.
The national level is based on national strategic objectives, characteristics, and impediments (e.g.,
the national ICEV regime) with different starting conditions that influence the technology path and
diffusion (Arthur 2009). Innovation from major markets (e.g., regulations or targets) or actors (e.g.,
improved models or price reductions) can influence other markets through their leverage within
the global landscape. The global landscape describes supranational strategies, legislation, or
standards (such as those of the EU), relevant geopolitics (e.g., related to oil prices, the global
economy), attention to policy fields (e.g., climate change or sustainability), and developments
within the global car industry.
EVs evolve out of the existing automotive industry and newcomers (i.e., TESLA), while
simultaneously creating a new industry. They emerge from niches that, like the technology, evolve
and then reach the global level. This is relevant for all countries as the automobile industry is global.

Figure 14. The theoretical framework comprises the different theories that underline this research. It consists of three
levels of processes that influence the adoption of EVs at the takeoff level. The relationship is not linear, the arrows
symbolize that different elements are all related to EV diffusion.

51

First, on the individual level, some segments of a population are more likely to adopt an innovation.
Innovators and early adopters of an innovation show a set of characteristics, some of which are
more general (e.g., wealth and education; see Rogers 2010), while others are connected to EVs in
particular (e.g., living in peri-urban areas; see Plötz et al. 2016). The market share of EVs is above
all determined by the purchasing decisions of individuals.
Second, in the early stage of technology diffusion, effective support policies are important (see
Section 2.3.5). This can provide a demand-pull and influence a customer’s product choices. Such
policies are spread differently across countries. The diffusion of policies across policy domains or
jurisdictions is a social learning process. Introducing EV support policies is a political decision taken
by a jurisdiction, such as a nation, a federal state, or a city. How these political decisions are taken
is influenced by domestic and external factors, reflecting a jurisdiction’s political, economic, and
social characteristics as well as international diffusion mechanisms (Kern et al. 2001; Tews et al.
2003; Tews 2005; Berry and Berry 2007; Cherp et al. 2018). Tews et al. (2003) argued that the
characteristics of a policy (field) is relevant for diffusion. These elements may be connected or
overlapping, yet they will be treated separately as much as possible. Their combination varies
across policy types and countries. This variance is explained by different theories of national
policymaking and by which national characteristics are related to introducing policy innovations
in favor of EVs.
Third, with growing economic and political-institutional interlinking of nation states, international
diffusion mechanisms influence national policymaking, especially in relation to a consumer
product with a global market and industry. There is a set of international diffusion mechanisms
that partly overlap. These mechanisms are tied to technological learning and related improvements
in cost-effectiveness, performance, and knowledge about the technology; such learning and
improvements come with increasing experience and cumulative output over time.

3.1.1. Technology adoption
Diffusion theory distinguishes between five different groups of adopters of innovations: innovators,
early adopters, early majority, late majority, and laggards (Figure 15).

Figure 15. Categories of adopters. Source: Rogers (2010).
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The criterion for the adopter categorization is innovativeness, which is defined as the degree to
which an individual adopts a new idea. Section 2.3.6 introduced empirical studies on (early)
adopters of EVs and their characteristics. They share the characteristics of innovators and early
adopters of innovations in general, such as higher levels of wealth or income and educational
attainment (Rogers 2010). In addition, technology-related characteristics, such as living conditions,
have been found among early EV adopters.

3.1.2. Political theories of national policy making
Tews et al. (2003) argued that political and technical feasibility influences the “diffusability” of
policy innovations and that national contexts need to be considered. Studies covering several
countries indicate that national differences can lead to different transition pathways in transport
electrification, depending on each country’s technological capabilities, demand conditions, political
priorities, and economic governance (Altenburg et al. 2015). The present study thus explores the
variation in EV takeoff at the national level through the following main theories.
According to the state-centric approach, which stresses the role of government within civil society
(Amenta 2005), certain states have more capacity and/or interest in implementing certain policies.
The theory postulates that states have the ability to structure political decisions independently (to
a certain extent) of distributed power, in line with their strategic interests and starting conditions.
National policymakers interact with the economy independently, with the intention of raising
overall social welfare and giving legitimacy to market intervention, such as through public policy.
States with more capacities are better able to implement policies or support technologies. This
relates to political, economic, societal, and institutional capacities to design policy innovations
(Kern et al. 2001).
Another hypothesis is that some states experience a stronger vested interest in supporting, or at
least not opposing, certain policies voiced by actor groups or coalitions (Moe 2016; Meckling and
Nahm 2018a). The capacity of the state to counter incumbent industrial interests, which aim to
protect their rents and market power, makes a difference in supporting the adoption of new
technologies (Olson 2008). Pressure groups or public opinion influence the demand for innovations
(Tews et al. 2003). This is in line with the state-structuralist approach that views the state as a vehicle
for the interests of its countries’ actors (Amenta 2005). Although only one of these two approaches
is usually adopted, I will test elements of both.
I also draw on insights from political science and on Sabatier’s (1998) advocacy coalition framework
(ACF) to explain variations across states that are not based exclusively on structuralist and statecentric approaches related to policy processes and the role of government. The ACF relies on three
principal theoretical domains and the interactions between and within these domains: advocacy
coalitions, policy subsystems, and policy change.
This leaves us with the following three broad categories: (i) national strategic objectives; (ii) national
capacities; and (iii) national impediments:
i)

National strategic objectives: The endogenous problem perceptions of a country shape its strategic
objectives (Tews et al. 2003). With the transport sector being dominated by fossil fuels, most
transport policies tackle energy objectives in the first place. The focus of national energy

53

objectives is to guarantee energy security and to stay economically competitive. Transport
policies can contribute to reducing import dependence and supporting local industries.
Air pollution and the related negative effect on human health through diesel and gasoline cars
have received major attention. Climate change mitigation and economic development (e.g.,
becoming a technology supplier for EV) can also be relevant strategic objectives. The shift to
EV can reduce local air pollution and the CO2 emissions of the transport sector. The automotive
industry has considerable leverage within national economies, given its importance for the
industrial sector and labor market (Meckling and Nahm 2018b). It is thus an important policy
field itself (Thun 2006). As EVs move out of their niche, they enter into industrial policy
competition where the state also guides technological visions (Meckling and Nahm 2019).
Depending on their nation’s industry role in the global car value chain, governments have
different motivations to support EVs. Wesseling (2016) distinguished between economic
interest innovation policy on the supply side and innovation diffusion and environmental
policy on the demand side of EVs. He demonstrated that the demand side will be favored over
the supply side, if the local automotive industry is less important.
ii) National capacities can be split into economic capacity and institutional capacity.
a. Economic capacity: Wealthy countries can pay the costs of a technology, adopt novel
technologies more quickly (Jewell 2011), and introduce and promote environmental
protection policies (Tews et al. 2003; Stadelmann and Castro 2014; Schmidt and Fleig
2018).
b. Institutional capacity: Countries need to have the institutional/political capacity to
implement novel policies. While this is partly related to economic capacities (the
financial and human resources needed to develop and implement novel policies), it
also covers a country’s ability to introduce policies in favor of the citizens and the
state’s overall commitment to fighting vested interests. It is how institutional
arrangements (such as a federal vs a centralized structure, or a proportional vs a
majoritarian electoral system) affect the outcomes of political struggles and the
explanation of institutional change and stability (Lockwood et al. 2017). Democratic
countries, for example, have been shown to perform better on these criteria.
iii) National impediments: Introducing a policy can be against the interests of certain industries or,
in the short term, against the interests of the country as a whole due to costs. The prospect of
shifting from one technology to another translates to shifts in market share, possible job losses,
reduced revenues, and so on. A national car or EV industry can be positively or negatively
affected by this, and state intervention is influenced by state-business relations and how
industry actors are organized (Bakker et al. 2014; Meckling and Nahm 2018b). Geels (2014), for
example, considered “regime resistance”, namely, how the fossil fuel and automobile
industries resist transforming the system. Vested interests can be partly captured by variables
(e.g., the existence of an industry), whereas other characteristics or processes related to these
actors need other analytical approaches, such as case studies (see Chapter 5). Similarly,
depending on existing starting conditions of geography, infrastructure, or resource endowment
relevant to the transport sector, the introduction of novel policies might take different turns.
Most of the determinants of technological pathways are shaped by national characteristics,
institutions, and their history. National innovation systems are not, however, closed systems. They
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interplay with the driving forces of technological development outside national boundaries
(Altenburg et al. 2015).

3.1.3. International mechanisms
International diffusion can have several underlying mechanisms (Berry and Berry 2007; Dobbin et
al. 2007; Karch 2007; Shipan and Volden 2008). In the literature, they are often broken down into
horizontal and vertical mechanisms: The horizontal mechanisms are proximity, competition,
learning, and emulation. Drawing on organizational decision-making theory when studying the
diffusion of policies, these refer to policymakers looking at other countries’ policy experiences, due
to capacity constraints that prevent them from developing policy sui generis. The vertical
mechanisms are coercion, imitation, and learning. In the case of international policy diffusion, these
can emerge from powerful countries, groups of countries, and international organizations.
i)

Proximity describes the diffusion of policies to nearby states. There are five types of proximity:
cognitive, organizational, social, institutional, and geographical. Geographical proximity is
neither sufficient nor necessary for the transfer of innovations (Fadly and Fontes 2019). While
geographical proximity is the most straightforward metric of spatial diffusion, in some cases
trade or investment flows can be more relevant and show strong interaction between countries.
Geographical proximity is often correlated with institutional proximity or trade, and
geographical characteristics, such as resource endowments (e.g., solar radiation), strengthen
the other dimensions of proximity (Boschma 2005; Fadly and Fontes 2019). Empirical studies of
diffusion have emphasized geographical proximity for the intensity and speed of adoption
(Grubler 1991; Comin and Hobijn 2004; Comin et al. 2012; Fadly and Fontes 2019). Ciccone and
Matsuyama (1996) identified technological interdependence across countries – that is, the
aggregate level of technology in a country depends on domestic factors and the level of
technology of its neighbors (see Caselli and Coleman 2001; Ciccone and Matsuyama 1996;
Comin et al. 2012), with intensity decreasing with distance (Ertur and Koch 2007). Keller (2002)
presented evidence that technology diffusion is geographically localized and that this effect
tends to decrease over time. Peri (2005) showed that language differences impact how
knowledge flows and geographical distance are related. Findings on geographical proximity
for energy-related innovations are mixed: Some studies show only small, statistically
insignificant effects (Halleck-Vega et al. 2018) or connections to other variables (e.g., joint
colonial history, another kind of proximity; see Stadelmann and Castro 2014), whereas other
studies find clear links (Verdolini and Galeotti 2011; Bento et al. 2018). Proximity is closely
connected to learning and competition.
ii) Learning describes the mechanism whereby policymakers learn from experiences in other
countries or regions. They benefit from information about the consequences of a technology
introduction, especially the experience of lower costs resulting from the policy or technology
(Shipan and Volden 2008; Rogers 2010).
iii) Competition for capital and trade advantages is another motivation for innovative technology
or policy adoption across countries (Berry and Berry 2007; Massey et al. 2014). Regulatory
policy competition aims to ensure competitiveness by creating a level playing field in global
industries. This has usually been led by industrialized countries with higher regulatory
standards. Focusing on ICEV bans (which are closely linked to EV as they target the
transformation of the transport sector), Meckling and Nahm (2019) highlighted the role of
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competition in the automotive industry and a new perspective of “trading-up” environmental
or technology policy goals. Compared to traditional “trading-up” of environmental regulations
from industrialized countries to emerging economies, they viewed EVs as pacesetters that
extend beyond high-income countries. Empirical results indicate that more stringent
environmental regulation can trigger investments in advanced technologies, leading to
comparative advantages at the international level (Costantini and Crespi 2008).
iv) Imitation or emulation refers to copying what policymakers in a country did while still
experiencing uncertainty regarding the outcomes (e.g., costs and benefits) (Biesenbender and
Tosun 2014). Usually, those countries that are imitated or emulated are considered either as
frontrunners or as having close proximity (see above).
v) Coercion often happens through the imposition of standards by federal (e.g., the US) or
supranational entities (e.g., the EU), including in the form of harmonization.
These mechanisms are partly entangled, and it is difficult to separate and test them empirically
(Dobbin et al., 2007). Absorption of foreign knowledge depends on an existing domestic knowledge
capacity (see discussion of national characteristics above). Foreign and domestic innovation
activities interact. Outside events complement inputs to domestic knowledge accumulation (Bell
and Pavitt 1996). I focus here on proximity and coercion, which are the two mechanisms that can most
easily be disentangled.
In parallel, the technology improves and the market actors become more familiar with it. This is
tied to technological learning and related improvements in cost-effectiveness, performance, and
knowledge about the technology. Learning happens with increasing experience and cumulative
output over time. Technological learning can be described through experience curves that delineate
the reduction in unit costs at a certain rate. Time is not sufficient on its own; rather, it is the
accumulated knowledge through cumulative experience in the form of units produced that is
required. Nevertheless, in this research, time can be used to represent the global trend in
technological learning that leads to EVs becoming more accessible in countries with lower capacities
and income and less policy support. Granular technologies with large output numbers tend to have
faster learning rates (see also the panel on conventional learning in Figure 3).
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4. RESEARCH DESIGN AND METHODOLOGY
This chapter presents the research design chosen to answer the research question.

4.1. Research question
The guiding research question this thesis seeks to answer is: Which factors explain the variation in the
timing of EV takeoff across countries?
The question arises why novel transport technologies are not spread more broadly. Why do certain
innovations diffuse to one country earlier than to others, and why do they not diffuse to some
countries at all? What explains this variation? This study aims to obtain insights that will contribute
to understanding how countries become early adopters of support polices leading to EV diffusion,
and when this happens. There is little empirical evidence in this realm.
In this research, local and national policies cannot be disentangled; rather, there is a mix of policies.
EVs receive support at different governance levels (see Section 2.3.5). Typical policy instruments
consist of a wide variety of approaches, such as public procurement, financial incentives to reduce
purchasing (e.g., tax exemptions or credits) and operating costs (e.g., free parking, access to bus
lanes), and regulatory measures (IEA 2016c). Most recently, announcements of bans on the sale of
diesel- and gasoline-powered passenger vehicles have been added. Potential EV adopters vary in
their preferences for policy incentives, underscoring the current heterogeneous approaches
(Priessner et al. 2018). However, national policies are deemed more powerful than those at local
level and more often involve monetary incentives, and they have also been shown to be most closely
linked to EV diffusion (see 2.4.1; Rietmann and Lieven 2019). Policies do not operate in a vacuum;
rather, they interact with stakeholders and the technology development.
However, national EV policies differ markedly in intensity, and they range from supporting
technology development to technology diffusion (Wesseling 2016). There is considerable
divergence across countries in their starting conditions (governance, markets, production systems)
and their national objectives, which translates to different paths in technological experimentation
(see Section 3.1.2). This study tests how these differences impact the divergence in the takeoff of a
new technology.
To simplify, the diffusion of technology is treated as an outcome of policies because at this early
stage of EV diffusion policies are needed to spread the technology (see Section 2.4.1). By looking at
the outcome, it is possible to capture the success of the available policy mix in this early stage of
market development. This allows a comparison of different countries’ policy strategies and
characteristics. Thus, more generalizable inferences about EV (policy) diffusion can be made. To
answer the research question, the following steps were taken, as summarized in Figure 16:
i)
ii)
iii)
iv)
v)
vi)

Defining the outcome (dependent) variable
Identifying explanatory (independent) variables representing mechanisms in line with
the theoretical framework
Defining the period of investigation
Defining the country sample
Collecting data
Identifying methods and testing the relations between the variables.
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Figure 16. Steps undertaken in this research. Initially (far left) the dependent variable was defined, then the
independent variables were identified, aided by the literature review and enhanced by country case studies within the
broader theoretical framework. In the next step, data were collected for the country sample and the study period. This
was followed by the analysis with the two chosen methods to obtain the results (far right).

Figure 17 presents an overview of the research design and how all its elements come together. This
is a mixed methods study design, combining both qualitative and quantitative methods (Creswell
2003). By combining quantitative and qualitative approaches, a deeper understanding of diffusion
can be achieved. A mixed methods approach involving statistical analysis and case studies has been
used in other studies that investigate the causal mechanisms of policy and technology transitions,
such as Tosun (2013) on environmental policy change, Vinichenko (2018) on renewable energy
takeoff, and Wesseling (2016) on EV policy support. In addition to the literature review, the research
design included two methods: country case studies, and a large-N analysis. They correspond to the
following two empirical chapters:
o
o

Chapter 5 on country case studies to qualitatively identify explanatory variables and diffusion
mechanisms
Chapter 6 on the results of the large-N analysis to validate explanatory variables

This study is intended to contribute to improving the understanding of explanatory variables of EV
takeoff and policy adoption across countries; among other things, EV takeoff is an outcome of
effective policy support. By studying the explanatory variables, it is possible to shift inquiry into
technology adoption so that it emphasizes the conditions under which takeoff ensues (Kauffman et
al. 2012). This might also help to identify some barriers to policy evolution, thus improving
guidance for policymakers. This research can also be seen as an analysis of policymaking.
Deepening the understanding of this variation across countries will help improve predictions about
which countries reach takeoff and when they do so.

58

Figure 17. The research design provides an overview of all elements contributing to answering the research question.
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4.2. Dependent variable
Identifying the takeoff threshold has to balance (i) the need to be followed by the growth phase, (ii)
being as early as possible to include as many data points as possible, and (iii) providing an
opportunity to standardize in a simple manner across countries. As set forth in Section 2.2.2, takeoff
is often described as a signal of mass adoption of a product and its ultimate commercial success, at
which point policy support is no longer crucial. Tellis et al.’s (2003) approach to defining takeoff for
cross-category and cross-country analyses took Golder and Tellis’s (1997) threshold based on units
and growth in sales and translated it to market penetration. They came up with this new approach
to analyze takeoff of consumer durables across countries in Europe. They empirically derived
takeoff curves that can be related to a 1% market share, which this analysis used as the threshold
that marks the end of the formative phase (Bergek et al. 2008). Their threshold of sales growth starts
at 600% for 0.1% market penetration and begins to level off just after 1% market penetration. The
inflection point is 1% market penetration, which this study used as a proxy for takeoff.
This is a simplification as this study did not assess the market development and how sales increased
in each market separately, instead using the same threshold in all countries. This threshold was also
used because a sufficient number of countries had already crossed it to make a large N-analysis
possible. When looking at the example of the lead market of Norway (see Section 5.1), the 1% market
penetration indicates growth while the growth is visibly stronger at around 5% penetration. Only
a few countries have obtained such a market share, but most countries have had policies in place as
they need to trickle down and materialize. As the case study of Norway also shows, the country
had a long track record in support measures prior to reaching takeoff.
This study thus operationalized takeoff as the first year in which EVs achieve 1% market share. This
1% market share threshold is also a measure of strong transport policies that pull EVs into the
market. Supply-side factors are connected to the point of sales takeoff (Agarwal 2002). Especially in
the beginning of EV market development, EV policies play a strong role. In that sense, it can be seen
as a proxy measure for the outcome of transport policies, showing which countries have
implemented effective EV support policies for the formative stages.
To test this, other market shares thresholds and their quality in predicting EV market share were
considered. This also related to the fact that other research in the field of energy technologies (Bento
2018; Vinichenko 2018) has used slightly higher shares of, for example, 2.5%, although these were
predominantly in relation to supply-side technologies rather than to demand-side consumer
technologies. Table 7 presents evidence for the years of takeoff as a predicter of EV market share
for different takeoff thresholds. As seen in the table, the quality is relatively high for all chosen
thresholds (0.5%, 1%, 1.5%, and 2% market share). Performance improves from 0.5% to 1% to 1.5%,
but then deteriorates again at 2% market share.
Table 6. Takeoff year as a predictor of EV market share in 2017 (R2)

Market share threshold
0.5%
1.0%
1.5%
2.0%

R2
0.72
0.79
0.85
0.72
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Figure 18 shows the trendline fits for 1% (left panel) and 1.5% (right panel) market shares. Even
though the R2 is higher for the 1.5% threshold than for 1%, this study chose 1% as more countries
take off at this threshold and the sequence does not change much (as will be discussed further).
Thresholds of 0.5% and 1.5% takeoff will be used in the sensitivity analysis (see Section 6.2.4 and
Appendix 3).

Figure 18. Takeoff year and EV market share in 2017, for 1% threshold (left panel) and 1.5% threshold (right panel).
Note: All countries from the sample that had taken off by 2017 are shown.

The sequence of takeoff across countries is relevant for event history analysis (see Table 7). At a
0.5% market share, already 28 countries had achieved takeoff by 2017; however, this did not lead to
sustained growth. At the 1% threshold, 18 countries achieved takeoff by 2017. At 1.5%, two
countries (Japan and the US) did not reach it, resulting in a total of 16 countries (by 2017). Selecting
higher market shares, such as 2% or 2.5% (see, e.g., Bento et al. 2018), is not feasible at this point. By
2017, only nine countries had reached 2%, and seven had reached 2.5%, reducing the predictive
quality. Most countries experienced delayed takeoff by one to two years at thresholds between 0.5%
and 1%. The differences are much less between 1% and 1.5%, thresholds at which many countries
do not see any change; overall, the average delay in takeoff between these thresholds is half a year.
Changing the threshold thus does not change the overall picture much, especially at thresholds
between 1% and 1.5%. Japan and the US experienced the largest gap: they achieved takeoff four
years earlier if 0.5% is chosen rather than 1.0% (shaded in grey). This shows that the market
developed only slowly after crossing the threshold. France experienced takeoff two years earlier if
1% is chosen rather than 1.5%.
The dependent variable will thus be a binary dummy for the year in which the share of EVs reached
at least 1% of new car sales/registrations in a country for the first time. Shares were chosen over
totals because the focus was on the development of the EV shares within the total car market. As
passenger car markets vary significantly in size across countries, total numbers would have been
misleading (Mersky et al. 2016; Münzel et al. 2019). Such a relative threshold can easily be crossed
by smaller countries, induced by singular events. This was observed in Estonia, Sri Lanka (i.e.,
public procurement scheme) and Denmark (i.e., abolition of subsidy with a surge in sales and a
subsequent market crash). Sales shares in all countries were studied to make sure that crossing the
threshold not result in sustained growth. This was reflected in the coding of the dependent variable.
Countries where this was not the case (i.e., Estonia and Denmark) were coded as not having taken
off in the year they reached 1% EV market share for the first time.
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Table 7. Differences in takeoff years depending on chosen market share

Country

0.5%

1.0%

1.5%

2.0%

Austria
Belgium
Canada
China
Cyprus
Denmark
Finland
France
Germany
Hungary
Iceland
Ireland
Japan
Latvia
Luxembourg
Malaysia
Netherlands
New Zealand
Norway
Portugal
Slovenia
South Korea
Spain
Sweden
Switzerland
Ukraine
UK
US
Total no. of countries taking off
Mean

2014
2015
2016
2015
2017
2014
2015
2013
2015
2017
2013
2017
2013
2017
2016
2017
2012
2017
2011
2015
2017
2017
2017
2013
2014
2017
2014
2013
28

2016
2016
2016
2016
2015
2017
2014
2017
2017
2017
2012
2011
2017
2014
2015
2017
2015
2017
18

2016
2016
2017
2017
2017
2017
2014
2017
2017
2013
2012
2017
2014
2015
2017
2017
16

2017
2017
2017
2017
2015
2013
2012
2015
2017
9

Difference
0.5%–1.0%
2
1
1
1
2
2
1
4
1
0
0
0
2
1
1
0
1
4
10
1.22

Difference
1.0% vs 1.5%
0
0
1
1
2
0
0
0
0
1
1
0
0
0
0
2
0
2
0.5

Previous literature in this field has focused on the diffusion of policy instruments, such as adoption
of legislation (Biesenbender and Tosun 2014; Schaffer and Bernauer 2014; Stadelmann and Castro
2014) rather than on outcomes of policies (Bento et al. 2018). Given that EVs have not hitherto been
competitive without public policy support (IEA 2016c), this approach is suitable. Since EV support
policies are so diverse (see Section 2.3.5), this is a good way to standardize across countries. For
comparison reasons and to make the approach more consistent, it was decided to measure the
outcome of these policies in terms of the technology diffusion of EVs.
The coding of the dummies (0 before, 1 after) was thus based on data from a consulting firm based
in Sweden (EV Volumes 2019a) (Table 8).
Table 8. Dependent variable
Dependent variable (policy outcome)
EV sales takeoff: Market share of EV (new sales) >/= 1%

Data source

Data structure

Time frame

EV Volumes (2019a)

Binary (yes/no)

2010-2017
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Figure 19 shows the diffusion curves and annual additions of countries crossing the threshold. For
comparison reasons, the threshold of 1.5% EV market share is once again included.

Figure 19. Cumulative number of countries (lines) and number of countries taking off per year (bars) for 1% (dark blue)
and 1.5% (grey) EV market share. Source: Data from EV Volumes (2019a).

4.3. Time frame
In the literature, 2010 is identified as the first year when commercial manufacturers offered EVs to
the broader consumer market, with the first full EV five-door “family” car14 being available
(Figenbaum and Kolbenstvedt 2013; Sierzchula et al. 2014). The analysis starts in 2010 when no
countries had reached the threshold of 1% of EVs in new car sales (Figure 19). Norway was the first
country to reach 1% in 2011. The last year included in the analysis was 2017 as most of the available
data for the independent variables did not go beyond 2017. Also, the share of EVs in new sales
globally reached the takeoff of 1% for the first time in 2016 (or 2017 for BEV only). The analysis thus
covered the very early phase of the commercial diffusion of this technology when there was strong
reliance on policy support.

4.4. Country sample
The country sample (Figure 20) comprised 60 countries, 18 of which had reached EV sales of > 1%
of new vehicle sales by 2017.15 The sample represented 5.6 billion people, or 75% of the world
population, and 89% of global GDP in 2017. It also represented more than 90% of annual new car
sales during the period 2005–2017, and practically the total global EV market. It covered all OECD
and high-income countries as well as emerging economies with annual passenger car sales greater
than 150,000 in 2017 or previous years.16 This was the size of the total car market of Norway in 2017.
Industrial countries have historically large car markets with high penetration rates, while emerging
economies experience strong demand growth. The sample captures the world’s largest car markets.
14

The Nissan Leaf was introduced in December 2010 in the US and Japan. The Mitsubishi iMIEV was available
in April 2010. Although Tesla started delivering to customers in 2008, Teslas are high-end EVs.
15 The only country which had passed 1% market share and which was not covered by the sample is Sri Lanka,
where overall car sales increased from 2,600 to 26,000 in the period and where the 1% threshold translated to
fewer than 300 cars that were mainly related to a public procurement scheme.
16 Taiwan would also fall into this category but it had to be excluded because of missing data.
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Several of the new EU member states are relatively small car markets; however, given their EU
membership, EV penetration is expected in those markets before other markets, which merits their
inclusion. Given data availability, previous literature on policy diffusion has mostly focused on
developed countries (US, EU, OECD), with some exceptions (Stadelmann and Castro 2014; Bento et
al. 2018).

Figure 20. Geographical spread of country sample. Countries in black had experienced takeoff by 2017; countries in
dark grey had not. Countries in light grey are not part of the sample. Only a few African countries were included as
many of their car markets depend strongly on second-hand vehicles with few new car sales.

4.5. Country case studies
Country case studies help us to learn from policy experiences in different national contexts. They
provide insights into the early implementation of public policies aimed at overcoming and/or
compensating for a technology's tradeoffs and risks. Case studies also provide an opportunity to
identify potential explanatory variables and hypotheses (see Section 4.6), and peculiarities that
cannot easily be captured quantitatively (e.g., Rietmann and Lieven 2019). Research on countries
with different market conditions and policy landscapes suggests that these differences can lead to
the adoption of different EV transition pathways (Altenburg et al. 2015). This particularly relates to
drivers, processes, and mechanisms, and their interplay.
The case studies in this thesis focus on the formative phase, that is, on the mechanisms relating to
niche innovation and learning, international technology and policy diffusion, the formation of state
goals, provision of state support to EVs, and the role of vested interests (automobile industry). The
aim is to explain how political dynamics shaped policy outcomes (i.e., the adoption of different EV
policies that lead to increased EV adoption). The mechanisms do not explicitly evaluate the impacts
of different policy mixes or estimate their costs or effectiveness. The case studies cover the period
until the EV market share reached 1%. For countries that did not reach the 1% market share, the
case studies end in 2017, which is the end of the observation period of this study.
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Of the 60 countries from the overall sample, 13 provided case studies by which it is possible to learn
in detail from their experiences and policy contexts (see Chapter 5). The selected cases had diverse
EV diffusion, socioeconomic and geographical characteristics, and political systems, which is in line
with the assumption that different mechanisms were at play. Several of these countries have
previously been studied extensively (i.e., Norway, the Netherlands, the US including California,
China, Germany, and other EU countries). Others are younger markets with little literature
available (i.e., Hungary, Malaysia, Romania, Ukraine). Some of the countries are leaders in EVs
(e.g., Norway and the Netherlands); some are early followers (e.g., France and China); some reached
the 1% takeoff threshold in 2018 (e.g., Hungary and Malaysia), a year which is not included in the
quantitative analysis because of data availability; and some have still not achieved this threshold
(e.g., Romania and Brazil). Apart from major exporting countries, which do not yet have EV car
markets, each group from the set-theoretical approach (see Section 4.7.1) was covered.
The sample of the country cases is not balanced because it is dominated by early adopters from the
old EU/EFTA group. First, more complex mechanisms are expected for these countries as they faced
barriers such as high levels of uncertainty and costs. Secondly, the availability of sources also
influenced the case study selection. The main sources of information were secondary scholarly
literature in English, reports of international and national renewable energy associations,
governmental reports, and magazine or newspaper articles in English. Naturally, these sources
were not available for all countries equally. Nevertheless, far less researched countries – especially
those that have not taken off, such as Brazil and Hungary, and less-documented cases of late “early
starters”, such as Malaysia – were also included. Later “early adopters” are expected to face lower
barriers as technology has matured and is more readily available, and because they can profit from
international diffusion. Some cases appear not to fit the pattern, providing further insight into the
mechanisms at play in the formative stage.
The case studies (see Chapter 5) used elements of process tracing. Process tracing is predominantly
applied in political science. Based on historical records, this research approach tries to (re)construct
a chain (when) of events (what) to identify causal mechanisms (why and how) of political decisions
within a case leading to an outcome (George et al. 2005). After extracting all observable implications
relating to the dependent and independent variables through process tracing, the variables are often
tested empirically through quantitative methods (King et al. 1994). Besides investigating individual
mechanisms on their own, process tracing, in order to explain the outcome, aims also to understand
how different mechanisms are or were connected. Another objective is to derive a more general
hypothesis about causal mechanisms and processes based on particular observations.

4.6. Hypotheses and independent variables
The following criteria were applied when selecting variables that might explain why countries have
reached takeoff (and which might be used for predicting future takeoff in other countries):
o
o

Availability for the country sample in the observation period (2010–2017)
Simplicity in order to avoid duplication

I identified a set of variables that operationalize a list of hypotheses which might explain the EV
takeoff across countries (see Table 9–Table 12 for data sources, corresponding literature, and further
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details). Variables can be relevant for several processes at different layers. In the following
discussion, I consider the hypotheses and chosen variables, including possible alternatives, in
greater detail.

4.6.1. Population characteristics
Awareness and innovativeness
o H1.1: The gross tertiary enrollment rate is used to reflect environmental awareness and
innovativeness, which is related to a more highly educated population. The indicator does not
say anything about the completion of tertiary education, but it comes closest to reflecting postsecondary education across countries.

Wealth/Affordability
o H1.2 = H2.10: Income levels have a positive effect on the likelihood of takeoff. GDP, GDP per
capita, and income groups are used to reflect the wealth of a country and the purchasing power
of its population. Wealth is also connected to a state’s capacity, so this variable is repeated
below.
Fuel and electricity prices (below) are also connected to the affordability and purchasing decisions
of EVs. They are grouped under national strategic objectives because they are subject to taxes and
subsidies that are often instruments of national policy objectives, thus being partly entangled with
the objective to measure the outcome of policy support.

Living conditions
o H1.3: Low population density has a negative influence on takeoff. Longer travel distances make
switching to EVs more challenging as long as the EVs have limited ranges. At the same time,
the development of the charging infrastructure is less attractive in less densely populated
countries.
o H1.4: The urbanization rate is positively related to the uptake of EVs. (Peri-)urban populations
tend to be early EV adopters. Urban areas are initially more attractive for EV ownership because
of the available charging infrastructure and the issue of range.
These two hypotheses (H1.3 and H1.4) are also related to national impediments (see below), as they
not only pertain to EV uptake connected to individuals’ living conditions but also to charging
infrastructure development at the national level.

4.6.2. National characteristics
Strategic objectives
o H2.1: Oil importers are more likely to take off as they want to reduce their import dependence.
The share of net crude oil imports over primary oil consumption is used to assess this.
o H2.2: Major oil producers are less likely to take off as they have no incentive to electrify their
fleet early. A threshold of 30% of total energy exports of total primary energy supply was
selected for a country to be a major oil producer. This was coded as a binary variable.
o H.2.3: The fuel price is positively correlated with EV takeoff. This might be a policy action itself,
as fuel price taxation acts as a disincentive for EVs. However, as examples have shown,
affordability is a key criterion for EV adoption. The weighted average fuel price according to
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o

o

o
o
o

o

national fuel mix (dieselization) was used. Further details and sources are available from the
author upon request.
H2.4: Growth in the transport sector (energy demand) has a positive effect on the likelihood of
takeoff, because this growth mitigates future import dependence or impacts on trade balances.
The annual growth rate in transport energy demand was used.
H2.5: Electricity exporters are more likely to take off as they have an abundant supply of
electricity, which can cover part of their domestic transport energy demand. Electricity
importers, on the other hand, might be hesitant to switch to EVs because of energy security
issues. Net electricity exports were used to look into this.
H2.6: Countries with lower CO2 intensity electricity are more likely to take off, as this indicates
that a switch in fuel will support climate change mitigation.
H2.7: High pollution levels lead to takeoff. Population-weighted exposure levels to PM2.5 were
used.
H2.8: Countries with a larger automotive industry are less likely to take off as incumbents will
defend their market position and lobby against policy change. There is an indication that EVs
are also seen as having the possibility of becoming competitive; however, in the early stage this
might still be more of an obstacle for EVs. Both the production of passenger cars (continuous)
and a binary variable (whether or not the country is a producer) were used to test this.
H2.9: The electricity price has a negative effect on the likelihood of transport policy adoption.
Electricity price data was available only for IEA countries.

Capacities
Socioeconomic
o H2.10 = H1.2: Income levels have a positive effect on the likelihood of takeoff. GDP, GDP per
capita and WB income groups were used to reflect a state’s capacity to adopt innovations.
o H2.10: The size of the population and the size of the car stock have a positive effect on the
likelihood of takeoff. Larger markets have more leverage to introduce standards that
manufacturers have to comply with.
o H2.11: The motorization rate of a country has a positive effect on the likelihood of takeoff.
Institutional
o H2.12: The level of democracy has a positive effect on takeoff. A combined polity score was
used to assess countries’ autocratic and democratic characteristics.
o H2.13: Federalist countries are more likely to adopt transport policies, as policy learning can
occur on a sub-national level. Different variable coding was used to assess federalism.

Impediments
To cover geographical challenges in providing infrastructure for EVs, urbanization and population
density were assessed and used here again (see above):
o H2.14 = H1.3: Low population density has a negative influence on takeoff. Longer travel
distances make switching to EVs more challenging as long as the EVs have limited ranges. At
the same time, the development of the charging infrastructure is less attractive in less densely
populated countries.
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o H2.15 = H.1.4: The urbanization rate is positively related to the uptake of EVs. (Peri-)urban
populations tend to be early EV adopters. Urban areas are initially more attractive for EV
ownership because of the available charging infrastructure and the issue of range.

4.6.3. International mechanisms
As mentioned in Section 3.1.3, disentangling the different mechanisms of international diffusion is
not always straightforward. Coercion, learning, and geographical proximity were considered.
o H3.1: EU membership has a positive effect on the adoption of transport policies, as EU strategies
for energy and transport translate into national objectives and facilitate learning. Two variables
were used: one distinguished between EU and non-EU member states, and the other
distinguished between new EU members (joined since 2003) and old members.
o H3.2: OECD membership has a positive effect on the adoption of transport policies. The Electric
Vehicle Initiative (EVI),17 for example, was set up through the International Energy Agency
(IEA) within the framework of the OECD, so learning can happen through this exchange.
o H3.3: Adoption of a transport policy is more likely if neighboring countries have already
adopted such policies, following the reasoning of spillover effects through geographical
proximity. A binary variable was used to denote if at least one neighbor had reached takeoff in
the prior year. Land borders were used with the following exceptions (following Pickel et al.
2009): Iceland and Denmark were treated as neighbors of Norway and Sweden; Pakistan and
India were not treated as neighbors of China as exchange via those borders is limited and the
respective capitals are far away from each other; the UK was treated as a neighbor of France
and the Netherlands. These assumptions were also checked in a sensitivity analysis by using
alternative coding.
o H.3.4: The likelihood of EV takeoff increases with time. A time trend represents global
technological learning.
The following tables (Table 9–Table 12) each present one of the three levels of the analytical
framework: population characteristics, national characteristics (including subcategories), and
international diffusion. Each row shows one of the hypotheses Some hypotheses are relevant for
more than one level. For each hypothesis, supporting studies on other event history analysis, EV,
and technology or policy diffusion, as well as case studies (see Section 2.4 and Chapter 5) are
provided. The chosen variables, their sources, expected effects, data structure, and data
transformations are presented in short form. In general, the following data transformations were
undertaken:
o Missing years were interpolated (e.g., fuel prices)
o The natural logarithm of some variables was used (e.g., GDP, population).

https://www.iea.org/programmes/electric-vehicles-initiative. EVI has had fluctuating membership.
Currently 13 countries are members, all of which are part of the large-N analysis, and some of which (in italics)
are covered in the case studies: Canada, France, Japan, Norway, Chile, Germany, the Netherlands, Sweden, China,
India, New Zealand, United Kingdom, and Finland.
17
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In Cox regression, coefficients represent the effect of a change by one in the respective variable:
o Continuous variables are transformed to a mean of 0 and a standard deviation (SD) of 1
(standardization)
o Ordinal variables (e.g., Polity IV scores) are transformed to fit a range of 0–1 (normalization)
o Binary and categorical variables with more than two levels stay the same.
These transformations are given in the last column of the following tables.

4.6.4. Variables considered but not included
The processes leading to EV takeoff could also be explained by other variables. In addition to the
above-mentioned alternative variables in some cases, other variables were considered but it was
decided not to include them for the following two reasons: (i) several variables were not available
for the full data set, especially those of non-OECD countries; (ii) for several variables, some
alternatives are thinkable, yet it was decided to go with the most commonly used and those where
the quality of the data was most reliable. In detail, this means:
•

•

•

Charging: Housing types have been shown to be relevant in the early phases of EV
adoption, mainly due to the ease of charging at home (Morton et al. 2018; Münzel et al.
2019) which dominates EV charging (Screeton et. al., 2013; Hardmann et al., 2018). In the
long run, however, EVs have to become attractive to the population who cannot charge
at home., which could be met through public charging infrastructure in densely
populated areas (Funke et al. 2019). In city centers, EV uptake is correlated to public
charging availability (Namdeo et al. 2014).
Coffman et al. (2017) also found public charging infrastructure to be positively
correlated with EV adoption (Coffman et al., 2017), the direction of causality is not clear
though (Sierzchula et al. 2014; Mersky et al. 2016; Coffman et al. 2017; Neaimeh et al.
2017). Charging infrastructure needs for a specific country are hard to generalize though
(Funke at al. 2019), which is why public charging infrastructure or industry in a market
was not included.
The interconnectivity of the electricity grid could be looked at by the share of the
interconnection of installed electricity production capacity (%) or as a binary variable
(yes/no). This could be investigated in future work or only for a subpopulation of the
EU given the data availability.
Air pollution: Alternatives would be urban population-weighted exposure levels to
PM2.5 or the share of the (urban) population living in areas above the WHO target level.
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Table 9. Population characteristics: Hypotheses and variables
Hypothesis
Literature
Population Characteristics
Education:
H1.1: A high level of educational
attainment has a positive influence
on takeoff.

Carley et al. (2013), Sierzchula et al. (2014), Trommer
et al. (2015), Hardman et al. (2016), Javid and Nejat
(2017), Egnér and Trosvik (2018), ZambranoGutiérrez et al. (2018), Almeida Neves et al. (2019),
Clinton and Steinberg (2019)

Independent
variable

Source

Gross tertiary
enrollment ratio (%)

World Bank (2019b),
Knoema (2014), Knoema
(2015), Kamal and Trines
(2018)

Wealth:
H1.2: Income levels have a positive
effect on the likelihood of takeoff.
[same as H2.10]
Living conditions:
H1.3: Low population density has a
negative influence on takeoff.
[same as H2.15]
H1.4: High urbanization rates have
a positive influence on takeoff.
[same as H2.16]

See H2.9 below

See H2.15 below

See H2.16 below

Note: Trafo = Transformation, SD= Standard deviation
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Effect

+

Structure

Trafo

Continuous

Missing
years
interpol
ated

Table 10. National characteristics: National strategic objectives hypotheses and variables
Hypothesis
Literature
Independent variable
National Characteristics
National strategic objectives
Energy security:
Wesseling (2016)
Net oil product imports as share of
H2.1: Oil importers are more likely
primary oil consumption (%)
to take off.
Major oil producer:
Total energy exports > 30% of TPES
H2.2: Major oil producers are less
(yes=1/no=0)
likely to take off.
Fuel price:
Diamond (2009), Eppstein et al. (2011),
Fuel price (USD/liter)
H2.3: Fuel prices have a positive
Beresteanu and Li (2011), Gallagher and
effect on takeoff.
Muehlegger (2011), Shafiei et al. (2012),
Vergis and Chen (2015), Plötz et al. (2016), Li
et al. (2017), Wee et al. (2018), Clinton and
Steinberg (2019)
Transport sector growth:
Altenburg et al. (2015)
Annual growth in transport energy
H2.4: Growth in transport sector
demand (%)
(energy demand) has a positive
effect on the likelihood of takeoff.
Annual growth in car sales (%)
Grid-oversupply:
Net electricity exports
H2.5: Electricity exporters are more
•
Total GWh
likely to take off.
•
Share (%) over consumption
CO2 intensity of electricity:
Biesenbender and Tosun (2014), Altenburg et Electricity grid CO2 emission factor
H2.6: Lower CO2 intensity of
al. (2015), Wesseling (2016)
(gCO2/kWh)
electricity is linked to takeoff.
Air pollution:
Biesenbender and Tosun (2014), Altenburg et Population-weighted exposure levels to
H2.7: High pollution levels lead to
al. (2015), Wesseling (2016)
PM2.5
takeoff.
Automobile industry:
IEA (2013), Wesseling (2016), Figenbaum
Cars produced (units)
H2.8: A larger automobile industry
(2017), Meckling and Nahm (2018b)
Cars produced per 1,000 inhabitants
is negatively linked to takeoff.
(units)
Local production (yes=1/no=0)
Electricity price (only IEA
Zubaryeva et al. (2012), Dijk et al. (2013),
Household electricity prices, PPP
members):
Sierzchula et al. (2014), Vergis and Chen
(USD/kWh)
H2.9: The electricity price is
(2015), Plötz et al. (2016), Soltani-Sobh et al.
negatively linked to takeoff.
(2017), Wee et al. (2018), Clinton and
Steinberg (2019), Münzel et al. (2019)

71

Source

Effect

Structure

Trafo

IEA (2016b)

+

Continuous

SD=1

IEA (2016b),
Author coding

+

Binary

-

Continuous

Weighted
fuel price,
odd years
interpolate
d

GIZ (2019),
World Bank
(2019b)

+

IEA (2016b)

+

Continuous

SD=1

+
+

Continuous
Continuous

SD=1
SD=1

IEA (2015),
IEA (2018a),
IEA (2019a)
World Bank
(2019b)

+

Continuous

SD=1

+

Continuous

SD=1

(OICA 2019c)

-

Continuous
Continuous

SD=1
SD=1

Author coding
IEA (2016a)

-

Binary
Continuous

SD=1

OICA (2019a)
IEA (2016b)

Table 11. National characteristics: Capacity (socioeconomic and institutional) and impediments hypotheses and variables
Hypothesis
Literature
Independent variable
Capacity: Socioeconomic
Wealth:
H2.10: Income levels have a positive
effect on the likelihood of takeoff.
[same as H1.2]

Domestic market size:
H2.11: The size of population/car
market has a positive effect on the
likelihood of takeoff.
H2.12: The motorization rate of a
country has a positive effect on the
likelihood of takeoff.

Capacity: Institutional
Democracy level:
H2.13: The level of democracy has a
positive effect on takeoff.
Federalism:
H2.14: Federalist countries are more
likely to take off.

Impediments
Geography
H2.15: Low population density has
a negative influence on takeoff.
[same as H1.3]
H2.16: High urbanization rates have
a positive influence on takeoff.
[same as H1.4]

Dinda (2004), Biesenbender and Tosun (2014),
Saarenpää et al. (2013), Plötz et al. (2014), Schaffer
and Bernauer (2014), Stadelmann and Castro
(2014), Trommer et al. (2015), Hardman et al.
(2016), Vassileva and Campillo (2017), Figenbaum
(2017), Javid and Nejat (2017), Morton et al. (2018),
ACEA (2019a), Münzel et al. (2019), Sovacool et al.
(2019)
Stadelmann and Castro (2014), Altenburg et al.
(2015)

Campbell et al. (2012), California Center for
Sustainable Energy (2013), Screeton et al. (2013),
Plötz et al. (2014), Hardman et al. (2016),
Jakobsson et al. (2016), Karlsson (2017), Münzel et
al. (2019), Wang et al. (2019)

Source

Effect

Structure

Trafo

GDP/cap PPP (2011 international
USD) (log)
GDP, PPP (2011 international USD)
(log)
WB income groups
(1=L, 2=LM, 3=UM, 4=H)

World Bank
(2019b)
World Bank
(2019b)
World Bank
(2019a)

+

Continuous

log; SD=1

+

Continuous

log; SD=1

+

Categorical

SD=1

Total population (log) on January 1
of each year

World Bank
(2019b)
OICA
(2019b)
OICA
(2019b)

+

Discrete

log; SD=1

+

Discrete

SD=1

Cars in use (units)
Cars per 1,000 inhabitants

Stadelmann and Castro (2014)

“Polity” score on democratic and
autocratic “patterns of authority”: 10 (autocracy) to 10 (democracy)

Marshall et
al. (2018)

+

Ordinal

0–1

Schaffer and Bernauer (2014)

Federalism
(strong=2/weaker=1/no=0)
Federalism2 (yes=1/no=0)
Federalism3 (strong=1/weak and no
=0)

Armingeon
et al. (2018),
constitutions

+

Binary

-

Egnér and Trosvik (2018), Morton et al. (2018)

Population density (people per km2)

World Bank
(2019b)

-

Continuous

SD=1

Sierzchula et al. (2014)

Population share living in urban
areas (%)

World Bank
(2019b)

+

Continuous

SD=1
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Categorical

Table 12. International mechanisms: Hypotheses and variables
Hypothesis
Literature
International Mechanisms
EU membership:
H3.1: EU/EFTA membership has a
positive effect on takeoff.
OECD membership:
H3.2: OECD membership has a
positive effect on takeoff.
Geographical proximity:
H3.3: Takeoff is more likely if
neighboring countries have already
adopted.
Time
H3.4.: The likelihood of takeoff
increases with the time that has
passed since first introduction.

Schaffer and Bernauer (2014), Stadelmann
and Castro (2014), Zhou et al. (2019)
Vinichenko (2018)

Independent variable

Source

Effect

Structure

Trafo

EU (and EFTA) membership (yes=1/no=0)

Author
coding

+

Binary
Categorical

-

Author
coding

+

Binary

-

Author
coding
based on
Stinnett et
al. (2002)
Author
coding

+

Binary

-

+

Discrete

-

Old/new/no EU members (old=1/new=2/no=0)
OECD membership (yes=1/no=0)

Fadly and Fontes (2019)

At least one neighboring country has reached
takeoff in the prior year (yes=1/no=0)

Rogers (2010)

Years since first introduction (units)
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•

•

•

•

•

•

•

•

Automotive industry: Several other indicators that would be very suitable are not
available for all countries, such as the automotive industry’s share of GDP (%) or
exports, or jobs in the sector. This is also true for EV production data in any form
(Sierzchula et al. 2014; Meckling and Nahm 2018b). This would merit investigation
given the different policy objectives, the fight for scarce public resources (supplyversus demand-side policy), and vested interests (Wesseling 2016). However, time
series data were not available. A country without any automotive industry will not
enter the EV game; hence, an existing automotive industry is still the best proxy,
with the possibility of both negative and positive impacts (Altenburg et al. 2015).
The Electric Vehicle Initiative (EVI) is a multi-government policy forum, coordinated
by the IEA and dedicated to accelerating the introduction and adoption of electric
vehicles worldwide. Membership of this initiative is expected to correlate with
policy adoption, but this poses an endogeneity problem, so it was not included in
the explanatory variables. However, OECD membership, which shows a great
overlap, is included. The same applies to the EV30@30 Campaign aiming to promote
EV market development and launched at the Eighth Clean Energy Ministerial in
2017.18
Data for some governance indicators that have been used in previous policy
diffusion studies are only available for the EU, US, New Zealand, and Canada until
2016; examples of such indicators are proportional electoral systems and the
political orientation of governments (Schaffer and Bernauer 2014).
The fossil fuel dominance in the road transport sector before introducing policies has
not been included. Fossil fuels make up more than 95% of transport fuel globally
(IEA 2018c). Some special cases where alternative fuels dominate in the transport
sector, such as ethanol in Brazil, were considered separately.
The international crude oil price likely has a positive effect on transport policy
adoption. It is also a common indicator related to energy security. However, it
varies across time and not between countries.
Infrastructure costs: Other variables that could be used to analyze infrastructure
costs and geographical challenges could be initial mode share/pkt and the
availability of public transport, both of which are hard to grasp. The indicator “cars
per person” is very closely correlated with GDP.
Openness of economy (in terms of trade as a share of national GDP) could be used to
investigate the ease with which a country might adopt novel ideas. In initial model
runs, no statistically significant proof was found, so further investigation was
dropped.
Proximity: Including trade connection is also an option (Eaton and Kortum 1996),
for example, the percentage of trade partners that have reached takeoff or trade
volumes. Given that a large set of the sample, and the cases of takeoff, relate to EU
countries, close trade ties are given. Data on trade used in similar studies (e.g., the
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EV30@30 Campaign members are Canada, China, Finland, France, India, Japan, Mexico,
Netherlands, Norway, Sweden, and the UK. For more information see:
http://www.cleanenergyministerial.org/campaign-clean-energy-ministerial/ev3030-campaign
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COW Trade dataset19) was only available up to 2014. Different options were
considered: keeping the 2014 values, extrapolating, or using a categorical variable.
For geographical proximity, distance measures are also possible. OECD and EU
membership can also be related to proximity, and these were included.
Unlike other studies in this field (Section 2.4), policy support in the form of financial
incentives, improved convenience (e.g., preferred parking) or available (public) charging
infrastructure was not included as an independent variable. The takeoff of EVs is the outcome
of such policy support, which has been shown to be crucial for early EV adoption in previous
literature (Münzel et al. 2019; Santos & Davies 2019) (see Section 2.4.1).

4.7. Large-N analysis
Cross-national comparisons enable empirical and theoretical generalization (Wesseling 2016).
After defining the outcome (dependent) variable and explanatory (independent) variables,
the next step involved exploring the relationships between them. The large-N analysis used
two methods for this: first, an exploratory set-theoretical approach (Section 4.7.1); and second,
an event history (survival) analysis (Section 4.7.2).

4.7.1. Exploratory analysis: set-theoretical approach
The exploratory stage of the analysis of takeoff in the 60 countries of the sample used a settheoretical approach. This approach identifies explanatory variables as necessary or sufficient
conditions for explaining a certain outcome (Ragin 2009) and is based on configuration
causality. According to Blatter and Haverland (2012), configurational thinking (i.e.,
configurational causality) is based on the following assumptions:
•
•
•

Nearly all outcomes result from of a combination of causal factors (causal pathways)
Varied pathways lead to similar outcomes (equifinality)
The effects of the same causal factor can be different in diverse contexts and
combinations (causal heterogeneity).

Causal pathways include several factors that result in a social outcome. For example, the
decision of France to pursue electromobility was based on a need to revamp the local industry,
available battery research capacities, the dominance of smaller cars in production and markets
that are easier to electrify, and the dominance of nuclear electricity in the electricity mix
(Altenburg et al. 2015).
Equifinality means that the same observed outcome can be a result of different causal
pathways. For example, an interest in EVs can come from a revamp of the local automotive
industry to become more competitive internationally (e.g., France) or from the objective to
serve a domestic market and develop a competitive domestic automobile industry that is less
dependent on foreign knowledge (e.g., China) (Altenburg et al. 2015).
Causal heterogeneity means that outcomes of such combinations are not additive in the sense
that they are determined by a sum of effects of independent factors. Instead, in such

19

https://data.world/cow/bilateral-trade
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combinations or configurations the effect of one factor or variable depends on other factors or
variables, which can enable or disable specific causal pathways.
Here a weaker version of the set-theoretical approach was used. This version relied on the
graphical presentation of the data based on independent variables. The sample was split into
groups (sets) defined by combinations of independent variables (either binary or binarized).
These variables represented the presence and strength of certain mechanisms. A chart (Figure
33) shows the presence and absence of the outcome in these groups, allowing important
observations, such as the absence of takeoff in major energy exporters outside the OECD or
that the old EU members take off earlier than other countries. The change and sequence in
takeoff across the sets were then presented over time (Figure 34). This provided a first
indication of the mechanisms and their impacts across countries.

4.7.2. Event history analysis
In the literature, explanatory variables for technology or policy adoption have been estimated
by discrete-time or event history models (Berry and Berry 2007; Strebel 2011; Biesenbender
and Tosun 2014; Stadelmann and Castro 2014; Yi et al. 2017). This technique takes data
structure in a time-to-event format with the objective of understanding the probability of the
occurrence of an event – in the case at hand, reaching takeoff. It therefore considers the
differences or similarities encountered by different subjects (countries) that might affect
survival or failure (adoption/takeoff or not) and provides explanations for them. It specifies
hazard and survival functions that show the adoption pattern of a sample (Kauffman et al.
2012).
Event history analysis has a strong and long record in the biomedical sciences where it is
known as survival analysis and usually investigates the timing of deaths (e.g., medical
patients, biological organisms). Similar approaches are used in engineering where the
approach is known as reliability or failure time analysis. Social scientists and economists have
widely applied this approach in order to understand events and their causes (BoxSteffensmeier et al. 2004; Allison 2014).20 The approach has also been used to study technology
adoption.
Event history analysis has not been used to study EV deployment, which is continuous rather
than a single or recurring event. The innovation in this study is to introduce the concept of
takeoff as a discrete event that allows using event history analysis to investigate the diffusion
of EVs. Such an operationalization has been used elsewhere in the literature for other
technologies (e.g., energy technologies: Bento et al. 2018; Vinichenko 2018).
Event history methods provide compelling opportunities for empirically researching
adoption, and especially the timing, time-dependent likelihood, and interdependencies

20

For an introduction to event history and survival analysis, see Allison, P. D. (2014). Event history and
survival analysis: Regression for longitudinal event data. Thousand Oaks, CA, USA, SAGE
publications. and Box-Steffensmeier, J. M., J. M. Box-Steffensmeier and B. S. Jones (2004). Event history
modeling: A guide for social scientists. Cambridge, UK, Cambridge University Press.
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related to adoption. Furthermore, the density of adoptions over time (i.e., their count) and the
clustering of events can be explained using the relevant variables.
For technologies and policies, the technique can be applied to examine why adoption patterns
develop as they do. Compared to descriptive S-curve methods used in diffusion theory, event
history methods help explain the relative importance and marginal effects of various factors
and their relationships (Kauffman et al. 2012).
The basic concept of event history models include (Kauffman et al. 2012):
•

•
•
•

Duration: the amount of time until the occurrence of the event or the end of the study
period, whichever occurs earlier. If the observation is still at risk (i.e., if the event has
not occurred) at the end of the period studied, it is called right-censored.
Outcome or status: if an observation records the event in the period studied or not.
Hazard rate: an observation’s immediate failure rate at time t (if it is still at risk before
time t) – its probability of event per unit of time.
Survival function: quantifies the probability that an observation’s duration will be
longer than time t. It can also be interpreted as the percentage of the observations that
will survive after t. Statistical methods used for event history analysis attempt to fit a
survival function to the hazard rate so that it is consistent with the observed timing of
events.

Event history data has several special features (Mills 2010): (i) duration is always positive; (ii)
the distribution is often positively skewed (i.e., with a long tail to the right); and (iii) there are
usually observations that have not yet experienced the event at the end of the observation
period, but may do so at an unknown time in the future – this is called censored data.
Measurements of time are often imprecise. In social and political research, data are usually
collected in discrete time intervals (e.g., months, years), either retrospectively in a crosssectional survey (dates are recorded to the nearest month or year) or prospectively through
panel studies (e.g., annually). They are thus interval-censored, where it is known only that an
event occurred at some point during an interval of time.
Event history methods usually apply time-series and cross-sectional data (country-year data
points in this study). The data from different observations are not compared to each other
based on calendar time (as in usual panel data research); rather, they are based on their relative
distance from the start of each subject’s failure process (Kauffman et al. 2012). The outcome is
coded as a binary variable (positive if takeoff occurs in a given year). Technically, this
dependent variable is different from traditional duration time in event history analysis, but it
contains the same information (Box-Steffensmeier et al. 2004). For each subject and time
period, there is an observation until a subject reaches the event (in this study, a country after
takeoff).
There are many different types of event history techniques, which vary according to (i)
whether time is treated as continuous or discrete; (ii) whether the effects of covariates can be
assumed to be constant over time (proportional hazards); and (iii) the assumptions about the
shape of the hazard function (Mills 2010). Based on which underlying assumptions are made,
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event history analyses can be classified as nonparametric, semiparametric, or fully parametric
(Kauffman et al. 2012):
•

•
•

Nonparametric methods are based on the fewest assumptions. The survival pattern is
constructed based on the observed timing and the survival history of all observations
in the sample (e.g., Kaplan-Meier curves). It is useful to start an analysis with these
descriptive techniques. But there are limits, as it is only possible to compare differences
between a limited number of groups and by including only one or a few covariates
(i.e., binary and categorical variables) individually. Several covariates or explanatory
factors and their impact on survival time are usually investigated. Thus, approaches
that can accommodate several variables are used (Mills 2010).
Semiparametric methods are based on more assumptions. Explanatory variables are
considered to impact the likelihood of survival (e.g., Cox regression).
Fully parametric methods have stringent expectations about the distribution of the
elemental survival process. Explanatory factors impact survival and help form the
survival (e.g., Weibull or Gaussian distributions).

In the literature on international technology and policy adoption with time-varying and timeinvariant covariates, semiparametric and fully parametric methods – Cox regression (e.g.,
Vinichenko 2018) and logistic regression (e.g., Tellis et al. 2003) – are the dominant
approaches, with Cox regression dominating in political science (Box-Steffensmeier et al.
2004). Both methods assume that takeoff is a probabilistic event, whose probability in a given
year is determined by independent variables. Both approaches have their advantages and
disadvantages. Regression techniques are useful in dealing with many covariates (continuous
or categorical), and they can be utilized to discover the treatment effect while controlling for
the other variables. This study applies both in the analysis, with Cox regression being the main
method and logistic regression with time variables as a secondary method to validate the
results (see Vinichenko 2018).

4.7.2.1.

Proportional hazard model: Cox regression

Cox regression or Cox-proportional hazard regression is the most commonly used
multivariable, semiparametric survival method (Box-Steffensmeier et al. 2004). It is
semiparametric because no assumptions about the baseline hazard function (i.e., the hazard
for a subject with all covariates equal to zero) are made. The baseline hazard function for
subject i over time is as follows (Equation 2):
hi(t)= ℎ0( )

{

+

( )…+

}

(2)

where h0(t) is the baseline hazard for a subject with all covariates equal to zero (which is the
same for all subjects). The regression coefficients β1,⋯,βn represent the effects of the covariates.
β1 is used to calculate the hazard ratio, which is similar to the relative risk. There is no
“intercept” term β0 in a Cox model. For example, β2 is the effect of Xi2 when the model has
been corrected for the other covariates.
Cox regression focuses on the hazard rate. The hazard rate is the spontaneous probability of
an event (such as takeoff) occurring. The estimation of regression coefficients uses only
information on relative hazards. It does not make assumptions about the baseline hazard
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function. This is an advantage of Cox regression, because a wrong assumption about baseline
hazard may lead to wrong results. This makes it suitable for any pattern of time dependence
that affects all subjects (e.g., growing hazard rate or probability of the event, which is
characteristic of the EV market where the availability of the technology is growing over time
due to global learning). Another advantage of Cox regression is that the straightforward
interpretation of regression coefficients can be interpreted directly. Equation 2 can be rewritten as
( )
( )

=

(

(3)

)

where 1 is the first covariate for subject i, and so on. If all covariates but the first are equal for
the two subjects, and the difference between the first covariates is unit y, the hazard ratio for
the two subjects is simply exp( 1). Hence, the Cox model is called the “proportional hazard”
model: it assumes that a certain change in a covariate leads to the same change in hazard rates,
irrespective of the absolute values of hazard rates. The effects of covariates are constant over
time (proportional hazard, although this can be modified). For example, electricity exports (in
a binary variable) reduce the hazard rate by the same factor in any year (irrespective of the
global maturity of EVs).
The Cox model treats time (and the time-to-event) as continuous and assumes that change can
occur at any point during the time interval. It not only focuses on the outcome but also
analyzes the time to an event. So, the survival between two or more groups can be compared
and the relationship between explanatory variables and survival time can be assessed.
Another unique feature is its ability to include time-varying covariates (i.e., explanatory
variables that change their values over time).
Cox regression comes with some disadvantages and limitations. It cannot be used for
predictions because the intercept (baseline hazard function ho(t)) is never estimated.
Moreover, as it does not make any assumption about the form of baseline hazard function,
the implied function is not necessarily smooth. This can lead to overfitted individual
estimates: these are matched to the observed data as closely as possible at the expense of more
general data patterns (Box-Steffensmeier et al. 2004). Second, while the method is perfectly
compatible with baseline hazard rates changing over time, it does not allow this change to be
measured or characterized (Cleves et al. 2010).
The probability of an outcome can depend on time. This is certainly the case with technology
deployment and a novel technology such as EVs. Time is associated with the mechanism of
global learning, as explained in Section 7.3.2 above; the number of years EVs have been
available for purchase, the novelty of a technology, or related policies are characteristics
similar to all countries and are also linked to adoption (Eppstein et al. 2011). Hence, the model
should incorporate time.
Logistic regression was used by Tellis et al. (2003), Schaffer and Bernauer (2014) and
Vinichenko (2018) as a secondary method to validate the results of Cox regression and to
demonstrate the role of time. The present study follows this approach.
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4.7.2.2.

Discrete-time models: Logistic regression

Discrete-time models have become one of the most prominent approaches in event history
research. They are very useful when there are multiple time-varying covariates and more
complex or parallel processes to be examined (Mills 2010). Policy adoption, which is traced
back over months or years, is an example of a suitable subject for discrete-time event modeling
(Box-Steffensmeier et al. 2004).
Logistic regression (“logit”) is commonly used for binary outcomes (Cox 1958). The
probability of takeoff P(t) in a given country (0 to 1) based on a range of explanatory variables
(xn), some constant over time (e.g., x1), some with different values at each time t (e.g., x2), is
estimated with a logit model. This is one of the standard models used for estimating discretetime event history models (Equation 4):
log

( )
( )

= ( )+

+

( ) + …+

+Ɛ

(4)

The coefficients 1 and 2 give the change in the logit (log-odds) for each one-unit change in
x1 and x2. But not all hazards that arise over time result from changes in x2. A discrete-time
model can allow any variation in the hazard by allowing the intercept a to be different at each
discrete point in time. Predictions (in a statistical sense) can be made of risk or probability
with logistic regression models.
To reflect technological change and incorporate time into the model, Beck et al. (1998)
suggested using cubic splines of time. These are flexible to accommodate a broad range of
possible patterns of time dependence. In a simpler approach, Carter and Signorino (2010)
suggested using a cubic polynomial of time (i.e., including time, time squared, and time cubed
as independent variables in the regression model). The present study will follow this
approach, which was also used by Schaffer and Bernauer (2014) and Vinichenko (2018).
Allison (1982) pointed out the strong similarity between the Cox model (continuous) and
logistic (discrete-time) estimates, arguing that they lead to practically the same for most
models. Cox and logit estimated become closer as the hazard function becomes smaller. The
discrete-time hazard will get smaller as the width of the time intervals becomes smaller. Also,
when time-varying covariates that vary in each interval are examined, as is in this study, the
results are similar. In such cases, the subject-period file (logistic) and the subject-risk file (Cox)
are identical. In many studies, both options are used to validate results (see above).
Whereas the dependent variable in a continuous-time model (e.g., Cox) is a hazard rate, in a
discrete-time model it is the odds. The central difference between discrete-time and
continuous-time models is that the discrete-time hazard function is the probability of an event
occurring during interval t, conditional on the event not occurring before t (Mills 2010).
A difference has, therefore, to be made when interpreting the coefficients or exponentials of
the coefficients (Steele and Washbrook 2013). Cox estimates are effects on the log scale, and
exp(β) are hazard ratios, denoting the relative risks. Logit estimates are effects on the log-odds
scale, and exp(β) show hazard-odds ratios.
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4.7.2.3.

Model building and diagnostics

For building the models, the seven-step approach for purposeful selection of covariates, as
outlined by Hosmer Jr et al. (2013), was followed. Following a correlation analysis, an iterative
process starting at univariate analysis tests different hypotheses based on theory:
1. The first step involves a univariate analysis of all potentially relevant covariates, as
identified in the literature or based on the theoretical grounding. All variables with a pvalue of less than 0.25 indicating statistical significance are kept for further investigation.
2. The second step brings all these covariates together in a multiple regression model, where
the p-values of the Wald statistic are again investigated. The traditional levels of statistical
significance are followed (i.e., p < 0.05). The different models are compared once individual
variables have been removed.
3. In step three, the values of the estimated coefficients in the smaller model are compared to
their respective values in the larger model to see whether the parameters change if a
covariate is removed. Steps two and three are repeated several times.
4. In step four, all variables that were removed are explored one by one to identify whether
they are not statistically significant or act as confounders. This leads to the preliminary
main effects model.
5. In step five, the individual variables are examined more closely (e.g., with checks for
linearity and needed transformation). This is relevant as not all variables enter into a
loglinear relationship and using a wrong functional form of a variable can be a reason for
the proportional hazard assumption being violated (Keele 2010). At the end of step five,
the main effects model is available.
6. Step six deals with potential interaction terms. Based on a list of all plausible interactions
of the existing variables, the statistically and reasonably possible interacting variables are
investigated by adding the arithmetic product between these two variables to the model.
One interaction term at a time is added to the main effects model and its statistical
significance is assessed (at traditional levels). Step two is again followed, with interaction
terms being removed to simplify the model. The main effects are considered as locked in.
At the end of step six, the preliminary final model is available.
7. In step seven, the model diagnostics are undertaken to assess its adequacy and fit (e.g.,
goodness of fit, how it performs regarding the proportional hazard assumption, identifying
influential observations and non-linearity):
• Goodness of fit: Several measures exist to assess the overall fit of event history models:
o Concordance (i.e., a value of 0.5 denotes a random guess; the higher the value, the
better): A value up to 0.7 is considered poor discrimination; above 0.7 is acceptable;
above 0.8 is excellent; and above 0.9 is outstanding (Hosmer Jr et al. 2013).
o Akaike information criterion (AIC): This rewards model parsimony by penalizing
additional independent variables (covariates) (Cleves et al. 2010). The AIC is a
measure of relative model quality, which can be used for comparing models with
differing specifications (Mills 2010), provided they are applied to the same dataset.
A smaller AIC value means better model quality.
o Standard error: When comparing different models, if one model has substantially
lower standard errors in its covariate estimates, then this model is preferable.
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•

•

•

•
•

•

Comparing nested models: Models are referred to as nested if covariates used in one
(“reduced model”) include a subset of covariates used in another (“full model”). The
reduced model is “contained” within the full model (Cleves et al. 2010). The Wald test
can be used to assess the quality of nested models, if the difference between a reduced
and a full model is significant (Kleinbaum and Klein 2010). A high p-value indicates
that the difference between two models is not significant, and substituting the full
model with the reduced model is justified.
Model adequacy: To ensure that no key covariate was omitted and that the functional
form of the covariates is correct, Cox-Snell residual plots are examined. The slope
should be approximately 45 degrees; if so, the unit exponential distribution follows a
hazard ratio of 1 (Cox and Snell 1968; Klein and Moeschberger 1997).
Proportional hazard assumption: The applicability of a Cox model depends on the
validity of the proportional hazard (PH) assumption (Cleves et al. 2010). The PH
assumption assumes that hazards do not change over time. A change in a covariate
translates to a change in the hazard rate by the same factor. If a covariate violates the
PH assumption and its hazard ratio increases over time, then its relative risk is
overestimated. On the other hand, if a covariate violates this assumption and its
hazard ratio decreases over time, then its relative risk is underestimated. Also,
standard errors will be incorrect and signiﬁcance tests are decreased in their power
(Box–Steffensmeier and Zorn 2002). If a model meets the PH assumption, it can be
tested with Schoenfeld residuals (also known as the Grambsch-Therneau scaled
Schoenfeld residual test) for individual covariates (Cox) (Singer et al. 2003). This test
produces p-values for individual variables and the entire model. Low p-values mean
that the PH assumption is not valid and that there is a time-varying effect. If this is the
case, an interaction with time would have to be built. An alternative approach would
be to stratify the data; however, as the observation period in this research is not that
long, this approach was not adopted. Another reason for violating the PH assumption
can be a mis-specified functional form of a covariate (see above). Although it is
important to check that the PH assumption is met, overly concentrating on it has been
identified as an unnecessary obsession by researchers. It occurs frequently. If the PH
assumption is violated, it can only be stated as the average effect of the covariate, and
the violation should be reported. It should be ensured that the other basic model
requirements are met, such as selecting the right covariates (Allison 2014).
Identifying influential observations: Score residual plots are used to test for influential
observations.
Non-linearity to assess if the functional form of a continuous covariate has to be
changed is investigated by using the Wald statistics of polynomial transformation (i.e.,
x, x2 and x3) of continuous covariates and by cubic splines, as suggested by Keele (2010)
and Gauthier et al. (2020). Visual examination through martingale plots is an
alternative, but this does not perform as well (Keele 2010).
Multicollinearity: The Variance Inflation Factor (VIF) is used to test for
multicollinearity. The closer the value is to 1, the better. A value of 1 indicates absence
of multicollinearity.
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The free software environment for statistical computing and graphics “R”, above all the
packages titled “survival” and “glm”, were used for model building and diagnostics.21

4.7.2.4.

Data set

The full sample covers 60 countries over the years 2010–2017. It is a time-series cross-sectional
dataset where each observation is a country-year pair. The dependent and independent
variables have already been explained. Except for electricity household prices, which is used
only in the analysis of the OECD-HI/EU subsample, all variables are available for all countries.
Within the event history analysis, there are 453 observations (n) with 18 countries
experiencing takeoff during the study period. After they experience takeoff, these countries
are dropped in the analysis. The OECD-HI/EU subsample comprises 39 countries with 286
observations and 15 countries taking off; the non-OECD-HI/EU subsample covers 21 countries
with 167 observations and three countries taking off.

21

https://www.r-project.org/
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5. COUNTRY CASE STUDIES
This chapter contains case studies of EV market development based on national documents,
statistics, and secondary sources. The cases help to formulate hypotheses for the large-N
analysis (see Section 4.6 and Chapter 6), as laid out in the research design.
For each country, the goal is to explain how national characteristics and policy objectives,
political dynamics, and actor coalitions shaped policy outcomes. Process tracing is a research
method that originated in political science. It reconstructs a chain of events and causal
mechanisms (Blatter and Haverland 2012), identifying what decisions were taken and when
they were taken. It aims to explain why and how political decisions were made (Stokes and
Breetz 2018). The focus is on understanding the mechanisms by which countries support EVs.
The 13 cases were selected as explained in Section 4.5 and summarized in Table 13. They
represent a broad range of different socioeconomic and political settings (Table 14). All cases
were drawn from the sample of 60 countries that were investigated in the large-N analysis
(Section 4.7). The majority of cases (10) experienced takeoff during the study period – that is,
reached a market share of 1% by the end of 2017. Recent sales statistics have been added.
With regards to the set-theoretical approach (Section 4.7.1 on theory and Section 6.1 on
results), the case studies cover at least two countries from each identified group, except for
Group 2.2 containing major energy exporters. None of the major energy exporters has taken
off so far, and policy support and EV markets in these countries are practically nonexistent.
Geographically, the case studies do not cover all continents (e.g., no country in Africa or
Oceania is included) and they focus on the northern hemisphere where EV takeoff began.
The case studies follow their takeoff sequence: the lead markets Norway and Netherlands,
then the large car producers (France, UK, China, Germany, Japan, and the US), and smaller
diverse markets that have not yet (or only recently since 2017) taken off (Malaysia, Ukraine,
Hungary, Romania). Brazil and other markets still far from takeoff, due to several reasons
(e.g., alternative fuel pathways, oil exporters), come at the end. While all cases investigate the
national level, boxes on the EU and California are provided given their policy influence.
Table 13. Case study countries
Country
Takeoff Year
Norway
2011
Netherlands 2012
France
2015
UK
2015
China
2016
Germany
2016
Japan
2014
US
2017
Malaysia
2017
Ukraine
2017
Hungary
2018
Romania
2019
Brazil
-

Group*
1.1
1.1
1.1
1.1
2.1
1.1
1.2
1.2
2.3
2.3
1.3
1.3
2.1

Justification
Lead market globally
Second lead market
First large car producer in Europe taking off
Early follower, EU large car producer
First non-OECD country taking off
Early follower, EU large car producer
First large car producer close to taking off but stalled
First North American country taking off
Early follower in Asia, car producer, early takeoff
Second-hand lead market, non-EU European, early takeoff
New EU member state with car industry
New EU member state with car industry, early EV policies
Large car producer, ethanol, nonexistent EV market, South America

*as identified in set-theoretical exploratory analysis in Section 6.1: 1. OECD-High Income//EU (1.1 EFTA+EU old; 1.2 OECD-HI; 1.3 EU
new); 2. Non-OECD-HI/EU (2.1 Major economies; 2.2. Major energy exporters; 2.3 Other large car markets).
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Table 14. Selected characteristics of case study countries
NetherSource
Norway
France
lands
Population
World Bank
5.3
17.2
67
(millions)
(2019b)
Surface (km2)
World Bank
625,217
41,540
549,087
(2019b)
GDP/capita
World Bank
(current
81,807.2
52,978.4 41,463.6
(2019b)
USD$)
Urbanization
World Bank
82
91
80
rate (%)
(2019b)
Dominating
96
82
73
power source IEA (2018b)
hydro
fossil
nuclear
(%) (2016)
Takeoff year EV Volumes
2011
2012
2015
(1% EV share) (2019a)
EV share in PC EV Volumes
49.0
6.0
2.1
sales 2018 (%)
(2019a)
Annual
EV
EV Volumes
sales
(2018)
72,636
27,079
45,605
(2019a)
(units)
Total PC sales OICA
158,623
414,599 2,109,890
(2017) (units)
(2019a)
Motorization
OICA
rate*vehicles/
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5.1. Norway
Norway is the world-leading market for electric mobility adoption and related policies, and it
has been analyzed extensively (e.g., Figenbaum and Kolbenstvedt 2013; Figenbaum et al. 2015;
Olson 2015; Figenbaum 2017; Olson 2018; Rietmann and Lieven 2019). In 2011, Norway
became the first market to reach a 1% EV sales share (EV Volumes 2019a; see Figure 21) and
in the first quarter of 2019 more than half of the passenger cars sold in Norway were fully
electric (Norsk elbilforening 2019). Norway is one of the 16 members of the EVI that aims to
accelerate the adoption of EVs worldwide.22 It is an EFTA member with close ties to the EU.

Figure 21. EV market share development: Norway 2010–2020 (August). Source: Data from EV Volumes (2020).

5.1.1. National objectives and market development
Figenbaum and Kolbenstvedt (2013) provide a detailed overview of the market development
of EVs. Early EV incentives, some had been available since 1990, did not yield results, despite
efforts to establish a local EV industry. The vehicles available were not comparable to and
competitive with conventional vehicles. Before 2009, yearly sales of EVs did not reach 500
vehicles. The market then started taking off in 2010/2011 when traditional vehicle
manufacturers provided EVs with Li-Ion batteries onwards that were commercially attractive
(Haugneland et al. 2017), with the final breakthrough in 2013/14 when market leader
Volkswagen launched two models. From then on, importers without EVs lost market share
and an electric vehicle regime was emerging, assimilating into the ICE regime (Figenbaum
2017).
Figenbaum et al. (2015) point out that initially EV policies were also in line with early industry
policy to develop a local EV industry (though it did not survive) and efforts on improving
local air quality. The lack of an incumbent local automotive industry, which resulted in a
practically inexistent industrial resistance to EVs compared to other countries, was also
conducive (Figenbaum and Kolbenstvedt 2013) (Bakker et al. 2014).
Figenbaum et al. (2015) argue that meeting its climate goals is the main motivation for
Norway's EV engagement. Norway has a strong climate policy: aiming to reduce emissions
by 30 % by 2020 and by at least 40 % by 2030; achieving climate neutrality by 2030 and a lowemission society by 2050 (Norwegian Ministry of Climate and Environment 2018). Half of
22

https://www.iea.org/topics/transport/evi/
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Norway’s GHG emissions are covered by the EU Emissions Trading System (ETS) and of the
remaining 50%, the transport sector is responsible for around 60% of GHG emissions. To
reduce GHG emissions in the sector, the Government of Norway has aimed to make zeroemission vehicles more economically favorable than ICEVs and has set national targets for
new ZEVs (Norwegian Ministry of Transport and Communications 2016): i) all new passenger
cars and light vans sold in 2025; ii) all new urban buses sold in 2025 (or biogas); all new heavyduty vehicles, 75% of new long-distance coaches and 50% of new trucks, by 2030.
Norway enjoys market structure advantages derived from relatively inexpensive hydropower
and the advantage that the switch from ICEVs to EVs leads to reduced GHG emissions (Olson
2015). Figenbaum (2017) estimate that if all passenger vehicles in Norway were electric around
5% of the hydropower generated in a “normal year” would suffice for powering them.
While the low population density, large travel distances and the Nordic climate could pose
challenges to EV uptake, the structure of the residential sector favored EV adoption. More
than 80% of Norwegians live in urban areas (World Bank 2019b), more than 70% live in row
houses, detached and semi-detached houses (Statistics Norway 2011), with charging
opportunity. Electricity accounts for 70 to 80 % of the energy used to heat buildings translating
to the majority of households also have electric space heating in place, with sufficient power
capacity installed for charging EVs (Ministry of Petroleum and Energy 2019). Public charging
infrastructure is less crucial for early adoption than in many other countries (Bjerkan et al.
2016), while the availability of charging infrastructure has been identified as an important
element for adoption, also in Norway (Mersky et al. 2016).
Norway has many multi-vehicle households where especially in the early years of diffusion
the second car is electric (Figenbaum et al. 2015) (e.g. 74% of privately owned EVs in 2014,
Figenbaum and Kolbenstvedt (2015b), thus reducing the issue of range. A user survey found
that only 1% would not buy an EV again and that EVs were driven as much as other vehicles
annually, showing that EVs had become part of the mobility system (Figenbaum and
Kolbenstvedt 2015b).
Norway EV policy success depended on long-term developments on the international level:
this pertains both to the evolvement of technology (e.g. Li-Ion batteries) and policy (e.g. more
stringent CO2 regulations by the EU, global climate negotiations) and the resulting interplay
of policy and technology (e.gg Californian Zero Emission Vehicle (ZEV) mandate and its
impacts on BEVs development) (Figenbaum 2017).
The national diffusion process followed the classical pattern starting from large cities to their
surroundings and expanding to a national market via wider and wider circles (Figenbaum
and Kolbenstvedt 2015b). Figenbaum (2017) concludes that a mix of several niche activities by
the small local EV actors and EV owners based on public support gradually prepared the
ground for windows of opportunity. These were then harnessed by commercial
manufacturers providing competitive products with ICE. A larger selection of models,
improved technology, decreasing prices, and marketing increased sales (Figenbaum 2017).

87

5.1.2. EV support policies
To achieve these national objectives, Norway has developed the world’s most generous EV
subsidy system. An extensive review of early Norwegian EV incentives has been provided by,
for example, Figenbaum and Kolbenstvedt (2013). The incentives, some of which have been
in place since the mid-1990s, include exemptions from paying the highest new vehicle
registration tax in the world (sometimes amounting to 100–200%; Yan and Eskeland [2018])
and value-added tax (25%), and 50% reductions in company car taxes (Holtsmark and
Skonhoft 2014). This generosity in EV subsidies, together with high taxes on ICEVs, have
made EV prices more or less the same as the price of a comparable ICEV (Olson 2015). Also,
to make EVs more convenient and cost-efficient in daily use, other incentives have been
introduced: access to HOV lanes, free parking, exemption from road and ferry tolls, annual
licensing fees, and free battery charging at publicly funded charging stations (Bjerkan et al.
2016). On the other hand, Norway levies high taxes on fossil fuels, leading to the highest fuel
prices for diesel worldwide and the third-highest price for gasoline (GIZ 2019).
These subsidies and cost advantages are the main reasons for widespread early adoption
(Olson 2018). Olson (2018) projected that Norwegian EV sales would be small to non-existent
without the large set of subsidies (valued up to $90,000 per vehicle). As evidence, he pointed
to the almost total collapse of EV demand upon subsidy removal in other countries (e.g.,
Denmark). Rietmann and Lieven (2019) highlighted the role of national and local projects and
initiatives (e.g., Transnova,23 Electric Mobility Norway Project, Zero Emission Resource
Organization [ZERO]24) and the importance for EV adoption of Norway’s cooperative
governance culture in supporting electric mobility. The electricity sector also became involved
in business development related to EV charging, and EV owners are organized in associations.

5.1.3. Lessons learned
Some of the Norwegian incentives could be adopted quite easily by other countries whereas
others would need to be adapted to national circumstances. For countries with lower vehicle
taxation, a tax exemption incentive would not yield a similar level of competitiveness of EVs.
Many countries have (or had) direct subsidies for purchases of EVs (e.g., France, India, Japan,
the Netherlands, Spain, and the US [IEA 2019c]), although they have in general been weaker.
Costs of passage and extensiveness of road tolling systems in Norway are comparable to many
other countries (Bjerkan et al. 2016). Figenbaum (2017) also outlined options for the future
phase-out of policies once there has been widespread EV adoption. Recent studies have
investigated inequalities relating to EV support policies in Norway that should be kept in
mind if replicating the Norwegian example (Sovacool et al. 2019).

5.2. Netherlands (including box on EU)
The Netherlands for a long time had the second-highest EV market share in the world, but it
has recently experienced a significant fall in EV sales (Rietmann and Lieven 2019). The Dutch
development of electric mobility has been covered in detail by Van der Steen et al. (2014). The
Netherlands reached 1% in EV sales in 2012 (Figure 22), second after Norway (Table 14). It
23
24

https://trimis.ec.europa.eu/programme/transnova
https://zero.no/
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closed 2018 with a 6% share in EV sales, while sales in the first half of 2019 were close to 9%
(EV Volumes 2019b). The Netherlands is also an EVI member.

Figure 22. EV market share development: Netherlands 2010–2020 (August). Source: Data from EV Volumes
(2020).

5.2.1. National objectives and market development
The aim of the Dutch government’s CO2-related vehicle taxation (since 2007) and EV incentive
policy (since 2010) has been to reduce CO2 emissions, air pollution, noise pollution, and
dependency on fossil fuels, and to improve energy efficiency (Holland Trade and Invest, 2017
in Lévay et al. 2017). The Dutch government aims to reduce GHG emissions by 49% by 2030
and by 95% by 2050 (compared to 1990) (Government of the Netherlands 2019a). Transport,
including freight transport, accounts for around 20% of Dutch GHG emissions (Government
of the Netherlands 2019b). Overall the EU-GHG emission standards and targets for vehicles
apply (European Commission 2019b). Several (voluntary) targets exist, such as for public
transport (Government of the Netherlands 2019c), and there has been a recent discussion
about introducing an ICEV sales ban.
The Dutch EV story began in 2008 when several policymakers wanted to tackle air quality in
cities, particularly in Amsterdam. As a result, new forms of mobility were introduced when
EVs were hardly available on the market. The money used to develop e-mobility came from
national air quality funds (Van der Steen et al. 2014). EVs were more broadly introduced in
the Netherlands in 2011. The market development was supported by several policy schemes
to support e-mobility and a charging infrastructure (Hoogvliet et al. 2017).
In order to create momentum and shape the EV market in Amsterdam, the agency Amsterdam
Electric developed a positive narrative of EVs and the innovative role of the city. Charging
infrastructure was supported, free parking was introduced, and a close interaction with
consumers and innovative businesses was fostered. This influenced the entire country (van‘t
Hull and Linnenkamp 2015). The Netherlands also has regional divergences where some
efforts achieved in Amsterdam and its wider area, as well as in other cities that were catching
up, were later reversed by national policies. A shift in the national government led to changes
in the cabinet and priorities. E-mobility was moved to the Ministry of Economic Affairs, which
did not have a track record in subsidy policies and instead followed a (de-)regulation
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approach. The only support policy to prevail was the stimulus of an income tax deduction for
lease-cars by the Ministry of Finance (Van der Steen et al. 2014).
Another activity pushed by Amsterdam Electric was for the car2go car-sharing service in
Amsterdam to become electric, thereby integrating EVs into the broader mobility system in
cities. This increased EV visibility and the development of a charging infrastructure (Santos
and Davies 2019). It also provided an opportunity for consumers to gain driving experiences
with EVs, thus raising awareness (Van der Steen et al. 2014). Yet, as in most countries, the
most severe barriers to EV adoption in the early years in the Netherlands were the perception
of the high monetary and non-monetary costs of EVs in contrast to the benefits associated with
conventional vehicles (Bockarjova and Steg 2014).
The Netherlands is a flat and small country with a moderate climate; it has a high population
density, and 91% of the population live in urban areas (World Bank 2019b). The extensive
charging infrastructure (see above) is of particular interest for consumers without private
parking facilities. In Amsterdam, for example, over 80% of the population live in apartment
buildings and would be dependent on a public charging infrastructure (Van der Steen et al.
2014). As in Norway, there is no automotive industry in the Netherlands, and hence no
resistance from this sector, but there is also no targeted industry policy (Bakker et al. 2014;
Santos and Davies 2019). The importance of the lease market and company cars is a national
peculiarity. In the Netherlands, EVs could play an important role in the electricity system,
balancing the growing use of wind power and managing demand (Bellekom et al. 2012).

5.2.2. EV support policies
Policy measures are not targeted at EVs in particular but fall under the objective of reducing
the GHG emissions of the vehicle fleet: tax exemptions (purchase and ownership/circulation
tax) and only the minimum rate (4%) of company tax apply to zero-emission vehicles (ACEA
2019b). Santos and Davies (2019) pointed out that the charging infrastructure in the
Netherlands is the most extensive in the world (per capita), which in many studies has been
identified as an important incentive for adoption. However, sharp fluctuations in EV sales
have mirrored changes in the company car tax, which was raised (from zero) in 2014, and
again in 2016 (with different rates for PHEVs and BEVs, resulting in a switch in market shares),
leading to a run on EVs when exemption phase-out was approaching. The original incentive
was very attractive (e.g., up to EUR 400 per month for an SUV, irrespective of electric miles
driven). With leased company cars making up more than 40% of new car sales (Santos and
Davies 2019), the CO2-based tax incentives for company cars seemed to have contributed
substantially to changes in purchasing behavior in favor of lower CO2-emitting cars (Kok
2015). As a result of the original tax exemptions in 2007, which were among the most extensive
in Europe, the Netherlands became the country with the lowest average new car CO2
emissions (from 12th place previously) in the EU and the highest share of EVs in 2013 (Kok
2015).
In a recent study of stakeholders in several European countries, Dutch respondents, reflecting
on past developments, emphasized the importance of a low company car tax for EVs. They
also touched on the issue of total cost of ownership: fossil fuels are heavily taxed in the

90

Netherlands, but so is electricity, resulting in minor advantages in operating which do not
outweigh the higher investments. Moreover, recent low oil prices (2013–2016) did not support
the switch to EVs, according to EV stakeholders (Santos and Davies 2019). Other incentives
(e.g., access to bus lanes) are not that common (Santos and Davies 2019).

5.2.3. Lessons learned
Rietmann and Lieven (2019) argued that the fluctuations in the Dutch EV market are
connected to the changes in policy measures, highlighting that abrupt policy changes should
be avoided. To continue market development, supportive policies will be needed. The
Netherlands are mentioned as an example of increasing EV adoption being made possible by
the collaboration, and occasional competition, of different stakeholders from public and
private sectors (Bakker et al. 2014; Santos and Davies 2019). There was no clear-cut public vs
private sector or bottom-up vs top-down dichotomy in targeting customers to learn about
EVs, but many bottom-up initiatives, led by civil society and start-ups, contributed to the
market development (Van der Steen et al. 2014).
Van der Steen et al. (2014) summarized the Dutch EV market development as a combination
of emerging policy interventions that did not lead to directly linkable outcomes. The policies
worked but not necessarily in ways that were anticipated, as several levels of policy and actors
interacted (e.g., national tax exemptions and local demand for charging infrastructure;
national implementation of EU regulations on air quality). Amsterdam Electric has been
regarded as a successful facilitator with a clear general purpose clear: increase EVs and
chargers. The instruments and actions to do so emerged along the way. Amsterdam Electric
responded flexibly, took risks, experimented, and linked different developments and actors
(new businesses), often in unplanned ways. Some things emerged without action from the
policy side, but Van der Steen et al. (2014) pointed out that “most developments were at some
point steered, strengthened, encouraged, or sometimes aggressively promoted” (p.26). By
including businesses in the strategy, investors overcame their reluctance and were willing to
give EVs in Amsterdam a chance, thus attracting new initiatives (Van der Steen et al. 2014).
Several of the countries that have already experienced takeoff are EU member states. The EU
(see Box 1) provides a technology-neutral framework in combination with R&D subsidies
(Bose Styczynski and Hughes 2019) that guides the implementation of low-emission vehicle
policies by its member states. Beyond its members, EU actions have impacts on EV diffusion
globally through trickle-down effects to the secondary car market, harmonization of
production, and technological learning.
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Box 1. Overview of some European Union legislation relevant to EV diffusion

The European Union’s overall aim is a reduction of CO2 emissions by 40% by 2030 compared to 1990
levels (European Commission 2014). A revised climate deal, including a long-term goal for climate
neutrality by 2050, was announced in early 2020 (European Commission 2020a).
The road transport sector is one of Europe’s fastest-growing sector in terms of CO2 emissions. The sector
accounts for 33% of energy and 64.5% of oil demand in the EU (European Commission 2018). Roads
accounted for 70% of transport sector emissions (European Commission 2020b). The EU has taken
several actions to significantly reduce dependence on imported oil and cut GHG emissions in a
transition towards zero-emission mobility. For transport, the objective is a 60% reduction target for
2050, compared to 1990 (European Commission 2020a). The EU transport strategy to meet this objective
focuses on three priorities: (i) increasing efficiency; (ii) deployment of low-emission energy for
transport, which includes electrification; and (iii) a transition to low and zero-emission vehicles, which
includes emission standards for ICEs (European Commission 2020a). Several directives provide the
framework supporting the overall objective of decarbonization of the transport sector:
The Renewable Energy Directive (2009/28/EG) on a 10% renewable share in transport energy by 2020
(within the EU 2020 Climate and Energy Package).
EC Directive 443/2009 required car manufacturers to reduce average fleet emissions of new vehicles
below 95 g/km by 2020. In spring 2019, the new CO2 emission standards for cars after 2020 were adopted
(European Commission 2019a). By 2030, emissions from new cars will have to be 37.5% lower compared
to 2021. Technology-neutral incentive mechanisms for zero- and low-emission vehicles are also
included.
The Low Carbon Fuel Standard (LCFS) (2009/30/EG) (amending the earlier 1998 Fuel Quality Directive
[1998/70/EC]) on reducing life-cycle emissions by 10% per unit of energy between 2010 and 2020. The
Fuel Quality Directive took a technology-neutral approach (Bose Styczynski and Hughes 2019).
The European Automobile Manufacturers Association did not manage to come up with a voluntary
agreement. After starting negotiations in 2007 (Oberthür 2010), the EU agreed mandatory CO2 emission
standards at the end of 2013, which are to commence in 2021 (Council of the European Union 2013,
Meckling and Nahm 2018b).
The EU overall reached the 1% EV share in 2018. The EU accounts for roughly 20% of the global market
and production share (ACEA 2020). The automotive industry is a major employer with 12 million jobs
and 4% of EU GDP (European Commission 2020a). The EU aims to capitalize on this foundation to help
the European automotive industry to prepare for the future through several initiatives, which include:
the European Battery Alliance that aims to establish the EU as a leading actor in this field; investments
in infrastructure; support for clean vehicles for public institutions; R&D funding; and collaborations
between industry, research, and the Commission (European Commission 2020a).

5.3. France
France reached a 1% EV market share in 2015 (EV Volumes 2019a; see Figure 23). In 2018,
approximately 45,000 EVs were sold (EV Volumes 2019b), which amounted to about a 2%
market share of 2 million annual car sales in total (OICA 2019a). Initially, France was the
largest EV market before it was overtaken by the Netherlands and Norway (Altenburg et al.
2015). France is also a member of the EVI.
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Figure 23. EV market share development: France 2010–2020 (August). Source: Data from EV Volumes (2020).

5.3.1. National objectives and market development
The French government has pledged to cut GHG emissions by a factor of four by 2050
compared to 1990 (POPE 2005). France aims to achieve a 23% renewable energy share of total
energy demand by 2020 (Grenelle 2009), which it achieved in 2019. To comply with the EU’s
2030 Climate and Energy Package, the French Energy Transition for Green Growth of 2015
reinforced these objectives (Popiolek and Thais 2016).
French deployment targets include the electrification of the bus and public vehicle fleet by
2025, an EV market share of 7% (or around 450,000 EVs) by 2015, 16% (or 1 million EVs) by
2020 and 27% (or 4.5 million) by 2025 (Leurent and Windisch 2011). Grenelle (2010) proposed
a target of 30% of EVs and HEVs of all vehicle sales by 2020.
In 2007, France declared the beginning of the (re-)electrification of vehicles through the
“Grenelle Environnement”, an annual policy roundtable convened for national stakeholders.
This translated EU Directive EC 443/2009 on fleet emissions standards into French national
law (Bose Styczynski and Hughes 2019). France’s efforts to decarbonize its vehicle fleet were
motivated by the goals of securing energy independence, complying with EU regulations on
GHG emissions, and ensuring the competitiveness of the domestic automotive industry
(Hildermeier and Villareal 2011).
In 2018, France ranked ninth among global car manufacturers with 1.8 million cars produced
(OICA 2019c). The national automotive industry experienced a slowdown in the wake of the
financial crises, and a competitive repositioning was planned, as discussed by Altenburg et
al. (2015): Electromobility offered an attractive opportunity because of favorable country
conditions: (i) a high share of nuclear electricity, which facilitates decarbonization in
fulfillment of EU goals; (ii) a track record in battery R&D and production capacity; and (iii)
the industry’s specialization in small cars (especially in southern European markets) which
are easier to electrify initially. The French government tackled both the demand and the
supply sides in its program. France was the first European country to start EV serial
production. French carmakers gained experience, but overall the activities have not translated
into a lasting market advantage. Large automobile manufacturers have the global market in
mind rather than the relatively small domestic market where the purchase subsidy applied.
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5.3.2. EV support policies
EVs are eligible for direct subsidies upon purchase. The system introduced in 2008 supports
consumer purchases of vehicles with a lower CO2 emissions than the annual target and
penalizes purchases of vehicles with CO2 emissions than the target (Lévay et al. 2017). Even
before this initiative, the “green vignette” on the front window identified cleaner vehicles
(Légifrance 1999, in Bose Styczynski and Hughes 2019). Some regions provide partial to full
exemption of the registration tax for EVs and hybrids (Lévay et al. 2017). EVs are also exempt
from the annual circulation tax. A diesel scrappage program with one of the highest subsidies
for EVs worldwide (originally EUR 7,000) was introduced in 2009 (Altenburg et al. 2015), but
this did not translate into higher market shares. Non-monetary incentives include
governmental support for charging infrastructure installation and public procurement (Lévay
et al. 2017).
Domestic manufacturers have benefited from national and EU R&D funding. R&D support
for manufacturers targeted both BEVs and FCEVs and has amounted, together with other
supply-side measures, to more than one billion EUR (Bose Styczynski and Hughes 2019).

5.4. UK
The UK reached takeoff of 1% EVs in car sales in 2015 (Figure 24). By 2018, EV sales had
reached 2.3% or more than 61,000 units, with a 40% increase from 2017 (EV Volumes 2019b).
The overall car market in the UK is 2.5 million cars, making it Europe’s third-largest car
market (OICA 2019a). The UK also has an automotive industry that produced 1.5 million cars
in 2018, more than 80% of which were sold to foreign markets, representing a strong export
value for the country (11% of total exports) (Mazur et al. 2015) and around 1% of global
production (OICA 2019c). The motorization rate is 587 per 1,000 inhabitants (OICA 2019b) and
urbanization is 83% (World Bank 2019b). The UK is also an EVI member.

Figure 24. EV market share development: UK 2010–2020 (August). Source: Data from EV Volumes (2020).

5.4.1. National objectives and market development
At present, EU regulations on energy, climate, and transport still apply in the UK. The Climate
Change Act 2008 (UK Government 2008) aimed to reduce UK GHG emissions to 80% by 2050
compared to 1990 levels. In 2016, the transport sector was responsible for 26% of total GHG
emissions (Committee on Climate Change 2016), which was approximately equivalent to the
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1990 level (Capros et al. 2016). Road transport is responsible for more than 90% of transport
emissions (Department of Transport 2018a). To meet EU and domestic obligations, the UK has
acknowledged the need for a transition in the transport sector and the potential of such a
transition for its automotive industry and industrial development. The UK government
regards early involvement in this transition as a way to become a global leader in the sector
(Office for Low emission Vehicles 2013).
EV incentives in the UK were already available in 2010. They were viewed as an opportunity
to re-position the UK automotive sector (Lévay et al. 2017). Further motivations included
(Office for Low emission Vehicles 2013): (i) to improve energy security; (ii) to meet the UK’s
carbon reduction targets; and (iii) to reduce local air and noise pollution.
The shift to EVs is part of the country’s overall climate change mitigation endeavor, set forth
in the country’s “Clean Growth Strategy” (Department for Business 2017), the “Road to Zero”
policy paper (Department of Transport 2018b), and “The Carbon Plan: Delivering Our Low
Carbon Future” (DECC 2011). Transport sector emissions are targeted to be close to net-zero
by 2050, translating to low-emission vehicles making up 100% of all sales from 2040 onwards
(Mazur et al. 2015). Currently, the UK is not on track to meet its transport goals. It is estimated
that EVs will have to reach a 9% market share by 2020 (with a market share of just above 8%
by August 2020 the UK is not that far off though, Figure 24) and 60% by 2030, thus a doubling
of yearly adoption rates (Chase et al. 2014; Brand et al. 2017; Hill et al. 2019).
These goals are in line with the UK government’s 2017 announcement of a sales ban of fossil
fuel-powered ICEVs by 2040 (DEFRA and DF 2017), with the intention of tackling nitrogen
dioxide emissions. The Scottish government set a deadline of 2032 (Scottish Government
2017). These bans are primarily motivated by improving local air quality, but they are also
clearly linked to reducing GHG emissions (DEFRA and DF 2017; Turner et al. 2018).
The UK automotive industry has a long history but its significance (~1% of GDP) within the
national economy is smaller than its counterparts in Germany or France (Mazur et al. 2015;
Meckling and Nahm 2019). In 2016, the UK-manufactured Nissan Leaf was the leading EV in
the EU with a 20% market share. This indicates the industrial renewal component of the policy
objectives, along with concerns about climate change and local air pollution (Meckling and
Nahm 2019).

5.4.2. EV support policies
To achieve decarbonization of the passenger car fleet by 2050, the UK government supports
electrification through financial and non-financial incentives. These are periodically revised
based on observed market and technology development. The approach to achieving
decarbonization in the vehicle fleet is generally technology-neutral, though recent
adjustments have specifically targeted EVs (Contestabile et al. 2017).
The UK follows an approach that incentivizes current actors in the existing automotive regime
to adapt to a low-emission transport transition. A dedicated entity (Office for Low Emission
Vehicles [OLEV]) has a budget of £400 million for R&D and market development support
(Mazur et al. 2015). A significant amount of the budget is allocated to a low-emission vehicle
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purchase grant (up to 35% of purchase price including a cap). Other measures include public
procurement and exemption from city-level charges for low-emission vehicles (particularly
London’s congestion charge). The government supports private and public entities to further
develop the charging infrastructure, also on highways and for fast charging (Turner et al.
2018). At the same time, it also supports niche suppliers of novel technologies, creating new
symbiotic niche-regime innovations. Some R&D programs have been targeted at UK
businesses and at niche actors for demonstration projects, as well as at investments in charging
infrastructure. This approach has helped to develop a new local industry in electric mobility
that could supply the established manufacturers, thus conserving the industry. Overall, the
policies support a transition that is compatible with the UK’s environmental and industrial
goals (Mazur et al. 2015).
Some developments relating to road tax and company car tax might undermine existing
incentives for low-emission vehicles (Brand et al. 2017). With the current UK power mix, the
uptake of EVs will not lead to immediate GHG reduction over ICEVs (Canals Casals et al.
2016).
Studies on British EV users indicate that the main adopters are affluent, multi-vehicle
households in urban areas (Contestabile et al. 2017). Overall, around 70% of households in the
UK have access to private parking (and thus potentially to charging), but with only 10% of
households in some urban areas (Turner et al. 2018).

5.5. China
With 23.5 million cars produced in 2018, China is the world’s largest car manufacturer,
providing a third of global production (OICA 2019c). Its motorization rate in 2015 was still
very low at 118 (OICA 2019b). Its urbanization rate is 59% (World Bank 2019b). In 2015, 135
million vehicles were in use, a 15.6% increase from the previous year. The country has
experienced a strong market growth (OICA 2019a) and a huge market size of 23.7 million in
2018 (OICA 2019d), which is close to production numbers. China is also a member of the EVI.
It reached the 1% takeoff in EV sales in 2016 (Figure 25).

Figure 25. EV market share development: China 2010–2020 (August). Source: Data from EV Volumes (2020).
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5.5.1. National objectives and market development
The Chinese government has been interested in reducing energy dependency on foreign oil
for some time, while also establishing and protecting its local EV manufacturers. This led to a
slightly later uptake in EVs, as the first available EVs from foreign producers were subject to
a high tax on top of an already high price, making them unattractive. By the end of 2012, a
second local manufacturer entered the market, which led to increases in unit sales with more
models available. For some time, no foreign models were generally available, leading to a
market share of local manufacturers of 95% and to China becoming the largest EV
manufacturer in 2015. In 2018, 1.2 million EVs were sold in China, constituting around 56% of
global EV sales (EV Volumes 2019b).
The Chinese government regards EVs, together with other alternative-drive and fuel
technologies, as a solution to several problems caused by rapid motorization: air pollution,
noise, GHG emissions, and oil import dependence and energy security (Hao et al. 2014; Ou et
al. 2018). China is the world’s largest crude oil importer, with an import dependency close to
70% (Xin 2019). Urban air pollution is the main driver, because it is becoming increasingly
severe due to the growth in road traffic. Respiratory health problems are among the main
causes of death in China (Cheng at al 2013). Despite the unfavorably high GHG-intense
electricity mix, a transition to EVs would still help tackle the air pollution challenge.
Above all, EVs provide an opportunity to build a competitive Chinese automotive sector,
supporting the restructuring of the industry and leapfrogging developed countries and
conventional automotive technology (Chu 2011; Wang and Kimble 2011). The intention is to
overtake the established car industries and seize the opportunity to overtake the emerging EV
market (Wan et al. 2015).
The Chinese car industry took off in the 1990s when it was identified as a strategically
important part of the country’s economic development. In 1995, private car ownership was
allowed and the market started to grow (Altenburg et al. 2015). Despite decades of policy
support for the automotive industry, Chinese manufacturers have not been able to catch up
in the area of conventional vehicle technologies. Joint ventures with foreign manufacturers
dominate the Chinese ICEV production and market (Thun 2006; Thun 2018). The main
motivations for identifying electromobility as part of the national R&D program and strategic
emerging industry are based on revamping the indigenous automotive industry. The EV
automotive structure is comparatively simple and an industrial paradigm change could shake
up the power structures in the industry. Moreover, there is an indigenous experience in
battery manufacturing for electronic consumer goods and reserves of relevant natural
resource (e.g., lithium and rare earths) (Altenburg et al. 2015).
The expectations for EVs are reflected in their role in several of China’s strategic development
plans, namely the Five-Year Plan for National Economic and Social Development, the
Development Plan of Auto Industry, the Restructuring and Revitalization Plan of Auto
Industry, the Five-Year Plan for the EV Technology, and the Development Plan for the
Industry of Energy-efficient Vehicle and NEV (Yuan et al. 2015). China’s EV manufacturers
only recently entered export markets. Their domestic market is large enough, representing
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more than half of global EV sales, and it is still growing. Due to this large domestic market,
some Chinese EV companies are in the global top ten (Meckling and Nahm 2019; EV Volumes
2019b).
Ou et al. (2019) have provided a detailed timeline for EV policies and milestones in China
from 2001 until 2019. The following are early milestones:
With the 10th Five Year Plan, China launched the Electric Vehicle Major Special Program,
which was broad and covered many technologies. Under this plan, the country formalized its
New Energy Vehicles Strategy to cover: (i) “The Three Verticals” vehicle technologies of
FCEVs, HEVs, and pure BEVs; and (ii) “The Three Horizontals” of research on multi-energy
drivetrain control, electric motors controls, and batteries (Wan et al. 2015).
The updated “Development Policy of Auto Industry” of 2004 aimed to adjust and upgrade
the industry. It included various incentives for the development of new energy vehicles and
fuels (Yuan et al. 2015).
In 2006, the Eleventh Five-Year Plan (2006–2010) included the promotion of new energy
vehicles.
The “Ten Cities, Thousands of Vehicles Demonstration Program” was launched in 2009 (Xu
and Su 2016) with a sales goal of 10% by 2012, and sales of 500,000 and 5 million EVs (including
hybrids) by 2015 and 2020 respectively (Wan et al. 2015).
The first sales targets for new energy vehicles (i.e., HEVs, PHEVs, BEVs, FCEV) were
announced in January 2009 and aimed at 5% of passenger car sales between 2009 and 2011
(Wang and Kimble 2011). China’s fuel efficiency standards provided an additional
(technology-neutral) incentive to manufacturers to produce NGVs, reducing fleet-average
fuel consumption incrementally until 2020 (Bose Styczynski and Hughes 2019). The 11th Five
Year Plan and the current 12th Five Year Plan have updated and expanded the original
strategy (Wan et al. 2015).

5.5.2. EV subsidies
The Chinese government has used monetary and regulatory policies for manufacturers and
consumers (Bose Styczynski and Hughes 2019). Early government support began with R&D
investment in hybrid vehicles, FCEVs, and EVs, and the EV industry was designated as one
of seven “Strategic and Emerging Industries” in October 2010 (Howell et al. 2014). A range of
financial incentives was provided to manufacturers to support R&D.
On the demand side, the 2009 “Ten Cities” program subsidized purchases (see above). The
initial subsidy was granted for public procurement. In 2010, this was extended to include
private purchases, albeit only in six cities. The cities were required to provide a matching
subsidy to that of the central government. Additional benefits (e.g., advantages in obtaining a
license plate) were also granted. In early 2012, there was a nine-month break before a new
support program started (Hao et al. 2014).
Initial market penetration was slow (Xu and Su 2016). The subsidies did not lead to lower
costs, which remained the same as or higher than those of corresponding ICE models if the
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technical and socioeconomic drawbacks (e.g., charging or range) are factored in. Nor did the
subsidies translate into substantial increases in sales, with 13,000 EVs, or 0.1% of total sales,
recorded in 2013 (Hao et al. 2014). In 2014/2015, observers noted that the Chinese EV market
was not taking off despite enormous public subsidies and the manifold incentives. The
following explanations for this were identified (Wan et al. 2015): (i) local protectionism; (ii)
uncertainties relating to the availability of different electric-drive technologies; (iii) missing
charging infrastructure in a society where most people live in multi-dwelling homes without
access to private charging; and (iv) cautious industry actors.
The central government aimed to overcome local protectionism in 2013 by setting a minimum
quota for non-local brands in pilot cities. This helped to increase sales in early 2014 (Wan et
al. 2015). Additional reasons for early struggles included the same obstacles as those
confronting Western manufacturers: high battery costs, battery range issues, and lack of
charging infrastructure. The industry was also lacking a technology transfer from outside and
it focused more on smaller vehicles suitable for the domestic market (Wan et al. 2015).
The incentives have since been revised. In 2013, they were extended to 2015 for a few pilot
regions with severe particulate matter pollution (Hao et al. 2014). Reductions to the subsidy,
with the objective of a phase-out by 2020, were announced (Wolter and Scherf 2016), which
might lead to market turbulences (Wang et al. 2019). Regulatory consumer measures have also
been implemented: exemptions from road tolls, the license plate lottery, and value-added tax
(Bose Styczynski and Hughes 2019).
In 2019, China announced a tightening of its New Energy Vehicle mandate scheme that
involved setting new credit targets for 2021–23 and a more stringent calculation method for
the credits beyond 2021. These actions are in step with its planned gradual transition from
direct to more indirect forms of subsidies and incentives (which include increasing support
for charging infrastructure and other support services) (IEA 2020b).
Wang et al. (2017) argued that a combination of the following led to market takeoff in early
2016: (i) financial incentives were further increased; (ii) some megacities promoted policies in
favor of EVs to tackle air pollution, leading to increases in EV sales; (iii) local manufacturers
substantially increased the number of available models; and (iv) new business models for EV
deployment and charging infrastructure emerged. Since the market takeoff, the institutional
environment for PEVs has been increasingly supportive. This is shown by official statements,
favorable policy implementations, large investments, and purchase subsidies, all at both
national and local levels (Xu and Su 2016). The focus on EVs – after early uncertainty about
which technology would prevail – has helped streamline the efforts (Wan et al. 2015). In line
with technological maturity, the focus of the Chinese EV policy mix shifted “from
government-selection to market-selection, and from producer-orientation to consumerorientation” (Xu and Su 2016).
Developments that emerged out of the Chinese electromobility activities include: a booming
market for electric two-wheelers; availability of low-speed EVs for consumers with little
purchasing power; and progress among public transport companies with the move to electric
buses (Altenburg et al. 2015).
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5.6. Germany
German EV sales reached a 1% market share in 2016 (Figure 26). In 2018, the EV market
crossed the 2% threshold (EV Volumes 2019a). The motorization rate in Germany is 593 per
1,000 inhabitants (OICA 2019b) and the urbanization rate is 77% (World Bank 2019b). With
more than 5 million cars produced in 2018 (OICA 2019c), Germany is the third-largest
producer in the world, with a 7% share of the global market. In addition, German
manufacturers produce in other countries, resulting in around one in six cars sold globally
being a German brand. The domestic production exceeds car sales, which reached around 3.4
million in 2017 (OICA 2019a), 70% of which were German brands. Germany has the largest
car market in the EU (around 20% of newly registered cars) and is the largest producer (close
to 30% of EU production). Germany provides an example of which determinants influence
innovative technology policymaking in a mature market with a strong incumbent. The switch
to EVs in the German market and by German manufacturers has a far-reaching impact beyond
its borders, particularly in the EU (see Box 1 on EU) but also globally. Germany is also a
member of the EVI.

Figure 26. EV market share development: Germany 2010–2020 (August). Source: Data from EV Volumes (2020).

5.6.1. National objectives and market development
Germany has declared the objective of becoming GHG neutral by 2050. The “German Federal
Energy Concept” of 2010 called on the transport sector to increase efficiency by 10% by 2020,
and by 40% by 2050 (Schafhausen 2013). The German electricity grid emission factor and road
sector emissions are high, and the country is challenged by the EU’s energy and climate goals.
Overall, its EV activities are a compromise between Energiewende, climate policy, and the
industry policy to remain competitive (Altenburg et al. 2015).
The German car industry and its suppliers provide more than 5 million jobs in the country
and constitutes the largest manufacturing sector by employment (Lijphart 1971). It represents
around 20% of the country’s industrial turnover and is an important export industry (VDA
2011). The industry is dominated by ICEVs that are less fuel-efficient than, for example,
Japanese cars. The German automotive industry is export-oriented and has a focus on highpowered executive and luxury cars that are harder to electrify and have high fleet-average
CO2 emissions. There is strong demand from Asia and the US for German cars. German
automakers began to offer BEV and PHEV only in 2014, lagging behind Japanese, French, and
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US companies. Initially, therefore, purchase demands were not granted as they would not
have benefited German manufacturers (Altenburg et al. 2015).
A transition to electric mobility has larger impacts on the overall economy than it does in other
car-producing economies (Mazur et al. 2015). In the search for novel transport technologies,
the German automotive industry has focused on improving diesel and biodiesel technologies.
The long-term strategy involved emphasizing hydrogen fuel cell technology, which had been
supported by the government through R&D funding since the oil crisis (Garche et al. 2009).
By contrast, there were no incentives for hybrids and minimal support for battery R&D prior
to 2009 (BMWi 2013).
In the late 2000s, the German hydrogen consensus was challenged, and interest shifted
towards EVs: First, reductions in transport emissions to comply with EU regulations became
a topic (Meckling and Nahm 2018b). Second, the cost of batteries had decreased significantly.
Global competitors started to work on battery-only and plug-in HEVs rather than on FCEVs.
The Federal Ministry for the Environment (BMU) and the Chancellor’s Office were interested
in EVs for environmental and industrial policy reasons; their intention was not to miss the
market’s development as they had previously done in the case of hybrids (Hawranek and
Neubacher 2010; Fuhrmans 2011). Suppliers, realizing the potentially transformative impact
of EVs on their business, called for government support for R&D (Meckling and Nahm 2018b).
With rising oil prices, electric mobility made it into Germany’s Integrated Energy and Climate
Program in 2007, which guides emissions reduction targets for 2020 (Meckling and Nahm
2018b).
In 2008, the German government brought together stakeholders in the first National Electric
Mobility Strategy Conference. This conference was intended to shape the German automotive
sector’s role and significance in the electric mobility transition, as well as to kick start EV
policy in the country. The objective was for Germany to become a leading market for electric
mobility. Environmental concerns played a role, but the emphasis was on ensuring economic
activity, competitiveness, and employment in the sector (Mazur et al. 2015). The resulting
“National Development Plan for Electromobility” of 2009 set a target of one million EVs by
2020, with no distinction between plug-ins, fuel cell, or full battery vehicles (Bundesregierung
2009; Tietge and Lutsey 2016).
After falling short of its ambition for several years, with a yearly growth factor of 2.0 in 2017,
this goal may now be nearly achieved (Rietmann and Lieven 2019). The National Electric
Mobility Platform (NPE), which was set up in 2010 by the automotive industry and the federal
government as a coordinating body, brought diverse stakeholders together to develop electric
mobility solutions jointly (MacDougall 2013). The NPE, which aimed to make Germany both
a leading supplier and a leading market, was essentially run by the car industry and the
government (Meckling and Nahm 2018b). The former lobbied against consumer incentives
until German manufacturers could offer EVs, and it continued to support more efficient diesel
vehicles in the short term (Frankfurter Rundschau 2010).
As part of an economic stimulus package (2009–2011) in the wake of the economic crises, EUR
500 million was invested in low-carbon transport R&D, without additional regulatory or
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commercializing efforts. In 2011, the “Government Program for Electric Mobility” called for
16 German EV models by 2014, a minimum of 10% ultra-low-carbon vehicles in the public
fleet by 2015, and a doubling of EV-related R&D (Bose Styczynski and Hughes 2019). Between
2009 and 2011, Germany conducted regional demonstration projects to test EV charging
networks and different EVs (Leal Filho and Kotter 2015). This program was extended until
2015.
EV policy stagnated between 2010 and 2016, including a push against more stringent
emissions regulations (Meckling and Nahm 2018b). The emergence of mandatory EU emission
standards, which were first proposed by the Commission in 2007 and agreed upon in 2013,
initially met several objections from the German side under the strong influence of the
German car industry (see also Box 1 on EU). The EU’s mandatory emissions standards ignited
some EV R&D activities by German manufacturers, but a move to disruptive technology had
been postponed successfully. R&D activities within the sector comprise one-third of
Germany’s total R&D expenditure (and around two-thirds of the EU’s entire automotive
R&D). Germany’s R&D industry spending and German manufacturers are pushing
technology development globally.
The automotive ecosystem is a wide and diversified network that includes applied research,
SMEs, and universities. But the country has had no real battery research since the 1970s
(Altenburg et al. 2015).
Monetary incentives (e.g., a reduction in ownership tax) were minimal compared to other
European markets (e.g., EUR 400 savings over five years vs a more than EUR 6,000 subsidy
for the same medium-sized vehicles in the UK or France) (Tietge and Lutsey 2016). EV
demand rose sharply, nearly doubling the market share to 1.9% in 2017, after a subsidy of
around EUR 4,000 was introduced in 2016 to support the link between policy support and
market share (Rietmann and Lieven 2019). A few regulatory measures targeted consumers,
including the labeling of EVs, free parking, and bus lane access (Bose Styczynski and Hughes
2019). Initially the German electromobility strategy was largely technology-neutral. More
recent support has favored full EVs over plug-ins and even more so over FCEVs (Bose
Styczynski and Hughes 2019).
After sticking with ICE technology for a long time, German car manufacturers (Volkswagen,
Audi, Mercedes, and BMW) announced commitments to EVs in 2015. In the same year, the
German government joined the Zero-Emission Vehicle Alliance with the aim of achieving
100% EVs by 2050 and it launched an EV support package in 2016 (Tietge and Lutsey 2016).
Meckling and Nahm (2018) summarized the German EV policy emergence as a failure due to
strong political coordination, both vertically between the industry and the government that
led to limited intervention (e.g., R&D only, no commercialization) and horizontally within the
industry, which limited the policy. The ambitious government goals were jeopardized by
political coordination that prioritized the interests of incumbent manufacturers over a shift to
disruptive low-carbon vehicle technology. Individual carmakers had no chance to dissent
from the strong industry position (Meckling and Nahm 2018b). Germany does not have a
centralized agency for economic development. Many decentralized agencies within the
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federal system work together across different scales. Germany has experience in state
intervention for technology development (Keller et al. 2017).

5.7. Japan
Japan has had a stagnant domestic EV market that has fluctuated around a 1% share of sales,
or 52,000 cars, in 2018, compared to an overall car market of 4.4 million (OICA 2019c). Two
domestic models have dominated (Nissan Leaf and Mitsubishi Outlander). In terms of vehicle
stock, Japan is ranked third worldwide, and EVs represent 0.2% of the global market (Huang
2019). Although it came close to the 1% threshold in 2014, it has not grown as strongly as other
markets since then. The Japanese motorization rate is high at 609 per 1,000 inhabitants (OICA
2019b). Japan is also a member of the EVI.

Figure 27. EV market share development: Japan 2010–2020 (August). Source: Data from EV Volumes (2020).

5.7.1. National objectives and market development
The reduction in GHG emissions is one of Japan’s major environmental challenges. Japan aims
for an overall 26% reduction from 2013 levels by 2030, and a 28% reduction in the transport
sector. The transport sector accounts for about 18% of the country’s GHG emissions. Road
transport accounts for about 85% of the sector’s emissions (MOE 2016).
Japan is the second-largest car manufacturer in the world, producing close to 12% of
passenger vehicles or around 8.3 million cars in 2018 (OICA 2019c). Japanese car
manufacturers are at the forefront of electrifying the global car fleet. The world’s most sold
BEV and PHEV are both Japanese, but the domestic market is not taking off, despite the
availability of models that have proven attractive in other markets (EV Volumes 2019b). With
Japan being an energy importer (Zhang et al. 2018), the country has a long track record in
efforts to improve energy efficiency and promote novel technologies. The country also
suffered power shortages in the wake of the Fukushima disaster.
The Japanese automotive policy to develop alternative drives goes back to the 1970s and
included R&D, demonstration programs, and market support. It created niche markets and
developed relevant legislation and standards. This did not lead to a breakthrough for EVs, but
hybrids enjoyed some success in the early 2000s as a result of EV R&D. This shows that the
government’s efforts do not always yield expected outcomes and that also in the early phase,
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market support is needed as a complementary element to R&D to develop experience and
markets (Åhman 2006).
The “Next Generation Vehicle Plan 2010” continued a broad technology portfolio approach
(The Ministry of Economy, Trade and Industry, Japan 2010, in Yabe et al. 2012). The strategy
had deployment targets for different technologies. For BEV and PHEVs, the target was 15–
20% of vehicles on the road by 2020 (Yabe et al. 2012). The government has also developed a
strategic roadmap for refueling and recharging infrastructure development for all
technologies (Watabe et al. 2019).
Fuel efficiency standards are implemented under the technology-neutral “Top Runner”
program. Passenger cars were added in 2007, covering domestic manufacturers and
importers, which has driven innovation (Bose Styczynski and Hughes 2019).
National policy has not translated to a direct impact on the electrification of the Japanese
vehicle fleet, but several alternative technologies are in the market. The industry itself has
been strong in developing EVs, pushed by internal competition and the aim of serving the
global market (Pohl and Yarime 2012). EVs have been regarded as a potential disaster backup for the energy system, which might push the domestic EV market (Huang 2019).

5.7.2. EV support policies
The Japanese government has used a mix of policies to introduce alternative fuel vehicles. It
has used financial instruments benefitting manufacturers and consumers to promote research,
development, and deployment. Regulatory benefits for consumers and deployment targets
for manufacturers have also been used (Bose Styczynski and Hughes 2019).
At the national level, R&D subsidies for manufacturers are technology-neutral, covering EVs
and other technologies, such as FCEV or ICEVs. At the sub-national level, initiatives have
helped to promote alternative fuel vehicles through information campaigns, labeling, local
public transport, and the establishment of a charging infrastructure. A focus on fuel cell
vehicle research is one explanation for slow EV uptake (Bose Styczynski and Hughes 2019).
On the consumer side, both tax and subsidy instruments have been applied. In the mid-1990s,
Japan introduced an EV incentives program that provided a subsidy of up to 50% (FleetCarma
2018). The “Eco-car Tax Reduction” and “Preferential Measures on Greening Autos” are
technology-neutral for all vehicles that outperform established emissions or fuel consumption
standards. Under the 2014 Clean Energy Vehicle subsidy, a fixed payment depending on
vehicle technology was made to consumers to lower the purchase prices of vehicles, including
EVs (Bose Styczynski and Hughes 2019).

5.8. US (including box on California)
The US reached a 1% EV market share in 2017 (Figure 28); a year later it reached 2.1% share
(EV Volumes 2019a). The US is a major car producer with a 4% world market share in 2018
(OICA 2019c). The motorization rate (821 per 1,000 inhabitants) is the highest in the world
(OICA 2019b). With six million passenger vehicles sold in 2017, the US car market is the
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second largest after China (OICA 2019a). Its EV market was the largest in the world until it
was overtaken by China (EV Volumes 2019b).

Figure 28. EV market share development: US 2010–2020 (August). Source: Data from EV Volumes (2020).

5.8.1. National objectives and market development
Typical drivers of US transport policies are the energy crises, economic recessions, national
security, and environmental and public health concerns (Stokes and Breetz 2018). Meckling
and Nahm (2018b) have provided an overview of developments in the US automotive policy
of the past two decades. They identified political competition and strong state interventions
through subsidization of the development, production, and commercialization of EVs as key
success elements in the US.
Policy support for novel transport technologies in the US goes back to the 1970s with some
decades of inaction in between. In the late 1980s, the interplay between air quality and
vehicles gained interest at the federal level. President George H.W. Bush proposed an
annual mandate for automakers to sell one million “clean fuel” vehicles in the nine most
polluted cities, a proposal that was diluted by the automotive industry (Richardson 1989, in
Meckling and Nahm 2018b). In 1992, vehicles were part of the Energy Policy Act that aimed
to reduce oil imports, but regulatory policies were used instead of incentives. Besides fuel
efficiency, emerging technologies gained support (e.g., EV research, demonstration and
commercialization, and tax credits for clean fuel vehicles, including biofuel, natural gas, and
hydrogen) from a bipartisan and broad coalition of different interests. Industry interests
(e.g., natural gas, modernization of the car industry) prevailed over environmental concerns.
Californian policymakers supported EVs, and Californian EV experiences served as a basis
for federal EV provisions (see Box 2) (Stokes and Breetz 2018).
In the early 2000s, US policymakers became more interested in promoting alternative
transport technologies (e.g., hydrogen fuel cell), largely to reduce oil imports (Meckling and
Nahm 2018b). The US adopted a broad technology portfolio in its R&D strategy. A bipartisan
alliance brought security and environmental advocates together to push for novel transport
technologies. After 9/11, oil independence became a national security concern (Ghazi 2005).
At the same time, the Natural Resources Defense Council (NRDC) promoted environmental
interests (Fialka and Ball 2005). An energy bill in 2005 raised R&D funds for transport
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technologies, and battery R&D funding for EVs took off in 2006 (Canis 2013). The automotive
industry partly joined the environment-security coalitions in moving towards a proposal to
promote EVs, resulting in tax credits for purchases of hybrids and full EVs. These tax credits
were capped at 60,000 cars per manufacturer, and they were targeted at US automakers
because Toyota and Honda had been in the market longer (Harris 2010; Stokes and Breetz
2018). This created competition for conventional ICEVs and shaped the industry’s innovation
policy (Meckling and Nahm 2018b). Toyota, with its hybrid expertise, was especially
supportive, whereas General Motors (GM) was not in favor as it concentrated on fuel cell
technology. An official coordination unit between industry and government did not exist
(Sandalow 2009).
Even without the economic crises of 2008/09, the US automotive industry had been struggling
to retain its market share. It was seen as uncompetitive and lagging behind state-of-the-art
technology for fuel-efficient cars, especially compared to Japanese manufacturers. The
government therefore focused its previously more-or-less technology-neutral transport
strategy on EVs. This happened without a stringent vertical coordination across major actors;
rather, it was the result of different policy streams and support alliances, including
environmental groups, some industry associations, and EV and battery manufacturers
(Meckling and Nahm 2018b). To revamp the overall industry and become the automotive
market leader of the future (White House 2009), consumer tax credits were timed with the
release of the first EV by GM (Dalmia and Payne 2009). The $7,500 tax credit was capped at
250,000 vehicles nationwide on its introduction in 2008. In 2009, it was expanded to 200,000
vehicles per manufacturer (Stokes and Breetz 2018). State-level tax breaks came on top of this.
Due to increasing costs, some states have repealed these tax breaks or have introduced EV
taxes (Stokes and Breetz 2018). A stimulus package for battery and EV (component)
production was aimed at the US-based manufacturing industry, also on a state level. The US
used a comprehensive set of financial and regulatory incentives for the manufacturing and
commercialization of EVs (Bose Styczynski and Hughes 2019).
At the same time, incumbent automakers were divided and thus accepted the move to EVs
(Meckling and Nahm 2018b). There was hardly any political opposition, apart from general
criticism of fiscal stimulus. Again, a wide and versatile coalition shaped a large-scale
government investment in EV. President Obama was supportive of EV. He had made support
for EVs part of his campaign and appointed like-minded people in key positions (Grunwald
2012). A deployment target of 1 million advanced technology vehicles by 2015 from 2008
underlined this effort (Bose Styczynski and Hughes 2019). At the state level, this coincided
with the similar views of the governor of Michigan, Jennifer Granholm. Michigan is the center
of the US car industry and a swing state (Grunwald 2012).
At the federal level, the US tightened existing fleet-emission wide fuel economy (Corporate
Automotive Fuel Efficiency – CAFE) standards for the first time since their introduction in the
1970s and introduced the first federal GHG emissions standards for cars and light trucks (Klier
and Linn 2010; Meckling and Nahm 2018b). This put pressure on manufacturers to market EV
models (Freeman 2011). In 2007, 12 states won a Supreme Court case that ordered the
Environmental Protection Agency to regulate GHG emissions as pollutants at the federal
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level. In 2009, the new administration used this to harmonize federal regulations with
California’s more stringent requirements (see Box 2) and to put pressure on authorities to align
diverging requirements. Novel technologies supported the push for tighter standards as their
fulfillment became economically viable.
Meckling and Nahm (2018b) argued that pressure on manufacturers came from a group
comprising both Democrats and Republicans, which broadened the support. On the one hand,
the industry lacked a dedicated counterpart for lobbying, with multiple industry actors
feeding into the policy development. On the other hand, manufacturers were internally
divided and uncoordinated, despite their common position against more stringent
requirements. Government officials used this to their advantage (Oge 2016). Under public
pressure, the opposition started to crumble with one manufacturer after another supporting
the fuel economy standards and hoping to get a head start (Oge 2016). This redirected the
large car manufacturers (i.e., GM, Ford, and Chrysler) towards cleaner transport technologies
(Meckling and Nahm 2018b). The government also managed to persuade the workers’ union
to support its policies.
The US is characterized by global trendsetters within the industry (e.g., Tesla) while having a
relatively small domestic market. In recent decades, inconsistencies in policy and
infrastructure at the state level and lobbying from the industry have weakened regulatory
policies (EV Volumes 2019b). However, compared to Germany, for example, the US’s
negotiated regulatory policies (fuel economy standards) created early EV demand. Overall,
the automotive industry represents a smaller share of the US economy than it does in
Germany. It is concentrated in Michigan, a swing state, which gives it a comparatively large
political leverage (Meckling and Nahm 2018b).
The US transport policy landscape is shaped by interactions between federal and state policy
(Stokes and Breetz 2018). The federal government has provided a set of federal regulations
and funding that support alternative fuel vehicles, which are then implemented at the state
level (e.g., access to HOV lanes or deployment of public zero-emission fleets) (Bose Styczynski
and Hughes 2019). Federal and state policies interact.
California is a pioneer in transport policies and in EV support and adoption, both in the US,
where other states follow California’s lead, and worldwide (Olson 2018). California’s
emissions standards have led to the development of US federal standards and have strongly
influenced US federal legislation. Several other states have followed suit (Beise and Rennings
2005; Olson 2018). Car manufacturers launched individual court battles to fight the federal
adoption of California’s emissions reduction requirements (Meckling and Nahm 2018b). Box
2 provides an insight into Californian EV policy history.
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Box 2. The State of California and its role in US federal policymaking

California is the largest state in terms of population (39.56 million people; U.S. Census Bureau 2020)
and belongs to the top ten wealthiest states (currently $74,205 GDP/capita; BEA 2020). It has a high
urbanization rate of 95% (U.S. Census Bureau 2020).
California's growing problems with urban air pollution (smog and ozone) led the state to become a
global leader in regulating vehicle emissions in the 1960s (Jacob et al. 2005). Since 1964, its emissions
standards came before federal regulation, establishing California’s authority to develop state-level
vehicle emissions standards. California failed to meet federal air quality regulations, specifically the
Clean Air Act’s ozone standards. Related potential losses in federal transportation funding provided
the catalyst for standards on ground ozone in the late 1980s (Collantes and Sperling 2008). In 1988, the
California Air Resources Board (CARB) was established to develop a Low Emission Vehicle and Clean
Fuels Program (LEV) and encourage in-state green technology development and commercialization.
This included a Zero Emission Vehicle (ZEV) mandate passed in 1990 that was originally seen as a
minor provision but is regarded today as a great achievement (Collantes and Sperling 2008; Stokes and
Breetz 2018). The ZEV mandate obliged car manufacturers to sell a certain share of ZEVs. The share
increased over time (2% by 1998, 5% by 2001, and 10% by 2003). Although it was technology-neutral, it
was initially a de facto EV mandate to radically force a technology (Bedsworth and Taylor 2007).
Over the following years, influence from the industry as well as technical challenges led to several
amendments that relaxed the mandates, extended the definition of ZEVs, and delayed requirements.
For the first time since adoption, the requirements were increased in 2012 (Wesseling et al. 2015).
The mandate has forced industry to develop and market EVs to stay within the large Californian car
market (10% of US sales) (Olson 2018). In parallel, state representatives pushed the EV agenda at the
federal level (Stokes and Breetz 2018). This has led to federal tax incentives (Milne and Andersen 2012).
Nine other states have adopted the ZEV mandate: Connecticut, Maine, Maryland, Massachusetts, New
Jersey, New York, Oregon, Rhode Island, and Vermont (Stokes and Breetz 2018).
In 2001, California passed a bill requiring GHG emissions standards for passenger vehicles.
In addition to improving transport and air quality, recent policy objectives include California’s aims
for an 80% reduction in GHG emissions by 2050 (Office of Governor 2015), and up to 1.5 million zeroemission vehicles in the state by 2025 (Office of Governor 2012; Contestabile et al. 2017). California
offers a state-wide $2,500 EV tax credit (in addition to the $7,500 federal tax credit), free use of HOV
lanes, an extensive charging infrastructure, and regional offers of free parking and reduced-cost/free
battery recharging. However, after decades of policy support, EVs still only accounted for 3% of
California’s new vehicle sales and a total stock of 120,000 in 2015 (Stokes and Breetz 2018).

5.9. Malaysia
Malaysia crossed the 1% threshold only in 2018, reaching a 1.2% market share of EVs. This
translates to more than 5,000 units in an overall market of around 500,000 (OICA 2019a), up
from around 100 in 2016 (Ashaari 2019; EV Volumes 2019b). In 2015, the Malaysian
motorization rate was 439 vehicles per 1,000 inhabitants, which was the highest among
ASEAN nations, and four times the continental average (OICA 2019b). Malaysia is also a very
urbanized country with a rate of 76% (World Bank 2019b).

5.9.1. National objectives and market development
Malaysia’s Nationally Determined Contribution includes cutting the carbon emission
intensity (based on GDP) by up to 45% by 2030 relative to the 2005 value. As part of this
pledge, 35% of the cuts are unconditional and a further 10% are conditional (Government of
Malaysia 2015). The transportation sector and its emissions have been one of the key sectors
to be tackled.
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Malaysia has developed a strong automotive industry that produced 522,000 cars in 2018
(OICA 2019c), contributing 3.6% to the national GDP (EILEEN NG AP 2014) and providing
more than half a million jobs (Harman 2014). The government has been aiming to expand the
national automotive industry (Sang and Bekhet 2015). The government’s exact plans for emobility are unclear (Ashaari 2019). The new National Automotive Policy (NAP) published
in early 2020 does not explicitly single out electromobility; instead, it stresses the industrial
policy objective for manufacturing and export. It enhances the previous policy by more
broadly focusing on mobility as a service, the Industrial Revolution 4.0, and a next-generation
vehicle approach (NAP 2020). The previous NAP was from 2014 and included an end to the
tax break for EVs, as this had not led to a big enough return (see details below). The second
NAP focused more generally on increasing (domestic) employment and the local production
of energy-efficient vehicles, with EVs featuring but playing only a minor role (Aziz 2019; The
Star 2019). The third national car project will be a hybrid, not a full EV (Tan 2019).
A national plan envisioned setting up, with the help of industry partners, 3,000 charging
stations by the end of 2019 (Zakariah 2018). Earlier national objectives included having 100,000
EVs on the road and 125,000 charging stations (Harman 2017). Industry sees the potential of
Malaysia becoming the regional hub for EVs (Harman 2017). Malaysia had once been
Southeast Asia’s leading passenger vehicle market. The country lost out to Thailand many
years ago, partly because of protective policies for domestic brands. Import taxes have
dropped under the region’s free trade treaty, but Malaysia’s import excise duties mean that
foreign cars are expensive (Onn et al. 2017).
Energy demands from the transportation sector, as well as car registrations, have been
increasing significantly in recent decades. Multiple car ownership is also on the rise. The
transportation sector continues to be one of the largest emitters in Malaysia (Adnan et al.
2017). Malaysia’s electricity mix depends on fossil fuels (more than 50% natural gas, close to
40% coal), which poses the challenge of how to power EVs with clean electricity (Onn et al.
2018). The government needs to promote renewable energy technologies to reduce the GHG
emissions in the country’s electricity mix if EVs become more widespread (Nordin et al. 2017).

5.9.2. EV support policies
In 2011, import tax exemptions for imported and locally assembled EVs and hybrids were
introduced. The government aimed to promote these vehicles and related infrastructure to
attract automobile manufacturers and support the local industry. The government hoped to
serve both the domestic and the regional market with EVs manufactured in Malaysia. Despite
awareness of the need to develop the domestic market and a 2012 roadmap on greening the
transport sector, policy support has been barren (Onn et al. 2017) (the target of 3,500 EVs by
2020 was reached in 2018 without major support).
These exemptions were later phased out step by step as they did not yield the expected results.
The exemptions for imported EVs were the last to be scrapped. These were valid until the end
of 2017 (Onn et al. 2018). Road tax exemptions are still applicable. Since then, there has been
very little development of new incentives. The cost of EVs is high because they are imported
and subject to an import tax 65–105% (Ashaari 2019).
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5.10.

Ukraine

The Ukrainian EV share reached 1% in 2016 (new cars) (Figure 29); if secondhand vehicles are
included, the share in registration in 2018 was close to 5% (EV Volumes 2019b). The EV stock
reached close to 11,000 units in 2018, an increase from about 60 EVs five years earlier (NUCC
2019). Due to this rapid growth, Ukraine ranked fifth in the world (GFEI 2018).

Figure 29. EV market share development: Ukraine 2010–2020 (August). Source: Data from EV Volumes (2020).

Compared to its neighbors, the motorization rate of 203 cars per 1,000 inhabitants (2015) is
very low (OICA 2019b). Ukraine’s urbanization rate is 69% (World Bank 2019b). With an
average age of nearly 19 years in 2015, the vehicle stock is dominated by outdated vehicles.
Ukraine has the largest market for secondhand EVs, mostly from Europe and the US (EV
Volumes 2019b). Emissions standards are increasingly enforced and have been tightened since
2016 for the import of used vehicles (the Euro 5 standard applies). The market is subject to
dieselization because of high diesel shares in countries of origin and “dieselgate” (e.g.,
Volkswagen distributes the banned US diesel vehicles in Ukraine) (GFEI 2018).

5.10.1.National objectives and market development
Ukraine has committed itself to a set of energy-related policies and activities to comply with
the EU Association Agreement. The EU’s provisions on energy efficiency regarding road
transport should be reflected in Ukraine’s legislation within five years and implemented
within eight years (reference year 2014) (GFEI 2018). The 2018 National Transport Strategy set
ambitious goals to increase the share of renewable energy from 1.5% currently to 11% in 2020.
An e-mobility strategy is under development (Pontes 2018).
The Ukrainian car market has been recovering after a severe economic and geopolitical crisis
(GFEI 2018). Ukraine does not have an established automotive industry (OICA 2019c). The
fuel market is heavily dependent on fuel imports, with Russia providing a substantial share
(around 25%). More than 80% of fuels are imported and oil products are at the top of the list
of Ukraine’s imports. The related expenditure amounted to 15% of the national budget in 2017
(GFEI 2018). The power system relies heavily on fossil fuels and nuclear energy.
Early market development (Figure 28) was pushed by engaged individuals. The reasons for
the uptake in EVs have been identified as the economic crises and increasing oil prices
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connected with anti-Russian sentiments, and individuals’ interest in EVs (Datskevych 2018).
The first charging point opened in 2012 in Kyiv. Originally, there were free charging points in
public places. Many early charging points were pushed by individuals. Battery charging
stations are well developed in cities. Extensive rural areas and the distances between
metropolitan areas still pose a challenge, but the charging infrastructure is developing. Given
the climatic conditions, the range might well be 40% shorter than in ideal conditions.

5.10.2.EV support policies
In 2016, after lobbying from EV actors (Pontes 2018), the government levied a customs duty
(8–10%) and import surcharge on electric vehicles. In 2017, the Ministry of Infrastructure
presented a concept to develop electromobility, based on an extensive national and
international consultation that involved several ministries and stakeholders (GFEI 2018). The
Global Fuel Economy Initiative commenced work in Ukraine in 2017 and contributed to this
process. From 2018 on, the excise duty (EUR 109) and VAT (20%) have been lifted for imported
EVs. This was originally planned to be tested for one year, but it has subsequently been
extended until 2022 (GFEI 2018; Mylenka and Kolvakh 2019). The import of a car with an
electric engine will not now be subject to any taxes at all, resulting in a cost advantage of 17–
20% for EVs over regular cars (EV Volumes 2019b). No other publicly funded initiatives or
promotion strategies are in place.
Ukraine provides an interesting example of successful EV diffusion in a low-medium income
country (~3,100 USD/cap) with unstable political and economic conditions (Datskevych 2018).
The global secondhand market is increasing. The imported EVs are often a family’s second
car, used by women to commute to work in (peri-)urban areas, where range is not an issue.
Import tax exemptions could be a useful policy approach for other low-income countries
looking to increase imports of used EVs.

5.11.

Hungary

Hungary, the most important market in eastern Europe, crossed the 1% EV threshold in 2018
only (Figure 30), with close to 2,000 new registrations (EAFO 2019; EV Volumes 2019b). As in
most eastern European countries, the motorization rate of 377 per 1,000 inhabitants in 2015
was low compared to western European countries (OICA 2019b). Hungary is a new EU
member state. Its urbanization rate is 71% (World Bank 2019b).

Figure 30. EV market share development: Hungary 2010–2020 (August). Source: Data from EV Volumes (2020).
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5.11.1.National objectives and market development
To fulfill the targets set by the EU, which include cutting transport emissions by 60% by 2050,
Hungary has declared its ambition to become the regional leader in electromobility. The
Ministry of Finance (2014) has highlighted that its motivation to be part of this transition is
due to economic reasons, above all job creation (Ministry for National Economy 2015).
The automotive industry contributes strongly to the Hungarian economy. The industry
accounts for around 30% of the country’s exports (HIPA 2018). In 2018, 430,000 cars were
produced (OICA 2019c). Hungary regards electromobility as an opportunity to upgrade its
automotive industry. It supports R&D in this area (Lenner, 2015, in Lévay et al. 2017). The
market development supported by policy lagged behind older EU member states, but it was
motivated by several factors, including excess nuclear power capacity, EU climate and energy
targets, and funds available for supporting more sustainable mobility (Levente HörömpöliTóth 2016).
In March 2014, the Hungarian government announced the Jedlik Ányos Plan25 to support the
country’s e-mobility industry. The Ministry of National Economy led the work on this
national plan. The plan aims to support R&D and domestic production, to develop testing and
charging infrastructure, to train the local labor force, to engage in international initiatives, to
analyze legal and taxation conditions, and to develop model projects and facilitate their
financing. In October 2014, the Ányos Jedlik Cluster26 was formed. The cluster is a consulting
and agenda-setting organization bringing together relevant e-mobility stakeholders
(including EV producers, energy companies, research institutions, transport organizers, and
municipalities). In 2015, the implementation plan was accepted. It contains the deployment
plan for alternative-drive vehicles and the establishment of the related infrastructure
(Nemzeti Fejlesztési Minisztérium 2015). Hungary claims that it is the “EU’s first
comprehensive and systemic strategic blueprint of electromobility” (Ministry for National
Economy 2015). With the plan, the term “environmentally-friendly vehicle” was first
introduced into the Hungarian legal system, allowing for statistical analyses. How this emobility program will be fully implemented and financed is not clear (OECD 2018). The 2019
update includes, among other things, a national deployment target of 450,000 EVs by 2030,
provision of charging infrastructure, electrification of shared and public mobility, and
supportive legislation (e.g., for charging) (Hungarian Insider 2019).

5.11.2.EV support policies
Hungary promotes EVs through changes in legislation and indirect incentives. All hybrid and
EVs have been exempt from registration tax since 2014, with EVs also eligible for rebates on
the gross purchase price since 2016 (Ministry for National Economy 2016). The government
has also used regulatory incentives, such as green license plates, simplified tax, regulations
on charging infrastructure, and public procurement.

25

26

Named after Hungarian scientist Ányos Jedlik (1800–1895) who invented an electric motor.
http://jedlikanyosklaszter.hu/en/
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5.12.

Romania

Romania has not reached the 1% EV threshold in market share. In 2018, the market share was
0.6% with total sales below 700 (EAFO 2019, EV Volumes 2019a), the market only recently
crossed the 1% (Figure 31). The motorization rate is still rather low at 308 per 1,000 inhabitants
in 2015 (OICA 2019b). Romania has a large automotive industry. It produced close to 500,000
cars in 2018 (OICA 2019c), and the first Romanian EV was produced in that year. Even by
eastern European standards, Romania has a low urbanization rate of 54% (World Bank 2019b).
Romania is a new EU member state, so EU regulations apply. The country relies on fossil fuels
and nuclear power in its electricity mix.

Figure 31. EV market share development: Romania 2010–2020 (August). Source: Data from EV Volumes (2020).

5.12.1.National objectives and market development
The Romanian government’s medium-term and long-term energy strategies emphasize
increasing energy efficiency and boosting renewable energy use. To reach GHG emissions
reduction targets under the Kyoto protocol, several new regulations were enacted, including
in the energy sector. Another important goal is Romania’s plan to become an important
electricity exporter (by adding units to its nuclear power plant in Cernavoda) and to double
its power output to approximately 100 TWh by 2020, which will exceed domestic
consumption (Varga 2013).

5.12.2.EV support policies
Since April 2011, the Romanian government has offered to subsidize all EVs, private and
corporate, by offering 25% off the retail price (up to EUR 5,000) with no pollution (registration)
tax. The Romanian government has also encouraged public procurement of EVs (Varga 2013).
From March 2015, EVs have also been exempt from the annual tax. Updates to these policies
have since come into place to encourage the purchase of cleaner vehicles and reduce the stock
of old cars: In 2016, the “Rabla Plus” program offered a government grant of EUR 5,000 for
the purchase of a new EV (Eltis 2016). In 2017, the amount increased to EUR 10,000 for the
purchase of a pure EV (BEV). In addition, a scrappage bonus of EUR 1,400 applies for cars
older than eight years (Romania Insider 2017).
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5.13.

Brazil

With fewer than 200 units sold in 2018 (EV Volumes 2019b), the EV market in Brazil is
essentially nonexistent (Figure 32, given that Brazil is Latin America’s largest car market with
an overall annual size of 1.8 million cars (OICA 2019a). It is estimated that fewer than 6,000
(imported) EVs exist in Brazil (Marques de Araujo and Hardinge-Bailey de Amorim 2017).
The motorization rate of 206 per 1,000 inhabitants (OICA 2019b) is still low and the car market
is expected to continue growing. Brazil is an example of a country where EVs have thus far
not been supported by policies, which could be an explanation for the lack of demand
(Rietmann and Lieven 2019). The Brazilian case has been studied previously (Baran and Legey
2013; Lieven 2015; Barassa and Consoni 2016; Rietmann and Lieven 2019). However, most
recent developments have not yet been covered in the literature.

Figure 32. EV market share development: Brazil 2010–2020 (August). Source: Data from EV Volumes (2020).

5.13.1.National objectives and market development
The strong incumbent industry has been considered responsible for the nonexistent support
for EVs (Baran and Legey 2013). Oil discoveries add to the dominance of ICEVs. However, the
energy demands of individual transportation in Brazil are expected to grow and it is unclear
if ethanol can continue to play its dominant role. If gasoline, which is currently the alternative
fuel, regains importance, the share of renewables in the energy mix could be affected. EVs
could play an important role, as they share key characteristics of ethanol-based cars: they rely
on nationally available (and predominantly renewable) energy, and they have positive
impacts on local air quality.
Given the higher efficiency of EVs, hybrid fleets could reduce the energy demand by the
national fleet significantly and support load management. For this to materialize – and to
avoid negative impacts on the automotive sector – local manufacturing capacities would need
to be in place (Baran and Legey 2013). Currently this topic affects not only the energy and
transport sectors but also manufacturing. The transport sector in Brazil interacts strongly with
other policy domains, above all agriculture, which provides a substantial share of transport
fuels (sugarcane-based ethanol), and industry given the large local automotive industry.
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In Brazil, the transport sector uses more than 32% of final energy, with road transportation
accounting for more than 92% of this amount (EPE 2019). Overall, 70% of the fleet and close
to 90% of new cars sold are flex-fuel vehicles (running on gasoline or ethanol but with the
option to run on pure ethanol), making Brazil the largest market for flex-fuel vehicles (Curcio
2018). Brazil is the world’s second-largest biofuel producer and the seventh-largest producer
of passenger cars, with a share of 3% (2.3 million units) of the global total in 2018 (OICA 2019c).
In general, Brazil seems to be aiming to continue its biofuel efforts, which are aligned with
agricultural interests and to some degree also with environmental interests. The biofuel
industry is well established (Baran and Legey 2013; Viscidi and Graham 2019), as is the
petroleum industry. Brazil is self-sufficient in petroleum, and projections expect production
to outstrip demand by 2030 (Baran and Legey 2013). The RenovaBio program, launched in
2017, aims for a 10% reduction of the carbon intensity of gasoline by 2028 by incentivizing
blending with more biofuels to increase the biofuel share in total transport fuels from 20% to
30% (Viscidi and Graham 2019).
South America’s (protected) car market seems to buck the global EV trend with traditional
subsidized fuel sources (i.e., ethanol, natural gas, and diesel) and ICEVs being pushed by
manufacturers (Barassa and Consoni 2016; Rochabrun 2019). Brazil has a nascent EV market.
Although few EVs are currently produced in Brazil (with buses predominating among those
that are produced), given the local production facilities and resources (lithium) there is a
potential for a local EV industry (Viscidi and Graham 2019). The component supply chain is
weak, but the bus segment could be used as a starting point for an EV industry (Barassa and
Consoni 2016). Foreign automobile manufacturers are providing imported EVs, yet they are
expensive compared to locally produced models, resulting in the low uptake. Further
obstacles are the strong presence of ethanol subsidies, an inadequate charging infrastructure,
and the lack of fuel efficiency standards.
Recently, there has been growing interest from the public, and several nascent initiatives,
often supported by local government in cooperation with international or donor organizations
(e.g., a low-carbon mobility system in Belo Horizonte27 or Promob-e28), have been established.
Given the positive impacts on local air quality and lower lifetime costs, EVs are gaining a
foothold in public bus fleets (e.g., in São Paulo and Campinas; see Viscidi and Graham 2019).
São Paulo has been installing a charging infrastructure. Barassa and Consoni (2016) studied
several EV initiatives by different actors in Brazil. These initiatives include studies by the
electricity sector on the impact of EVs on the electric grid and user needs, as well as
demonstration projects of EVs. The electricity sector is also negotiating incentives and
subsidies with the federal government and automotive industry. Another example of an
initiative is a partnership between Itaipu hydropower and Fiat to develop an EV model.

27
28

https://www.urban-pathways.org/belo-horizonte1.html
http://www.promobe.com.br/
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5.13.2.EV support policies
Given the aforementioned interactions with other policy fields and the significance of the fuel
sector, the Brazilian government’s interest in EV is low (Li 2016). Brazil does not have a policy
aimed at developing electromobility and related industries at a large scale (Baran and Legey
2013; Barassa and Consoni 2016). Nor does Brazil have an established goal to phase out or ban
ICEVs. Recently, however, advances to support EVs have been initiated with the new mobility
and automotive “Rota 203029” framework, which was adopted in summer 2019 and has the
objective of stimulating energy efficiency and pushing for new technologies over the next 15
years. The framework includes a series of tax incentives, such as a reduced tax rate for the
production of EVs . It also calls for automobile manufacturers to improve the fuel efficiency
in their fleets by 11% within five years (2023); this is measured across the entire fleet, so
producers can offset high fuel consuming vehicles with “greener” models, possibly resulting
in more hybrid EVs being offered (Bland 2019). EVs are now exempt from import tax (usually
35%). While this will lower the price for end-consumers, it will still not result in EVs becoming
competitive with locally manufactured vehicles. Commercial purchase of EVs and hybrids is
now tax-exempt as well, leading to reduced financing costs. How these incentives will play
out in sales figures remains to be seen. Earlier analysis of the payback period found that, even
with tax exemption, EVs are far from competitive with ICEVs in Brazil. Without further
incentives, broad adoption remains some way off (da Silva et al. 2018).

5.13.3.Lessons learned
In Brazil, new stakeholder coalitions will need more collaboration in order to support the
adoption of EVs by consumers (Marchán and Viscidi, 2015). Collaboration, especially among
market incumbents, can impede market development: Thus, for a successful program of EV
incentives, a governance system where stakeholders work together and follow common goals
is needed (Rietmann and Lieven 2019). The success of the ethanol program in the 1970s and
1980s and the rapid dissemination of the flex-fuel vehicles in the early 2000s are examples of
policy-driven adoption of novel transport technologies (Baran and Legey 2013).

5.14.

Other markets

Most of the EV markets not covered in the case study section are part of the quantitative
analysis. Several markets that reached the 1% threshold early were predominantly small
northern or western European countries (e.g., Austria, Sweden, Iceland, and Finland).30
Large car markets that have not yet taken off include that of Russia, where fewer than 300 EVs
were registered in 2018. Originally, the Russian EV market was dominated by high-end
models (e.g., Tesla), but increasingly secondhand imports from Asia are entering the eastern
part of the country. Policy support is nonexistent. Italy has been focusing on other alternative
fuel options, with a high share of compressed natural gas cars (EAFO 2019). Italian
manufacturers have been hesitant towards EVs (Lévay et al. 2017). Australia has seen slow
https://www.rota2030.com.br/
Estonia is an exception. Estonia’s early surge in EV registrations was due to a public procurement
scheme, which in the small Estonian car market translated to 500 EVs (2.6%) in 2012 (EV Volumes
2019b).
29
30
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growth but crossed the 1% threshold by 2019. Mexico experienced decreasing EV sales in 2018,
with a market of around 1,300 in 2019.The South African market (around 250 EVs in 2019) is
practically nonexistent. Colombia has been experiencing rapid growth from a low starting
point (0.3% market share in 2018). Considering the size of the Indian car market, its total of
2,000 registered EVs is very low; however, the country experiences electricity shortages,
problems providing electricity to a large proportion of the population, and a high grid
emission factor, so electrifying the car fleet is less attractive. Local cars (Tata and Mahindra)
are the only EVs on the market. Electric two- and three-wheelers are subsidized. Thailand also
has low numbers with fewer than 1,000 EVs (EV Volumes 2019b).
These case studies have shown that different paths and motivations can lead to the support
of EVs. Objectives and support can also change over time in reaction to national political
realities and global developments. Several recurring aspects stand out in countries where
there was early EV support and successful market development: the aim to strengthen the
national automotive industry, high incomes, and decarbonization objectives.

5.15.

Summary

The deeper dive into these empirical cases shows us how different starting conditions (i.e.,
revitalizing an existing automotive industry in the UK), policy objectives (i.e., decarbonization
in Norway, developing a national automotive industry in Malaysia, protecting the local
ethanol industry in Brazil), actor coalitions (i.e., engaged group of citizens in Ukraine or
collaboration with the private sector in the Netherlands) can play out in different technology
pathways at national level. This reflects the different layers of the theoretical framework
(Chapter 3), from population, national policymaking process to international developments.
Clusters of countries are emerging that are state-led (e.g., China), market-oriented (e.g.,
Netherlands) or focus on infrastructure and an enabling environment (e.g., Norway). The EU
with its energy and climate objectives is referred to often. Chapter 6 will now test these
empirically identified different characteristics statistically and with a set-theoretical approach.
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6. RESULTS OF LARGE N-ANALYSES OF EV TAKEOFF
Taking the insights from the country case studies (Chapter 5) and literature review (Chapter
2), the next step in the research design was the quantitative validation of the identified
variables (see Chapter 4).

6.1. Set-theoretical exploration
The set-theoretical exploration was a qualitative observation, enhancing the case studies and
supporting the statistical analysis of event history analysis. It used mutually exclusive country
groups.
The first group consisted of high-income OECD and EU members:
1. OECD-HI/EU countries
1.1. EFTA + EU old: EU member states by the end of 1995 before the enlargement after the
turn of the century (also known as EU15) and EFTA members, as they are
institutionally and socio-economically close to the old EU member states.
1.2. OECD-HI: High-income OECD members that are neither EU nor EFTA members
(however, several have close connections through EFTA or bilateral association
treaties).
1.3. EU new: EU members that joined the EU during the enlargement period of 2004–2007.
This group is dominated by former socialist economies from central and eastern
Europe.
The second group includes countries with large car markets (more than 150,000 car sales per
year) that do not fall into the above OECD-HI or EU category:
2. Non-OECD-HI/EU countries
2.1. Major economies that are neither major energy exporters nor OECD-HI/EU
2.2. Major energy exporters outside OECD-HI/EU
2.3. Other large car markets (more than 150,000 car sales per year).
Based on Figure 33, some general conclusions, using group membership as an explanatory
variable and takeoff status as an outcome, can be made:
o

From group 1.1 (EFTA + old EU countries), 13 of 18 members had achieved takeoff by 2017.
Only the structurally weaker southern European countries and Ireland did not take off.
Thus, in terms of set-theoretical analysis, membership in this group is an almost sufficient
condition for takeoff by 2017 (with the consistency 13/18 = 72%).31 Denmark reached the 1%

In set-theoretical analysis, consistency is a measure of the quality of the analysis, measuring the fit of
a condition. The consistency is measured as the ratio of the number of cases meeting the condition and
having the defined outcome to the number of all cases meeting the condition. A perfectly sufficient
condition has a consistency of 100% where all cases meet the criterion. Set-theoretical analysis allows
for imperfectly sufficient conditions if the number of violations is small. Schneider, C. Q. and C.
Wagemann (2012). Set-theoretic methods for the social sciences: A guide to qualitative comparative
analysis. Cambridge, UK, Cambridge University Press. Sufficient conditions for an outcome should
have a consistency of at least 80%: Ragin, C. C. (2009). Redesigning social inquiry: Fuzzy sets and
beyond. Chicago, IL, USA, University of Chicago Press.
31
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o

o
o

o

o

threshold in one year and then fell below it again, which is why it was not counted as
having taken off. Including Denmark would have increased consistency to close to 80%, to
a nearly sufficient condition.
In group 1.2, two out of eight members had taken off by 2017, giving a weak consistency
of 75% (6/8) for not taking off, nearly a sufficient condition. Interestingly, this group
consists of many islands or island-like economies that are not connected to a regional
electricity grid or that do not have an interconnected national grid because of their size.
No country in group 1.3 (EU new) had taken off by 2017. Membership of this group is thus
a perfectly sufficient condition for not taking off.
In group 2.1 (major economies), only China had taken off due to an extensive industrial
policy shift in EVs, as shown in the case study (see Section 5.5). This gives a consistency of
80% (4/5) and is a sufficient condition.
No country in group 2.2 (major energy exporters) had taken off by 2017. Membership of
this group is thus a perfectly sufficient condition for not taking off. This is also the reason
why none of these countries was used as a case study: their EV markets are still nonexistent.
Two of the ten members of group 2.3 (smaller non-OECD-HI/EU economies with large car
markets of more than 150,000 annual sales) had taken off by 2017, with a consistency of
80% (8/10) for not taking off. Membership of this group is thus a sufficient condition for
not taking off.

Figure 33. Membership in the six country groups (in 2017).

Figure 33 contains only limited information about the timing of takeoff: it sets out when
countries in the groups started taking off and the takeoff sequence across the groups. Figure
34 presents more details about the sequence of takeoff between 2010 and 2017, based on
Vinichenko (2018). Stacked bars below the horizontal axis represent the number of countries
that had not taken off by the given year, while bars above the axis represent the number of
countries that took off prior to or in the given year. As more countries take off, the bars below
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the x-axis become shorter and the bars above it become longer. The total number of countries
remains unchanged throughout. The color coding relates to the six defined country groups.
The takeoff chart demonstrates differences in takeoff times across different groups. It also
depicts the mechanisms of technology diffusion, thus directly contributing to this thesis’s
objective of understanding global patterns of EV takeoff.
All eight countries taking off by 2015 belong to group 1.1 (EFTA+EU old). Norway leads this
group (see Section 5.1). Other OECD-HI countries (group 1.2; the US, Japan, and New
Zealand) only joined one year after China (2016) in 2017. By then, two countries from group
2.3 (Malaysia and Ukraine) had taken off. As mentioned above, no country from groups 1.3
(EU old) and 2.2 (major energy exporters) had taken off by 2017.

Figure 34. Sequence of EV takeoff by country group.

This exploratory analysis highlights the role of several variables associated with national
capacity and strategic objectives, as well as with transition mechanisms. Income level,
explicitly used in defining the OECD-HI/EU group and also associated with EU/EFTA
membership, may characterize both the state capacity to support EV deployment and the
broader learning capacity of non-state actors. EU/EFTA membership, which seems to be a
particularly significant factor of early takeoff, is also associated with international policy and
technology diffusion. For countries outside the OECD-HI/EU group, economy size seems to
be a relevant characteristic of state capacity. Finally, the status as a major energy exporter is
related to energy supply, which affects state goals.
While this exploratory analysis provided some insights into which factors determine the
takeoff sequence, not all significant variables can be captured in this way. The next section
presents results of the event history analysis of EV takeoff.
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6.2. Event history analysis
As indicated in the introduction to event history analysis in Chapter 4, Cox regression was the
primary method used to explore mechanisms that lead to EV takeoff across countries. Logistic
regression was also used to validate the Cox regression results.
First, the analysis covered the full sample of 60 countries. The sample was split into two
subsamples to investigate sensitivities, such as high-income countries versus non-highincome countries. The first group (OECD-HI/EU) includes high-income OECD members
(OECD-HI) and all EFTA and EU member countries, all of which can be characterized as
“advanced industrialized countries” (e.g., Schaffer and Bernauer 2014). The second group
(non-OECD-HI/EU) comprises the remaining countries. It includes OECD members that are
not high-income countries (Mexico and Turkey) and high-income countries that are not OECD
members (e.g., the United Arab Emirates and Saudi Arabia), as well as large car markets that
exceed the threshold of annual sales of more than 150,000 cars. Each of the subsamples covers
three of the groups identified in the set-theoretical analysis (see Section 4.7.1). The
mechanisms behind EV takeoff may be different across these two subsamples. To test whether
this is the case, event history analyses for the entire sample of 60 countries and for each of the
two subsamples was carried out.
For each sample, several statistical models were investigated to test the different hypotheses.
In order to identify the best model specifications and statistically significant variables
associated with takeoff, the analysis followed the seven-step approach of model building
outlined by Hosmer (2003) (see Section 4.7.2.3). After identifying all the variables that are
statistically significant on their own, different model configurations were tested according to
the hypotheses. Several model diagnostics were used to evaluate the quality of the models
and to help choose the best-fit parsimonious model while not using too much information. As
described in Section 4.4, several model diagnostic techniques were used to assess goodness of
fit (i.e., loglikelihood ratio test, Akaike information criterion [AIC], Wald test, and standard
errors), model adequacy (i.e., Cox-Snell residuals), proportional hazard assumption for Cox
models (i.e., Schoenfeld residuals), influential observations, multicollinearity, and nonlinearity issues. For details of these tests, see Appendix 1.
In summarizing the results for each of the three samples, the different hypothesis are tested
and variables significant in the selected best-fit model are highlighted. This indicates
particularly strong evidence of the significance of such variables.
The statistical models reported are numbered: the models for the full sample and OECDHI/EU countries32 have prefixes 1, and 2 respectively. Model 1.1L defines a model using the
same variables as 1.1 but based on logistic regression with time variables instead of Cox
regression. The abbreviations hint at the tested hypotheses. COMBO refers to the best-fit
model combination.

32

The sample of non-OECD-HI/EU countries had too few results to run an analysis.
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6.2.1. Descriptive statistics
First, I consider the descriptive statistics of the sample. Then I discuss the event history
analysis, which again starts with the descriptive results before analyzing the hypotheses.
The temporal and spatial characteristics of diffusion can be analyzed descriptively. S-curves
show the diffusion over time (see Section 2.2.1). Figure 35 shows the cumulative share of
countries (lines) and the number of countries that reach takeoff each year (bars). In 2010, no
country had reached the 1% threshold, Norway, the global EV lead market, was the first
country to take off. By the end of our analysis in 2017, 18 countries had reached takeoff.

Figure 35. Cumulative number of countries (lines) and number of countries taking off per year (bars). Source:
Data from EV Volumes (2019).

At a regional aggregation level, dynamics in EV market development also diverge (Figure 36).
Two different categories were looked at: the first category comprised OECD-HI/EU and nonOECD-HI/EU; and the second category consisted of the six groups from the set-theoretical
approach. Whereas OECD-HI/EU countries dominated the adoption of EVs in the early years,
Asian countries, above all China, now account for more than half of annual EV
sales/registrations.

Figure 36. Distribution of EV markets for different groupings. Source: Data from EV Volumes (2019a). Note that
several countries from groups 2.2 (Saudia Arabia, UAE, Iran) and 2.3 (Argentina, Philippines, Morocco, Vietnam,
Pakistan, Egypt) are not included because they had neglibile sales.

In absolute terms, group 2.1 overtook the OECD-HI in 2017 and became the largest market for
EVs. In 2017, the symbolic market size of one million EVs globally was crossed (Figure 37, left
panel). EV markets in the other groups were practically nonexistent. In terms of market share,
group 1.1 crossed the 1% takeoff threshold in 2014/2015, followed by group 2.1 in 2016 and
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group 1.2 in 2017. The other world groups (1.3, 2.2, 2.3) had not reached takeoff by the end of
2017 (Figure 37, right bottom panel).

Figure 37. Distribution of total EV sales/registration (upper panels) and EV market share (lower panel) for
different groupings. Source: Data from EV Volumes (2019a). Note that several countries from groups 2.2 (Saudia
Arabia, UAE, Iran) and 2.3 (Argentina, Philippines, Morocco, Vietnam, Pakistan, Egypt) are not included because
they had neglibile sales.

6.2.2. Full sample
Within the event history analysis of the full sample there are 453 country-year observations
(n) with 18 countries out of 60 in total experiencing takeoff during the study period of 2010–
2017. After they had experienced takeoff, these countries were dropped from the analysis.
Appendix1a provides the descriptive statistics of the variables used in the event history
analysis of the full sample and any transformation undertaken as described in Section 4.6. It
should be recalled that coefficients in Cox regression represent the effect of a change by one
in the respective variable, which is why some variables are standardized (continuous
variables) and normalized (ordinal variables). Binary and categorical variables stay the same.
This is important for interpretation of the results.
Beginning with univariate analysis (Appendix 4) and moving to multiple regression, different
model combinations and hypotheses were tested. In the univariate analysis, many variables
were statistically significant. Importantly, variables that were significant at the p < 0.25 level
only during the univariate analysis were also tested with the full model configuration to check
for confounding elements. Nonlinear transformations of the remaining variables were
checked by using several approaches (see also Section 6.2.4 Sensitivity analysis below).
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In the multivariate regression, only those models with a low number of variables remained
significant, which is also in line with the low number of events (18) that would merit inclusion
of only a few variables. Interaction effects between the used variables, between the variables
and time, and between variables and individual years were also tested for statistical
significance.
GDPcaplog_scaled was already transformed to a nonlinear relationship, which is positively
correlated with the likelihood of taking off, is controlled for. Alternative income variables (i.e.,
income group and GDP total) were not significant.
Overall, correlation is moderate across independent variables (Appendix 4). Several of the
hypotheses of explanatory variables were confirmed. Error! Reference source not found. shows t
he results of this iterative process (not all intermediary statistical models are included, for
more details and Cox regression see Appendix 4) with the best-fit combined model and
alternatives for the different hypotheses for logistic regression including the time variable.
Table 16 summarizes the findings for the full sample.
A lower grid emission factor (electricityco2_scaled) is strongly related to takeoff, hinting at a
decarbonization objective. In contrast to the hypothesis, the absolute or relative size of a local
automotive industry is positively correlated with EV diffusion, as is the size of the local car
market. Old EU/EFTA members (eueftacat) are leading EV takeoff. Fuelprice stays significant,
when controlling for income. It is linked to policies directly through, e.g. taxation, and is thus
quite close to the outcome variable to be useful in explaining what characteristics a related to
differences in policy adoption across countries. Proximity was significant when controlled for
income but only without electricityco2_scaled or in absence of EU membership. Neither of these
variable combinations improved the model fit (Appendix 4j).
Other exploratory variables did not turn out to be statistically significant (i.e., EU-EFTA or
OECD membership (binary), federalism, democracy, variables related to energy security and
living/geographic conditions – density and urbanization rate, air pollution, and education).
No interaction between the variables was found to be statistically relevant, and only an
interaction with the last year seemed to hint at a change in estimates for the covariate of
electricityco2_scaled, impacting the choice in functional form for this covariate and underlying
the option to include an overall time trend (which was done in linear regression) for better
model fit. Different polynomials were tested for electricityco2_scaled to meet the requirement
of the proportional hazard assumption (see model diagnostics in Appendix 2a. Full sample).
A time trend turned out to be highly statistically significant in all logistic regression models,
hinting at technological learning with increased output of EVs and experience with the
technology worldwide. As suggested by Carter and Signorino (2010), t, t2, and t3 were used to
represent time. The time variables were strongly significant when added individually. Model
fit and concordance did not vary much across the different polynomials.

124

Table 15. Hypothesis testing: results of event history analysis, full sample (n=453), logistics regression including time (more model intermediate combinations and Cox
regression results in Appendix 4).
Variable/
Model

intercept

carsproduced_
scaled
carsinuse
scaled
density
scaled
electricityco2
scaled^3
eueftacat1

A.Combined

A.Combined

COMBO1L
-8.99
(1.55)***

COMBO2L
-8.71
(1.48)***

B.Geography/
Living
Condition
GEO1L
-6.60
(1.03)***

C.Energy

D.Environment

E.Industry

F.Market size

ENE1L
-8.46
(1.38)***

ENV3-2L
-8.16
(1.37)***

IND1L
-6.70
(1.06)***

MARKET1L
-6.62
(1.04)***

0.67
(0.20)***

E. Instit.
Capacity/
Characteristics
INST1L
-7.21
(1.47)***

IM1L
-7.99
(1.29)
***

0.45
(0.17)**
0.55
(0.19)**

0.34
(0.17)*
0.67
(1.12)

-0.78
(0.19)***

-0.77
(0.19)***

-0.63
(0.17)***
2.01
(0.64)**
-16.68
(1561.78)

eueftacat2
federalism3-1
fuelprice
scaled
gdpcaplog
scaled
roadenergygr
scaled
urbanpop
scaled
year

F. Internat.
Mechanisms

0.40
(0.65)

1.11
(0.45)*

0.83
(0.41)*

0.91
(0.40)*

0.92
(0.41)*
0.87
(0.41)*
-0.76
(0.40).

0.90
(0.40)*

0.33
(0.38)
0.55
(0.15)***
0.85
128.73
gdpcap 1.23
urbanpop 1.23
year 1.01

1.22
(0.38)**

1.05
(0.36)**

1.03
(0.38)**

0.49
(0.37)

0.81
0.79
0.85
0.74
0.55
0.55
0.55
0.71
(0.20)***
(0.19)***
(0.20)***
(0.18)***
(0.15)***
(0.15)***
(0.15)***
(0.17)***
Concordance
0.91
0.91
0.88
0.89
0.85
0.85
0.84
0.92
AIC
106.58
108.61
122.25
113.75
124.34
125.95
130.56
110.70
VIF
gdpcap 1.20
gdpcap 1.06
gdpcap 1.05
gdpcap1.05
gdpcap 1.13
gdpcap 1.01
gdpcap 1.06
gdpcap 1.18
electricityco2 1.72
electricityco2 1.65
roadenergy-growth 1.25
electricityco
carsproduced 1.13
carsinuse 1.01
federalism3 1.10
eueftacat1 1.27
carsproduced 1.39
carsinuse 1.20
fuelprice 1.55
^3 1.38
year 1.00
year 1.01
democracy 1.04
eueftacat2 1.0
year 1.49
year 1.44
year 1.78
year 1.39
year 1.01
year 1.10
Note: The best fit combination is reported for each hypothesis group, coefficient estimates with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.00. Goodness of Fit: Concordance (i.e., a value of 0.5 denotes a
random guess; the higher the value, the better). Akaike Information Criterion (AIC) – smaller AIC value indicates better model quality, AIC rewards model parsimony (limiting independent variables);
Multicollineraity: Variance Inflation Factor (VIF).

125

The combined models, but also the intermediate models testing individual hypotheses,
provided concordance of above 0.8 or even 0.9, which is an excellent fit. The univariate models
of the variables included in the best-fit model COMBO1L (concordance 0.85) were, in part,
already quite high: GDPcaplog_scaled alone already provided a concordance of 0.77,
electricityco2_scaled alone had a concordance of 0.73, while carsproducedcap_scaled only reached
a mere 0.54 concordance on its own. By combining variables, the model fit could be increased
(concordance goes up, AIC goes down).
It should be noted that AIC was used for comparing models with different covariates. Model
COMBO1L had the lowest AIC. For detailed model diagnostics, such as the Cox-Snell or
Schoenfeld residuals, see Appendix 2. Model diagnostics.
To cross-validate the results, the two best-fit Logistics models (COMBO1L and COMBO1L)
were re-run with the Cox regression algorithm, including time (Appendix 4l). The results are
very similar to the logistic regression. Unlike in Cox regression, logistic regression estimates
showed not only changes in probabilities (hazard rates) resulting from a change in a given
independent variable, but also the probabilities themselves.
Table 16. Summary of significant variables in event history analysis for full sample
Variable code
Description
Direction
electricityco2_scaled
Electricity grid CO2 emission factor (gCO2/kWh) Negative effect, time trend
carsproduced_scaled
Cars produced (units, scaled)
Positive effect
Carsproducedcap_scaled
Cars produced per capita (units, scaled)
Positive effect
Carsinuse_scaled
Cars in use (units)
Positive effect
gdpcaplog_scaled
GDP per capita (logarithm, scaled)
Positive effect
(control)
proximity
At least one neighboring country had reached
Positive effect (partly)
takeoff in the prior year (yes=1/no=0)
eueftacategory

Old/new/no EU members (old=1/new=2/no=0)

fuelprice_scaled
t

Fuel price (USD/liter)
Years since start (units)

Strong positive effect for old
EU/EFTA countries only
Positive effect
Highly significant in all LR models,
positive effect

6.2.3. Subsample analyses
The sample was then split into two subsamples according to the first layer of grouping in the
set-theoretical analysis: OECD-HI/EU and non-OECD-HI/EU. The analysis was started again
by investigating all variables individually and going through an iterative process. In addition,
the overall models identified in the full sample were tested. Cox regression and logistic
regression including time were used here as well.

6.2.3.1.

OECD-HI/EU

The OECD-HI/EU subsample consisted of 39 countries with 286 observations and 15 countries
taking off. Appendix 1b provides the descriptive statistics of the variables used in the event
history analysis of the OECD-HI/EU subsample. Model names for this subsample start with
“2”. As this sample predominates within the full sample in terms of countries taking off, the
results for this sample are similar to those for the models identified in the full sample. This
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sample was investigated separately as many studies look at industrialized countries only,
with EV diffusion being predominantly among this group of countries.
Univariate and combined models are given in Appendix 5. Models COMBO2.1.-2.3 are in line
with the full sample combined models. The AIC cannot be compared across samples, only
within. The main findings are summarized in Table 17, with the differences from the full
sample being the following:
In multivariate models in the smaller subsample, coefficients are larger and less stable, so are
the standard errors. Carsinuse and carsproducedcap do not stay significant in logistic regression
and show lower model fit than carproductionbinary, which leads to best model fit but with
strong impact on covariates. Fuelprice violates the proportional hazard assumption having
varying impacts with time. Carproductionbinary, in combination with gdpcaplog and
electricityco2 lead to the lowest AIC. Carsproduced_scaled led to a slightly lower model fit.
However, after a sensitivity analysis with takeoff thresholds for 0.5% and 1.5% market share
(see Section 6.2.4), I stuck with carsproduced_scaled for the first choice model as the coefficients
were more stable and the standard deviation was smaller.
There was no need for a nonlinear transformation of electricityco2_scaled to meet the
proportional hazard assumption.
Proximity did not stay significant if income and carbon intensity of the electricity mix were
accounted for. The remaining variables did not stay significant when income was controlled
for. Again, interactions were not statistically significant in the best model and did not improve
the model fit. Adding a time trend and running logistic regression for the smaller sample led
to similar results (Appendix 5b).
Table 17. Summary of significant variables in event history analysis for OECD-HI/EU subsample
Variable code
Description
Significance
electricityco2_scaled
Electricity grid CO2 emission factor (gCO2/kWh)
Negative effect, no time trend
carsproduced_scaled
Cars produced (units, scaled)
Positive effect
carproductionbinary
Local car production (yes=1/no=0)
Strong positive effect
Carsproducedcap_scaled
Cars produced per capita (units, scaled)
Positive effect (not in LR)
gdpcaplog_scaled
GDP per capita (logarithm, scaled)
Strong positive effect
(Control)
carsinuse_scaled
Cars in use (units)
Positive effect (not in LR)
fuelprice_scaled
t

6.2.3.2.

Fuel price (USD/liter)
Years since start (units)

Strong positive effect, time trend
Highly significant in all LR
models, positive effect

Non-OECD-HI/EU

The non-OECD-HI/EU subsample consists of 21 countries with 167 observations and three
countries taking off. Appendix 1c provides the descriptive statistics of the variables used in
the event history analysis of the non-OECD-HI/EU subsample. The number of events was too
small to provide a stable and significant model.

6.2.4. Sensitivity analysis
Several aspects were considered that contribute to the robustness of the results.
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First, the analysis considered a wide variety of variables. In many cases, hypotheses involved
several variables (e.g., GDP, EU/EFTA membership, and federalism), which sometimes also
included different coding (e.g., proximity and federalism) to avoid ambiguities and provide
greater detail. This showed that “old-EU member” states was a significant characteristic while
a binary EU membership variable did not support the hypothesis.
Second, the purposeful selection of variables and the iterative model building process
contributed to checking for all kinds of variable combinations and interactions in testing the
hypothesis. In the univariate analyses (Appendix 2), many variables turned out to be
statistically significant on their own. Variables that were significant at the p < 0.25 level and
their interactions were also tested to check for confounding elements but only a few remained
significant in the multivariate models (Appendix 2).
Third, two methods were used, as previously suggested in the literature, to account for a trend
over time (see Section 4.7.2).
Fourth, the best-fit model was tested with different levels of takeoff threshold (see Appendix
3. Sensitivity analysis, tables on different takeoff thresholds), using both Cox and logistic
regression, which showed that the model also performed well when takeoff is considered at
0.5% and 1.5% market share, respectively. This was performed for the full sample and the
smaller subsample of OECD-HI/EU countries separately. Following the iterative process that
begins with univariate analysis and drops and adds statistically significant variables (at a
significance level of 0.25 again), leads to the same selection of variables that are in the best-fit
model for different takeoff thresholds.
Fifth, to account for unobserved heterogeneity across cases, the best-fit models were checked
via frailty models.33 This makes the assumption that some countries are more prone to
adoption than others. It is unlikely that the reasons for the variability in the hazard are fully
captured by the considered covariates. There might be variables that would merit inclusion
but that are not available in the dataset or in general, or were not included for other reasons
(see Section 4.6.4). Other variables might just be overlooked because their importance is not
known. Such omitted variables are a source of model misspecification, such as biased
parameter estimates. Allowing for unobserved (or unobservable) risk factors specific to
individuals can lead to a different shape of the baseline hazard rate (Steel 2005). In empirical
research, unobserved heterogeneity is often not addressed as researchers assume that all
heterogeneity is attributable to the variables in the models (Singer et al. 2003). As the sample
was small, random effects/heterogeneity were expected to be low. Checking for frailty by
introducing a frailty term was not statistically significant and the frailty term was zero
indicating that the model explains the variation across country without any unobserved
heterogeneity.
Sixth, with regards to checking the functional form of continuous covariates, different
approaches were tested. In addition to polynomials (i.e., x, x2, x3) splines were also used.
Gauthier et al. (2020) recommended that cubic splines in event history analysis (both logistic
33

“Frailty” is another term used for heterogeneity, especially in biostatistics. See Steel (2005).
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and cox regression) be used to avoid harsh cut-offs through stratification and to improve
models. Splines are piecewise polynomial cubic functions constrained to join smoothly at
control points. This Wald test is the most reliable means of assessing whether the functional
form for a covariate is non-linear or can remain in its simpler loglinear form (Keele 2010). I
tested model COMBO1.1 with smoothed cubic splines with four degrees of freedom for the
relevant covariates. While the spline was statistically significant for electricityco2_scaled, it
might make the model unnecessary more complex, also leading to higher AICs. This approach
was, therefore, used to validate the transformation of each covariate, namely the chosen
polynomial function (see Appendix 3. Sensitivity analysis, spline models).
Seventh, and finally, different samples were considered to identify potentially different
mechanisms across country groups.
In the literature, variables are often lagged to avoid inferential problems of state and rate
dependence. Most variables in this analysis are continuously time-varying or are
predominantly time-invariant because of the time frame under investigation. Cox regression
assumes that the hazard rate depends on the value of variables at the current moment and
changes immediately when these values change (Cleves et al. 2010). This is different from the
logic of technology takeoff as shown by, for example, the case studies on EV market
development (Chapter 5), which reveal that takeoff can be influenced by developments years
prior to its occurrence. Most variables used in the analysis did not experience major changes
during the study period (proximity is an exception). Socioeconomic indicators tended to shift
relatively slowly. So, it was assumed that the value of a variable at the moment of takeoff is a
reasonable proxy for its value in the period leading to takeoff.
All these elements taken together contribute to the robustness of the results.

6.3. Summary of findings
Table 18 summarizes the findings of the event history analysis for both samples, it also –
accounts for all the hypotheses that could not be confirmed. Each hypothesis is rated
according to whether it was confirmed, partly confirmed, or not confirmed. Where the
hypotheses were not confirmed, the variables were not found to have statistically significant
effects when income was controlled. The case of transport sector growth (H2.4) is peculiar.
Here one variable used to operationalize this hypothesis turned out to be significant, but in
the opposite direction to that expected, with it now being linked to decreasing the likelihood
of reaching takeoff. This could be related to the variable being correlated with economic
development and relating to capacity. Further interpretation is given in Chapter 7.
There were very few differences in the findings across the two samples: The strongest variable
for the OECD-HI/EU subsample, the grid emission factor, was not subject to a time trend,
unlike with the global sample, where its impact weakened over the years. Furthermore, the
market size variable did not turn out significant in the OECD-HI/EU subsample, and different
variables were useful in reflecting the existence or size of the local car industry.
Combining these findings with the set-theoretical approach, it can be seen that some variables
feature in both analyses while others do not show up in either (Table 19). In addition to GDP
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variants, the following variables used in the set-theoretical approach were found to be
relevant in the event history analysis: Unsurprisingly, the OECD-HI/EU countries were
predominant in the overall country sample in terms of countries that had experienced takeoff.
The variable eueftacategory was partly significant. The group of old EU/EFTA states were
revealed to be significant in both event history analysis and the set-theoretical approach. The
size of the car market was relevant for the full sample. Another grouping for car producers in
terms of either a binary car production variable or the size of an automotive industry would
also be useful for the set-theoretical approach, perhaps replacing the grouping of energy
exporters, as energy sector variables, except for grid emission factor, did not turn out to be
relevant in the event history analysis. Table 19 summarizes the findings of the combined event
history analysis and set-theoretical approach.
To sum it up, the quantitative analysis has shown that a few key variables are linked to the
likelihood that some countries reach EV takeoff earlier than others: First, wealth is key in being
able to afford and design a transition to EVs. Second, a low grid emission factor can support
the decarbonization of the transport sector when EVs are introduced. Third, countries with an
automotive industry tend to be proactive in designing the EV transition. As time passes, more
countries reach takeoff. International mechanisms did not turn out clearly but old EU
members belong to the leaders in adopting EVs and EV support policies.
How do these empirical insights help us improve transitions processes and speed up the
diffusion of innovations to achieve sustainable development for all (Chapter 2)? The
quantitative analyses have identified explanatory variables on the characteristics of countries
that opt for policy support for socio-technical transitions in the transport sector. Countries
differ in their starting conditions across policy domains which can influence the speed and
transition pathways they follow. This is confirmed by the quantitative analysis in this Chapter.
Supporting EVs to overcome the remaining barriers they are facing can be achieved through
a mix of approaches (see Section 2.3.5), as seen by the different pathways countries follow
(Chapter 5) and the different political and institutional conditions at play of countries taking
off in the empirical analysis. It appears that potential synergies with other sectors do not play
a decisive role when countries go for a transport sector transition via EVs. Such synergies
include, for example, air pollution, health aspects or energy dependency (A caveat applies
that this could be linked to operationalization and variable choice, see Section 7.3).
Decarbonization objectives as well as considerations regarding the role of the automotive
industry for the national economy in terms of labor market, international competitiveness and
revitalization seem to be dominating motivators. –These insights are relevant for the actor
coalitions working together to implement the socio-technical transition processes. Chapter 7
will go into further details.
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Table 18. Summary of findings of event history analysis
Hypothesis: Section 4.6
Population Characteristics

Operationalization: Section 4.6

Results: Chapter 6

1.1

A high level of educational attainment
Gross tertiary enrollment ratio (%)
Not confirmed
has a positive influence on takeoff.
Wealth (1.1): see below for income indicators (2.10); Living conditions (1.3): see below for density (2.15) and urbanization (2.16)
National Characteristics
National Strategic Objectives
2.1
Oil importers are more likely to take off.
Net oil products imports as share of primary oil
Not confirmed
consumption (%)
2.2
Major oil producers are less likely to take
Total energy exports > 30% of TPES (yes=1/no=0)
Not confirmed
off.
2.3
Fuel prices have a positive effect on
Fuel price (USD/liter)
Partly confirmed
takeoff.
2.4
Growth in transport sector has a positive
Annual growth in road transport energy
Partly confirmed
effect on the likelihood of takeoff.
demand (%)
Annual growth in car sales (%)
Not confirmed
2.5
Electricity exporters are more likely to
Net electricity exports (total GWh)
Not confirmed
take off.
Net electricity exports (share (%) over
Not confirmed
consumption)
2.6
Lower CO2 intensity electricity is linked to Electricity grid CO2 emission factor (gCO2/kWh)
Confirmed
takeoff.
2.7
High pollution levels lead to takeoff.
Population-weighted exposure levels to PM2.5
Not confirmed
2.8
A larger automotive industry is
Cars produced (units)
Opposite
negatively linked to takeoff.
confirmed, partly
Cars produced per capita (units)
Local car production (yes=1/no=0)
Not confirmed
2.9
The electricity price is negatively linked to Household electricity prices, PPP (USD/kWh)
Not confirmed
takeoff.
(233 missing values)
Capacity: Socioeconomic &Market
2.10 Income levels have a positive effect on the
GDP/cap PPP (2011 international USD) (log)
Confirmed
likelihood of takeoff. (equals 1.2)
GDP, PPP (2011 international USD) (log)
Not confirmed
2.11

The size of population has a positive effect
on the likelihood of takeoff.
2.12 The motorization rate has a positive effect
on the likelihood of takeoff.
Capacity: Institutional
2.13 The level of democracy has a positive
effect on takeoff.
2.14 Federalist countries are more likely to take
off.
Impediments/Geography
2.15 Low population density has a negative
influence on takeoff. (equals 1.3)
2.16 High urbanization rates have a positive
influence on takeoff. (equals 1.4)
International mechanisms
3.1
EU/EFTA membership has a positive
effect on takeoff.
3.2
3.3
3.4

OECD membership has a positive effect
on takeoff.
Takeoff is more likely if neighboring
countries have already adopted.
Time has a positive effect on takeoff.

WB income groups (1=L, 2=LM, 3=UM, 4=H)
Total population (log) on January 1 of each year

Not confirmed
Confirmed

Cars per 1,000 inhabitants
Total number of cars in use

Not confirmed
Partly confirmed

“Polity” score on democracy (normalized)

Not confirmed

Federalism (no=0/weak=1/strong=2)
Federalism2 (yes=1/no=0)
Federalism3 (strong=1/weak and no=0)

Not confirmed
Not confirmed
Not confirmed

Population density (people per km2)

Not confirmed

Population share living in urban areas (%)

Not confirmed

EU (and EFTA) membership (yes=1/no=0)
No/old/new EU (and EFTA) members
(no=0/old=1/new=2/)
OECD and OECD-HI/EU membership
(yes=1/no=0)
At least one neighbor reached takeoff in prior
year (yes=1/no=0)
Years

Not confirmed
Partly confirmed
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Not confirmed
Partly confirmed
Confirmed

Table 19. Summary of findings of event history analysis and set-theoretical exploration
Variable
Set-theoretical
Event history analysis
analysis
Full sample
OECD-HI/EU
Tertiary education
o
o
Oil import
o
o
dependency
Major energy
*
o
o
exporter
Fuel price
~
~
(positive)
(positive)
Transport energy
~
~
growth
(negative, confounding with
(negative, confounding with
GDP)
GDP)
Net electricity
o
o
exports
Electricity grid CO2
+
+
emission factor
(positive, time trend)
(positive)
PM2.5 air pollution
o
o
Car industry
+
+
(size/binary)
(positive)
(positive)
Electricity prices
o
o
GDP/Income/Wealth
*
+
+
(positive)
(positive)
Population
* (large car
o
o
market)
Motorization
* (large car
o
o
market)
Size of car market
* (large car
+
+
market)
(positive)
(positive)
Democracy
o
o
Federalism
o
o
Population density
o
o
Urbanization
o
o
EU/EFTA member
*
~
(implied in subsample
(old EU/EFTA category)
definition)
OECD member
*
o
(implied in subsample
definition)
Proximity
~
~
(positive)
(positive)
Time
+ (LR)
+ (LR)
Notes: “+” significant in event history analysis; “o” not significant in event history analysis; “~”significant in some
model specifications in event history analysis; “*” used in set-theoretical approach
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7. DISCUSSION AND CONCLUSION
This chapter discusses the results and their implications, outlines the contribution of this
study to the literature, considers the limitations of the research, suggests possible future
research activities, and ends with concluding remarks.

7.1. Discussion of results
Transitions to sustainable development are seen as a political challenge (Avelino et al. 2016).
Most studies have been targeted at policymakers with the aim of informing policy with
science (Geels et al. 2017; Geels et al. 2018). However, the analysis of policy (or politics) and
how it comes about is also needed to achieve transformative change. Geels et al. (2018)
emphasized various origins for transition policies that go beyond the idea that the
introduction of transformative policies results from sheer political will, crises, shocks (Delina
and Diesendorf 2013; Sovacool 2016), or pressure from the public or industry (Kern et al. 2015;
Raven et al. 2016).
The diffusion of EVs, like other transformative technologies, is an outcome of socio-technical,
economic, and political factors (Cherp et al. 2018). This analysis has advanced understanding
of the role of global and national contexts in the formative stage of EVs through diverse
approaches.
The case studies (Chapter 5) have shown that diverse paths lead to the adoption of EV support
policies. Sometimes policymakers develop them together with stakeholders from relevant
industries; sometimes they do so against the interests of the industries. Notably, the two global
lead markets do not have an automotive industry. However, the case studies show that EVs
have been regarded by many countries as a way to modernize the national automotive
industry and gain a competitive edge internationally. The case studies helped to identify the
independent variables and hypotheses to be tested in the event history analysis.
The set-theoretical approach (Chapter 6) helped to split the sample into mutually exclusive
subsamples. Furthermore, binary independent variables distributed the countries into
subgroups and helped to explain their takeoff status. This also informed the choice of
independent variables and hypotheses. Future refinement of the choice of binary variables
could be undertaken.
The large-N event history analysis (Chapter 6) aimed to test the statistical significance of the
hypotheses on explanatory variables for EV takeoff across countries in two samples. Given
the limitations (see Section 7.3) of such an analysis, no detailed quantifications regarding the
odds and hazard ratios of the different coefficient are used in the interpretation of the results;
rather, more general interpretations relating to the broad themes and mechanisms are given.
In the following, insights from the different analytical approaches will be reflected jointly.

7.1.1 Population characteristics
Education and living conditions (population density and urbanization) were not found to be
significant for EV takeoff through the variables applied in the models. However, GDP per
capita, hence wealth, was confirmed to be significant and was controlled for when testing the
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other variables. This relates to the affordability of (new) vehicles in general, and EVs in
particular, as shown in the cases of countries leading EV adoption. For further comments on
these hypotheses, see below.

7.1.2 National characteristics
Support polices are a critical and powerful lever for steering, and possibly accelerating, the
adoption of EVs in the formative phase. Policymakers aim to tackle different national strategic
objectives when allocating scarce public resources. The decarbonization of the transport sector
through a low grid emission factor, which turned out to be one of the most significant
variables, is hinting at climate objectives of policymakers in supporting EVs. In this study,
most of the energy-sector-related hypotheses (i.e., energy security, major oil producers, grid
oversupply) could not be confirmed. This poses an opportunity to leverage synergies when
transport and energy sector objectives are tackled together. A stronger role of industry policy
emerges. This is supported by the fact that the existence and size of a local automotive
industry also had a positive connection to takeoff in the statistical analysis (notable exception
are the early adopters Norway and the Netherlands). The idea of regime resistance of the
incumbent industry could thus not be confirmed (notable exceptions could be Germany and
Brazil), but rather the industry policy motivation (see China, France and UK). Countries that
are leading in terms of EV diffusion do have higher fuel prices for end-users. Within the broad
policy options to support EVs, disincentives for ICEV use is one route countries can take.
National capacity in terms of wealth (or in terms of individual affordability, see above) turned
out to be significant and strong, though some correlation and confounding relationships with
other variables existed, which is why it was used as a control variable. One has to be able to
afford EVs and EV support policies. The positive effect of car market size turned out to be
relevant in the full subsample (in terms of total number of cars in use). In the subsample,
market size was generally smaller and several lead markets had relatively small markets (e.g.
Norway and Netherlands) which is also true for several lagging markets of the new EU
member states.
The study has shown that institutional variables, such as the form of governance (i.e. level of
democracy) and level of federalism, do not have a significant impact on the timing of EV
takeoff. This is illustrated the rapid spread of EVs in countries as diverse as Norway, France,
China, Malaysia or the US.
Variables relating to geographical impediments (i.e., urbanization and population density) and
air pollution were not found to be connected to EV takeoff in the statistical analysis. More
granular data, such as in the case of density accounting for the spread of population and builtup areas within a country, would merit further investigation. The role of the automotive
industry, which can represent a national strategic objective (to build an EV industry or to
defend the existing regime), is justifiably mentioned here under impediments.

7.1.3 International mechanisms
Disentangling and operationalizing these mechanisms of policy learning remains a challenge.
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EU/EFTA membership turned out to be significant for old EU/EFTA members only, who have
many early adopters. but not for the binary variable (member or not) or the categorical
variable with three levels (old, new or no member) in the statistical analysis. EU policy played
a role in the case studies with countries linking their policy objective to EU strategies.
OECD membership turned out not to be a useful variable in showing an effect on the
likelihood of EV takeoff in the early years. Despite initiatives ongoing within the organization
(incl. IEA), policy learning, imitation or coercion through such a membership could not be
reliably detected statistically.
Proximity stayed significant when the carbon intensity of the electricity grid was not
considered. Some confounding with income and EU/EFTA categories could also be detected.
So, geographical proximity might not have been correctly operationalized. With the
overlapping types of proximity, this confounding relationship with GDP might still suggest a
mechanism of proximity.
Increased diffusion over time is a result of global technological learning taking place, driven by
industry advances and supported by policies. Many processes, through their cumulative
output, contribute to improvements in performance and reductions of costs (e.g., design,
materials, and components of EVs and charging infrastructure). This results in a decline in EV
technology costs, and increases in its availability and knowledge over time. EVs become more
attractive and affordable. Thus, the barriers hampering EV adoption are reduced. Consumers
in new countries and country groups with less capacity and/or motivation (as demonstrated
in the discussion of the global takeoff sequence in Section 7.5) are able to get hold of this
technology with (reduced) policy support (i.e., global developments in costs, quality, and
knowledge) and become more familiar with it.
Cox regression identifies the effects of covariates on hazard rates independent of time (Cleves
et al. 2010). Thus, time cannot be included in a Cox model as a standalone variable capturing
a trend. However, interactions with time, either in general or in specific years, can be added.
The majority of the tested covariates are continuously time-varying variables, reflecting
change over time. Logistic regression can account for this overall time trend that accompanies
EV diffusion. The statistical models using logistic regression all show that time is highly
significant and that the probability of EV takeoff increases with time.
The impact of time is also demonstrated by the global sequence of takeoff in the set-theoretical
approach (see Figure 34 on page 127), where new groups of countries start taking off with
time as economic and technological barriers become lower and policy support to overcome
these barriers becomes less crucial and challenging. Overall, this represents the mechanism of
increasing availability and affordability of the technology due to global learning over time, as
well as customers’ increasing familiarity with the technology.

7.2. Contribution to the literature
This thesis contributes to the understanding of the drivers of EV diffusion and policy support
across countries. There is little empirical evidence about policy adoption in this realm. This study combines literature on technology and policy diffusion with empirical literature
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quantifying the socio-economic, political and international variables associated with
technology adoption.
This study sheds light on the differences across countries that explain their overall support
for EVs (not singling out individual measures). Which type of countries provided EV support
(in whichever way) that translated to EV takeoff earlier than others? It did not study
differences across policy categories, success or effort levels but sheds light on the
characteristics of countries (their population, capacities, impediments, etc.) within the
international setting (of a global car industry and learning) to support EVs.
Such empirical evidence could help to identify some barriers to policy evolution, thus i)
improving guidance for policymakers on the design of national transport and development
strategies; and ii) improving modeling of the energy and transport transition via better
forecasting of technology diffusion (i.e., by improving the predictions of which new policy or
technology countries will adopt next and what the diffusion patterns look like) (Jewell and
Cherp 2020). With these insights, coarse assumptions used in energy and transport modeling,
can be refined to keep up with real-world diffusion rates needed for a sustainability
transformation (Zimm et al. 2019).
This research used a mixed methods approach that combined qualitative and quantitative
methods. It contained several original elements.
The 13 case studies on the early phases of national EV market development go beyond the
usual analysis of the lead or largest markets, and they feed into the quantitative large-N and
set-theoretical analyses. The countries represent diverse socioeconomic, geographical, and
political contexts. This study shows how countries with very different starting conditions and
characteristics developed their national EV markets.
This is the first quantitative study to apply event history analysis to EV diffusion and related
policies, as well as the first to look at the explanatory variables for EV takeoff in the formative
phase (2010–2017). Event history analysis has not been used to study EV deployment, which
is a continuous rather than a single or recurring event. The theoretical contribution of this
thesis is its conceptualization of technology diffusion as an outcome of policy diffusion that is
based on population, national characteristics, and international mechanisms. It uses the
concept of takeoff as a discrete event that allows event history analysis to be used to study the
diffusion of EVs. The year of “EV sales takeoff” (i.e., the year when EV market share exceeds
the threshold of 1%) was used as the outcome variable in both the event history analysis and
the set-theoretical exploration. A variable such as this, which tries to simplify the complexity
of technological change in the passenger car market, has never been used in a cross-country
analysis of EV adoption, although it has been used elsewhere in the literature for other
technologies (e.g., energy technologies; see Bento et al. 2018; Vinichenko 2018). This
methodological innovation allowed the formative phase mechanisms in the sample to be
studied.
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This thesis is the broadest study of the subject, since it covers 60 countries (representing more
than 90% of the global car market), including middle-income and developing countries,
whereas previous research has focused mainly on high-income countries.
Using the takeoff year as the dependent variable, a set-theoretical exploratory analysis of the
timing of EV adoption led to the sample being split into six groups. These groups differ in the
timing of takeoff and in the independent variables characterizing the formative phase
mechanisms.

7.3. Limitations
The results of this study are robust, reliable, and in line with previous research but they come
with some uncertainty and limitations, especially related to the quantitative event history
analysis. Some of the limitations could partly be tackled by the additional case study insight
but they still provide an ample research agenda for the future.
First, this study has considered national- data. Sub-national entities are often faster in
introducing policies that support innovations. Many transport policies are introduced by
regions or cities (e.g., free parking, access to HOV lanes, public procurement, toll-free driving),
especially at the very beginning of technology diffusion, and then influence national-level
policies. In a study on EV adoption in Austria, Priessner et al. (2018) found that early adopters
live in regions with EV policy incentives. Variation in policies across different scales – namely,
city, state, and national policies – influences EV diffusion (Stokes and Breetz 2018). This study
considered federalist contexts, but it did not go further to operationalize sub-national-level
decision-making, for which individual country studies are more suitable. Because of data
availability and granularity (see Section 4.6.4 for some examples) and the global scope, this
research concentrated on a national-level analysis. The lack of more granular data on EV
diffusion and covariates hampers research on the geographical differences in technology and
policy diffusion that might show disparities within countries in a global sample. Such data
would allow for comparison at different geographical levels, thus supporting a truly spatial
perspective on technology diffusion and socio-technical transitions. Due to this drawback, the
results of this study should be interpreted with care. As laid out in Section 2.3.5, most financial
support policies with the widest impact on uptake beyond innovators, and which are needed
for takeoff, are provided at the national level. Nevertheless, aggregating sales data to national
levels ignores municipal or regional variances; however, consistent data sets of sales at levels
below the national are difﬁcult to obtain for a global sample. Policy interaction effects across
different levels of government and different policies have not been considered in this analysis.
The granularity of data also relates to the consumers. Attitudes towards novel technologies
might change as the technology becomes more familiar. Such data was not included in the
variables. However, time was investigated.
Second, by looking at the overall policy outcome, this statistical analysis has not explicitly
investigated the intensity, stringency or timing of individual policies, nor how the policies are
followed through. It treats policies equally, irrespective of their level of ambition or changes
over time. Policies could be strengthened, weakened, or stay the same, which is also subject
to different determinants and diffusion mechanisms (Biesenbender and Tosun 2014). The case
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studies (Chapter 5) on policymaking across countries provide insights on these processes.
Moreover, the quantitative part of this study does not consider the effectiveness of these
policies or their combinations per se in order to compare them. Some variables might be linked
to policy actions themselves (e.g., fuel price as a disincentive through taxation), so the
distinction between policies and their outcome is not as clear cut. Nevertheless, this study did
not include direct support policies (i.e., financial incentives).
Third, this study considered only the very early formative phase of EV diffusion by focusing
on EV market takeoff. The sales takeoff was standardized across countries by applying the 1%
market threshold, while countries experience different dynamics in how their markets
develop. Countries in which the EV market did not grow strongly after crossing this threshold
were coded as not having taken off. The usage of this standardized 1% market share threshold
is a simplification and allows a large number of countries to be included in the analysis. Other
thresholds were tested to accommodate for this, and they led to similar results. No insights
into the mechanisms of the growth or even the saturation phases (which have not been
reached yet) can be derived from this research, as these different stages of the technology life
cycle are shaped by distinct mechanisms which can vary from phase to phase (Grubler et al.
1999; Wilson et al. 2013). Separate studies would be needed as EVs mature and move along
the diffusion curve.
Fourth, models aim to simplify complex interconnections between systems. Any
operationalization in a single variable risks sidelining or masking important information.
Examples are the international nature of the automotive industry, the different technological
capabilities of national automotive and related industries, and the industries’ political power
and strategies. This cannot be sufficiently reflected or disentangled in a global quantitative
analysis by including different variables for local car production, as was done in the case at
hand. As Altenburg et al. (2015) (p.474f) have commented “the economic reality of global
manufacturers does not reflect the viewpoint of nation states or national value chains” [and
is] “a complex dialectic relationship between global carmakers’ strategies and country-specific
conditions that cannot be captured.” More detail on traditional ICE and EV production for
each country would also be of interest.
Fifth, as with any econometric model, this research faced the challenge of correlation that
could be mistaken for causality. The specification of covariates does not imply causal impacts
on the outcome variable, though their selection is grounded in theory. Thus, the models must
be interpreted primarily as descriptive models of the factors associated with takeoff.
Sixth, and finally, transport is a very complex sector (see Section 2.1.2) that is undergoing
diverse changes. This research looked only at one technology within this broad system, so it
is likely not to have captured all relevant aspects.

7.4. Further research
The insights and limitations of this study provide a basis for further research. For example,
the analysis can be updated to include more countries and years as data become available; the
same applies to more sub-national analysis on takeoff diffusion covering states (e.g., federal
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states in the US), provinces, and municipalities, and to the interaction between local and
federal policy.
In some markets, (e.g., Netherlands) policy support led to strong EV uptake in company fleets
with a large share of overall sales (Santos and Davies, 2019). Corporate decision making is
subject to different criteria (e.g., company policy, tax-optimization) that is not adequately
reflected by the choice in variables in the quantitative analysis. An analysis of the impact of
policy on corporate purchasing and individual EV uptake, differences across countries in how
they are trying to bring EVs into the market through different channels and the role of secondhand EV markets merits further research. This could be expanded upon in further case
studies.
The analysis could also be expanded by an historical perspective on transport policies targeted
at reducing the fossil fuel dependence of existing technologies, particularly fuel economy
standards (from the 1970s to the present) and biofuel blending mandates. It would also be
interesting to study spillover effects of transport policies from lead markets to other markets
(including international secondhand markets and import standards). Understanding and
quantifying the impact of transport policies on the development of its target sector would
merit further investigation.
The approach of this study could also be applied to other policy realms relevant to sustainable
development, such as energy access (i.e., electrification and clean cooking), energy efficiency
in households and buildings, and comparisons across sectors. For example, Vinichenko (2018)
looked at takeoff of solar and wind power by using a mixed-methods approach, combining
qualitative case studies and an event history analysis.
This study investigated the diffusion of support policies for one novel transport technology.
It has not presented a systemic view on the entire integrated transport system. It would be
interesting to study how multiple technology and policy innovations and their interactions,
influence the transport system as a whole, as some scholars have recommended (Geels et al.
2015; Geels et al. 2018).

7.5. Concluding remarks and policy recommendations
Innovation is at the core of human development, and it is an ongoing and cumulative process.
The diffusion of innovations (e.g., ideas, technologies, and policies) can contribute to a more
sustainable future for all, as envisioned by the UN 2030 Agenda and its SDGs. The transport
sector has been identified as particularly difficult to decarbonize (IPCC 2018). EVs are an
option for an individual motorized transport technology that can reduce GHG emissions,
domestic fossil fuel demand, energy import dependency, and air pollution. They are a
potentially transformative and sustainable transport technology. Policies play an important
role in the diffusion of new technologies, such as EVs, particularly in the formative stage of a
new technology when it competes with the incumbent technology. However, significant
discrepancies exist across countries in their support for and uptake of EVs.
This study has tried to contribute to a better understanding of “political conditions” at play in
supporting transition policies (as called for by Meadowcroft 2009; Figueres et al. 2017; Geels
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et al. 2018) for one novel technology - EVs. EVs are still a relatively new and rapidly evolving
technology. The policy field has witnessed many policy announcements (e.g., by companies,
cities, and countries), and innovations (e.g., technological, business models, or regulatory). EV
technology is also highly interconnected with other fields (e.g., electricity markets, materials,
and battery technology). All of these are impacted by policy actions and autonomous trends
(e.g., digitalization).
This thesis has provided answers to the research question: What factors explain the variation in
the timing of EV takeoff across countries?
Countries that have reached EV takeoff earlier than others are similar in terms of their capacity
and wealth (i.e., they are rich and can implement EV support policies), their decarbonization
potential (i.e., their grid emission factor supports decarbonization of the transport sector
through electrification) or policy objectives (i.e., they aim to decarbonize and maintain or
develop a competitive national automotive industry).
What are relevant implications of this work for the future given the transition challenges we
are facing?
Besides the above-mentioned similarities, EV-adopting countries have shown to be quite
heterogenous in socio-economic (beyond GDP), geographic and institutional characteristics
as well as their supportive policy mixes (i.e., financial incentives, infrastructure development,
or procurement policies). This shows that different pathways can lead to sustainability
transitions. There is not one way to speed up the diffusion of an innovation in every country.
Policymakers can chose from a wide range of examples if they want to learn how they can
support EVs.
Clusters of countries have emerged in the case of EVs pathways that can provide orientation
for other countries wanting to follow their lead in overcoming barriers and that share
similarities. Various pathways to adoption have proven successful, specifically focusing on
infrastructure and price-levelling, followed by rich Norway; collaborating with the private
sector as the Netherlands did; a state-led approach including non-financial (dis)incentives and
regulation as shown by China; the industrial approach to boost the domestic automotive
industry, followed by both established players (e.g., France and UK) and new ones (e.g., China
and Malaysia); or facilitating importing second-hand EVs (e.g., Ukraine) which could become
especially interesting for countries with less economic power.
Across all countries, continuous, generous and stable policy support has shown to be key for
the development of a national EV market and the trust of customers. One-off procurement
schemes, single-year tax exemptions or abrupt subsidy cancellation lead to disturbances and
irritations that are hard to overcome in a second attempt to influence purchasing patterns.
Policymakers should aim for stable support conditions that allow stakeholders to plan, both
with regards to supply as well as demand.
Collaboration across different stakeholder groups has also proven successful to support the
socio-technical transition as existing infrastructure, institutions and regulations need to
evolve with the new technology. Policymakers, together with other stakeholders, need to
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create room for novel actor coalitions. Moving towards higher shares of electricity in the
transport sector calls for establishing interactions across different sectors and disciplines.
Policymakers should pursue stronger efforts to leverage synergies that EVs could bring for
other areas, such as the energy sector, air pollution and health aspects. Policy coherence across
these fields could enable important cost savings in public budgets. This could free, speed and
scale up needed EV support as well as help achieve other sustainability objectives.
Policymakers need to observe market developments and their wider implications closely. The
EV market is evolving and growing quickly but is far from a mature market. Yet, corporate
announcements of 100% EVs for the next decade have now been added to the previous ICEV
phase-outs by governments. In addition, smaller and more affordable EV models are entering
the market which will lead to higher adoption by different population groups. Recent growth
rates are hinting at accelerated take-up. This will change the nature of and need for policy
support. Policymakers will have to readjust constantly in view of justice and sustainability
concerns, shrinking tax income from fossil fuels which so far is often used for road
infrastructure, electricity demand and end-of life management of EVs, to name but a few. The
mandatory requirements for all batteries proposed by the EU Commission (European
Commission 2020c) are an example of emerging policy action in view of a transport transition
towards higher shares of EVs.
To come to these conclusions and recommendations, the following steps –were followed.
Case studies on 13 countries, literature analysis, and a set-theoretical approach were used to
identify potential explanatory variables and hypotheses and to better understand the
mechanisms at play. The sample of the large-N analysis included 60 countries that made up
more than 90% of the global car market for the period 2010–2017, and practically the total
global EV market. EV takeoff was operationalized as the outcome of support policies at 1% of
market share.
In the event history analysis, several of the hypotheses and the explanatory variables were
confirmed: Income (GDP per capita) is positively linked to EV (policy) diffusion), suggesting
the importance of affordability and state capacity. The carbon intensity of the electricity mix
is negatively linked to the likelihood of adoption, supporting decarbonization objectives.
Furthermore, the existence and size of a local automotive industry has a positive connection
to EV (policy) diffusion. A time trend turned out to be highly statistically significant,
indicating the importance of technological learning with increased output of EVs and global
experience with the technology.
Other explanatory variables and related hypotheses could not be confirmed -as statistically
significant. –These notably included OECD and EU membership (except for old EU members),
federalism and democracy levels and several variables related to energy security and fossil
fuel dependence.
To summarize, this thesis met the four study objectives outlined in the introduction:
It presented a theoretical framework to analyze EV takeoff (Objective 1). The theoretical
contribution of this study is its conceptualization of EV takeoff as an outcome of EV support
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policy diffusion based on population, national characteristics, and international mechanisms,
and its framework for combining these. The framework brings together qualitative methods
(i.e., case studies and set-theoretical approach) and quantitative statistical analysis (i.e., largeN event history analysis).
The empirical contribution of this study lies in identifying (Objective 2) and validating
(Objective 4) sociopolitical and economic factors and international mechanisms that influence
the position of a country on the EV diffusion curve across a global sample (Objective 3).
Although this research has several original aspects, it also comes with limitations. These
include the general challenges for qualitative and quantitative research relating to data
availability and methodology. In addition, there are more specific drawbacks relevant to the
topic itself and how the hypotheses were operationalized.
Several ideas for further research were presented. The approach could be used for other
technologies and policies, and it could be extended to an historical analysis. The analysis could
also be extended to include more countries and years as data become available, and it might
be enhanced to cover more granular data.
This research has sought to explain the variation in EV diffusion and support policy adoption
across countries. It has identified characteristics and mechanisms relating to the early
formative phase, with a focus on population characteristics, the formation of state goals,
national capacity, and international mechanisms.
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APPENDICES
Appendix 1. Descriptive statistics of samples
Variables are not scaled or logged to allow for better interpretation, contrary to the analysis.

Appendix 1a. Full sample (n=453, 18 events, 60 countries)
Independent variable

Mean (SD)

Range

Population Characteristics
Gross tertiary enrollment ratio (%)
60.86 (23.95)
8.30 – 136.60
Wealth: see below for income indicators; Living conditions: See below for density and urbanization
National Characteristics
National Strategic Objectives
Net oil products imports as share of primary oil consumption (%)
25 (142)
-418 – 993.0
Total energy exports > 30% of TPES (yes=1/no=0)
0: 403 (89.0%)
1: 50 (11.0%)
Fuel price (USD/liter)
1.33 (0.48)
0.06 – 2.41
Annual growth in road transport energy demand (%)
2.17 (5.42)
-18.62 – 31.72
Annual growth in car sales (%)
0.01 (1.02)
-3.45 – 4.32
Net electricity exports (total GWh)
62.98 (1,359.84)
-5,777.30 – 5,732.59
Net electricity exports (share (%) over consumption)
4.13 (19.66)
-53.75 – 98.92
Electricity grid CO2 emission factor (gCO2/kWh)
437.99 (234.92)
0.17 – 1,080.82
Population-weighted exposure levels to PM2.5
82.48 (32.24)
0.00 - 100.00
Cars produced (units)
1,036,714 (2,443,654)
0.00 – 21,079,427
Cars produced per capita (units)
2,878.92 (5,531.94)
0.00 – 44,007.15
Local car production (yes=1/no=0)
0: 156 (34.4%)
1: 297 (65.6%)
Household electricity prices, PPP (USD/kWh) (233 missing values)
236.81 (81.54)
78.67 – 404.15
Capacity: Socioeconomic
GDP/cap PPP (2011 international USD)
28,730.49 (16,623.98)
4,283.61 – 93,940.90
GDP, PPP (2011 international USD)

15,368,751,050,61.70
11,754,927,670.00 –
(3,053,447,235,666.93)
19,854,000,000,000.00
2: 95 (21.0%)
3: 79 (17.4%)
4: 279 (61.6%)
92,314,558.73
318,041.00 –
(236,451,772.95)
1,378,665,000.00
336.83 (195.40)
10.78 – 685.36

WB income groups (1=L, 2=LM, 3=UM, 4=H)

Total population on January 1 of each year
Cars per 1,000 inhabitants
Capacity: Institutional
“Polity” score on democracy (normalized)
Federalism (no=0/weak=1/strong=2)

0.85 (0.27)

0.000 – 1.00
0: 345 (76.2%)
1: 63 (13.9%)
2: 45 (9.9%)
0: 345 (76.2%)
1: 108 (23.8%)
0: 408 (90.1%)
1: 45 (9.9%)

Federalism2 (yes=1/no=0)
Federalism3 (strong=1/weak and no=0)
Impediments
Population density (people per km2)
Population share living in urban areas (%)
International Policy Diffusion
EU (and EFTA) membership (yes=1/no=0)
No/old/new EU (and EFTA) members (no=0/old=1/new=2/)

OECD and OECD-HI/EU membership (yes=1/no=0)
At least one neighboring country reached takeoff in the prior year
(yes=1/no=0) (proximity and proximity 2)
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149.97 (201.69)

2.87 – 1,462.60

71.1 (16.01)

30.42 – 97.92

0: 255 (56.3%)
1: 198 (43.7%)
0: 252 (55.6%)
1: 97 (21.4%)
2: 104 (23.0%)
0: 205 (45.3%)
1: 248 (54.7%)
0: 412 (90.9%)
1: 41 (9.1%)

0: 242 (53.4%)
1: 211 (46.6%)
0: 239 (52.8%)
1: 110 (24.3%)
2: 104 (23.0%)
0: 167 (36.9%)
1: 286 (63.1%)
0: 419 (92.5%)
1: 34 (7.5%)

Appendix 1b. OECD-HI/EU subsample (n=286, 15 events, 39 countries)
Independent variable

Mean (SD)

Range

Population Characteristics
Gross tertiary enrollment ratio (%)
70.73 (19.0)
Wealth: see below for income indicators; Living conditions: See below for density and urbanization
National Characteristics
National Strategic Objectives
Net oil products imports as share of primary oil consumption (%)
0.32 (1.74)
Total energy exports > 30% of TPES (yes=1/no=0)
0: 277 (96.9%)
1: 9 (3.1%)
Fuel price (USD/liter)
1.58 (0.32)
Annual growth in road transport energy demand (%)
1.06 (4.38)
Annual growth in car sales (%)
Net electricity exports (total GWh)
Net electricity exports (share (%) over consumption)
Electricity grid CO2 emission factor (gCO2/kWh)
Population-weighted exposure levels to PM2.5
Cars produced (units)
Cars produced per capita (units)
Local car production (yes=1/no=0)
Household electricity prices, PPP (USD/kWh) (82 missing values)

18.27 – 136.60

-4.18 – 9.93

0.71 – 2.27
-18.62 – 16.02

0.06 (0.17)
-0.55 – 0.73
29.00 (1,578.04)
-5,777.30 – 5,732.59
5.67 (24.34)
-53.75 – 98.92
382.378 (237.47)
0.17 – 1,080.82
73.42 (37.56)
0.00 – 100.00
868,086.27 (1,733,579.24)
0.00 – 8,554,503.00
2,787.60 (4,537.93)
0.00 – 20,416.48
0: 129 (45.1%)
1: 157 (54.9%)
237.13 (80.96)
78.670 – 404.15

Capacity: Socioeconomic
GDP/cap PPP (2011 international USD)

1,186,739,148,926.40
(2,804,119,969,247.41
35539.43 (13941.76)

GDP, PPP (2011 international USD)
WB income groups (1=L, 2=LM, 3=UM, 4=H)

11,754,927,670.00 –
17,711,000,000,000.00
15283.28 – 93940.80

2: 8 (2.8%)
3: 17 (5.9%)
4: 261 (91.3%)
293,28,659.68
318,041.00 –
(56,195,865.34)
325,147,121.00
460.77 (116.37)
127.82 – 685.36

Total population on January 1 of each year
Cars per 1,000 inhabitants
Capacity: Institutional
“Polity” score on democracy (normalized)
Federalism (yes=1/no=0)

0.98 (0.04)

0.80 – 1.00
0: 226 (79.0%)
1: 15 (5.2%)
2: 45 (15.7%)
0: 226 (79.0%)
1: 60 (21.0%)
0: 241 (84.3%)
1: 45 (15.7%)

Federalism2 (strong=2/weaker=1/no=0)
Federalism3 (strong=1/weak and no=0)
Impediments
Population density (people per km2)
Population share living in urban areas (%)
International Policy Diffusion
EU (and EFTA) membership (yes=1/no=0)
Old/new/no EU members (old=1/new=2/no=0)

OECD and OECD-EUHI membership (yes=1/no=0)
At least one neighboring country reached takeoff in the prior year
(yes=1/no=0) (proximity and proximity 2)
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166.92 (237.60)

2.87 – 1462.50

75.58 (12.50)

52.66 – 97.92

0: 88 (30.8%)
1: 198 (69.2%)
0: 85 (29.7%)
1: 97 (33.9%)
2: 104 (36.4%)
0: 54 (18.9%)
1: 232 (81.1%)
0: 247 (86.4%)
1: 39 (13.6%)

0: 75 (26.2%)
1: 211 (73.8%)
0: 72 (25.2%)
1: 72 (25.2%)
2: 104 (36.4%)
0: 0 (0.0%)
1: 286 (100.0%)
0: 256 (89.5%)
1: 30 (10.5%)

Appendix 1c. Non-OECD-HI/EU subsample (n=167, 3 events, 21 countries)
Independent variable

Mean (SD)

Range

Population Characteristics
Gross tertiary enrollment ratio (%)
43.95 (22.06)
Wealth: see below for income indicators; Living conditions: See below for density and urbanization
National Characteristics
National Strategic Objectives
Net oil products imports as share of primary oil consumption (%)
0.13 (0.50)
Total energy exports > 30% of TPES (yes=1/no=0)
0: 126 (75.4%)
1: 41 (24.6%)
Fuel price (USD/liter)
0.91 (0.42)
Annual growth in road transport energy demand (%)
4.07 (6.43)
Annual growth in car sales (%)
Net electricity exports (total GWh)
Net electricity exports (share (%) over consumption)
Electricity grid CO2 emission factor (gCO2/kWh)
Population-weighted exposure levels to PM2.5
Cars produced (units)
Cars produced per capita (units)
Local car production (yes=1/no=0)
Household electricity prices, PPP (USD/kWh) (151 missing values)
Capacity: Socioeconomic
GDP/cap PPP (2011 international USD) (

WB income groups (1=L, 2=LM, 3=UM, 4=H)

-1.47 – 1.14

0.06 – 2.41
-16.75 – 31.72

0.08 (0.20)
-0.38 – 0.83
121.18 (868.50)
-1,939.21 – 3,507.74
1.48 (4.95)
-8.33 – 20.54
533.22 (197.48)
68.86 – 1,001.77
97.99 (4.98)
67.95 – 100.00
1,325,501.78 (3,311,648.15)
0.00 – 21,079,427.00
3,035.31 (6,923.35)
0.00 – 44,007.15
0: 27 (16.2%)
1: 140 (83.8%)
232.71 (91.413)
133.08 – 340.38
2,136,509,137,724.55
(3,363,653,058,199.55
1,7069.67 (1,4216.43)

GDP, PPP (2011 international USD)

8.30 – 94.73

211,918,000,000.00 –
19,854,000,000,000.00
4,283.61 – 67,705.95

2: 87 (52.1%)
3: 62 (37.1%)
4: 18 (10.8%)
200,182,625.37
8,270,684.00 –
(358,151,938.41)
1,378,665,000.00
124.57 (94.46)
10.78 - 427.92

Total population on January 1 of each year
Cars per 1,000 inhabitants
Capacity: Institutional
“Polity” score on democracy (normalized)

0.63 (0.35)

Federalism (yes=1/no=0)

0.00 – 0.95
0: 119 (71.3%)
1: 48 (28.7%)
2: 0 (0.0%)
0: 119 (71.3%)
1: 48 (28.7%)
0: 167 (100.0%)
1: 0 (0.0%)

Federalism2 (strong=2/weaker=1/no=0)
Federalism3 (strong=1/weak and no=0)
Impediments
Population density (people per km2)
Population share living in urban areas (%)
International Policy Diffusion
EU (and EFTA) membership (yes=1/no=0)
Old/new/no EU members (old=1/new=2/no=0)

OECD and OECD-EUHI membership (yes=1/no=0)
At least one neighboring country reached takeoff in the prior year
(yes=1/no=0) (proximity and proximity 2)
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120.938 (111.801)

8.723 – 450.419

63.378 (18.303)

30.417 – 91.749

0: 167 (100.0%)
1: 0 (0.0%)
0: 167 (100.0%)
1: 0 (0.0%)
2: 0 (0.0%)
0: 167 (100.0%)
1: (0.0%)
0: 165 (98.8%)
1: 2 (1.2%)

0: 167 (100.0%)
1: 0 (0.0%)
0: 167 (100.0%)
1: 0 (0.0%)
2: 0 (0.0%)
0: 167 (100.0%)
1: (0.0%)
0: 163 (97.6%)
1: 4 (2.4%)

Appendix 2. Model diagnostics
Additional model diagnostics for the final best-fit model are given for the two samples.

Appendix 2a. Full sample
Schoenfeld residual test: Model COMBO1.1 before nonlinear transformation violating the PH
assumption
Variable
electricityco2_scaled
carsproduced_scaled
gdpcaplog_scaled

chisq
6.83
4.02
2.18

df
1
1
1

p
0.009
0.045
0.140

Global

8.03

3

0.045

Schoenfeld residual test: Model COMBO1.1 after nonlinear transformation of electricityco2_scaled in
line with PH assumption
Variable
electricityco2_scaled^3
carsproduced_scaled
gdpcaplog_scaled

chisq
2.83
1.58
1.03

df
1
1
1

p
0.102
0.084
0.280

Global

4.23

3

0.219

Non-linearity. Model COMBO1.1 with splines instead of polynomial for electricityco2_scaled (no
coefficient for the spline term but it is significant; however, higher AIC than the model with
polynomial)
Variable/Model
Pslines(electricityco2_scaled)
Pslines(electricityco2_scaled)
carsproduced_scaled
gdpcaplog_scaled
N
Concordance
AIC

COMBO1.1
0.381 (3774)***
*
0.196 (0.1992)***
0.398 (0.396)**
453 (18 events)
0.864
113.900

Schoenfeld residual test: Model COMBO1.1, electricityco2_scaled with splines
Variable
electricityco2_scaled^3
carsproduced_scaled
gdpcaplog_scaled

chisq
2.331
1.695
0.907

df
3.93
0.96
0.99

p
0.665
0.096
0.337

Global

3.742

4.89

0.699
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Appendix 2b. OECD-HI/EU subsample
Schoenfeld residual test: Model COMBO2.1
Variable
electricityco2_scaled
carsproduced_scaled
gdpcaplog_scaled

chisq
2.638
3.771
0.056

df
1
1
1

p
0.104
0.052
0.812

Global

3.859

3

0.277

Multicollinearity
Variance Inflation Factor (VIF). All values are well below the threshold of 4 (absence of
multicollinearity), although electricityco2_scaled and carsproduced_scaled show higher levels.
Variable/Model
electricityco2_scaled
carsproduced_scaled
gdpcaplog_scaled
t

COMBO2.1
2.595
2.696 1.070

COMBO2.1L
2.588
2.400
1.067
1.161
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Appendix 3. Sensitivity analysis
Appendix 3a. Full sample, different takeoff thresholds
Cox regression
Variable/Model (Takeoff)
electricityco2_scaled^3
carsproduced_scaled
gdpcaplog_scaled

COMBO1 (1%)
0.49 (0.17)***
1.89 (0.16)***
2.95 (0.40) **

COMBO (0.5%)
0.56 (0.12) ***
2.10 (0.16) ***
4.13 (0.323) ***

COMBO (1.5%)
0.51 (0.17)**
1.52 (0.15)***
2.60 (0.44)*

N
453 (18 events)
425 (28 events)
461 (16 events)
Concordance
0.85
0.88
0.826
AIC
111.21
165.65
103.75
Note: exp(coef) with standard errors in parantheses; *p <0.05, ** p< 0.01, *** p<0.001
Logistics regression
Variable/Model (Takeoff)
COMBO1L (1%)
COMBO1L (0.5%)
intercept
-8.99 (1.55)***
-7.992 (1.168)***
electricityco2_scaled^3
-0.78 (0.19)***
-0.738 (0.163)***
carsproduced_scaled
0.67 (0.20)***
0.957 (0.234)***
gdpcaplog_scaled
1.11 (0.45)*
1.657 (0.406)***
t
0.81 (0.20)***
0.806 (0.157)***
N
453 (18 events)
425 (28 events)
Concordance
0.910
0.914
AIC
106.58
137.66
Note: coef with standard errors in parantheses; *p <0.05, ** p< 0.01, *** p<0.001

COMBO1L (1.5%)
-9.89 (1.78)***
-0.801 (0.20)***
0.44 (0.19)**
0.96 (0.48)*
0.91 (0.23)***
461 (16 events)
0.92
97.00

Appendix 3b. OECD-HI/EU subsample, different takeoff thresholds
The smaller number of events makes inclusion of more variables less stable. For the 1.5%
threshold, the carproductionbionary would not be statistically significant at the 0.05 level (0.057)
and carsproduced_scaled is not statistically significant. Exclusion of these variables leads to a
concordance of 0.855 for the 1.5% market threshold.
Cox regression
Variable/Model (Takeoff)
electricityco2_scaled
gdpcaplog_scaled
carsproduced_scaled

COMBO2.1 (1%)
0.16 (0.66)**
4.48 (0.50)*
3.21 (0.48)**

COMBO 2.1 (0.5%)
0.28 (0.38)***
4.81 (0.40)***
3.42 (0.36)***

COMBO 2.1 (1.5%)
0.17 (0.65)**
4.50 (0.52)**
1.78 (0.61)

N
286 (15 events)
279 (20 events)
293 (13 events)
Concordance
0.86
0.87
0.86
AIC
84.48
132.82
73.98
Note: exp(coef) with standard errors in parantheses; *p <0.05, ** p< 0.01, *** p<0.001

Carsproduced_scaled is not statistically significant in logistic regression for 0.5% and 1.5%.
Logistics regression
Variable/Model (Takeoff)
intercept
electricityco2_scaled
carsproduced_scaled
gdpcaplog_scaled
t

COMBO2.1L (1%)
-8.75 (1.66)***
-1.98 (0.70)**
1.17 (0.52)*
1.83 (0.65)**
0.60 (0.18)***

COMBO 2.1L (0.5%)
-5.12 (0.84)***
-0.60 (0.34)
0.02 (0.43)
1.25 (0.46)**
0.34 (0.12)**

COMBO 2.1L (1.5%)
-9.72 (1.93)***
-2.01 (0.73)**
0.56 (0.67)
1.85 (0.69)**
0.69 (0.20)***

N
286 (15 events)
279 (20 events)
293 (13 events)
Concordance
0.92
0.85
0.91
AIC
97.1
123.01
78.43
Note: exp(coef) with standard errors in parantheses; *p <0.05, ** p< 0.01, *** p<0.001
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Appendix 4. Full sample, detailed results of univariate and multivariate
analyses
Appendix 4a. Full sample, univariate models
Bold variables crossed the p-value threshold of 0.25 and were tested in multivariate modelcombinations to test the hypotheses, Cox regression.
Variable
coef
exp(coef)
carsproducedcap_scaled
0.3068
1.3591
carsproduced_scaled
0.3036
1.3547
carproductionbinary
0.3534
1.4240
carsinuse_scaled
0.3657
1.4415
carsalesgrowth_scaled
-0.02389
0.97639
democracy_norm
1.367
3.924
density_scaled
0.04165
1.04253
eueftacat1
2.168e+00
8.740e+00
eueftacat2
-1.823e+01
1.210e-08
eueftabinary1
1.222
3.395
electricityco2_scaled
-0.9756
0.3770
electricityhhprice_scaled
-0.3547
0.7014
electricityimportktoe_scaled
-0.1366
0.8723
electricityimportshare_scaled
0.03892
1.03969
federalism1-1
-0.1076
0.8980
federalism1-2
1.0969
2.9948
federalism2
0.5194
1.6811
federalism3-1
1.1130
3.0436
fuelprice_scaled
1.1284
3.0907
gdplog_scaled
0.2273
1.2552
gdpcaplog_scaled
0.9879
2.6856
incomegroup3
-0.4324
0.6489
incomegroup4
1.0067
2.7366
majoroilexporterbinary
-0.8285
0.4367
motorization_scaled
0.7799
2.1812
netoilproductimportshare_scaled -0.1171
0.8895
oecd1
1.5310
4.6229
oecdhi1
1.1827
3.2631
pm25_scaled
-0.4740
0.6225
populationlog_scaled
-0.08771
0.91603
proximity1
1.7082
5.5189
proximity21
1.1852
3.2712
roadenergygrowth_scaled
-0.6979
0.4977
tertedu_scaled
0.1600
1.1735
urbanpop_scaled
0.7195
2.0533
Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' '
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se(coef)
0.1408
0.1276
0.5265
0.1389
0.27809
1.285
0.20013
5.333e-01
6.012e+03
0.527
0.3173
0.2621
0.2113
0.20726
0.7638
0.5797
0.5005
0.5693
0.4139
0.2469
0.3181
1.2250
0.7530
1.0293
0.2864
0.2688
0.6328
0.6329
0.1852
0.23908
0.4965
3.2712
0.2867
0.2239
0.3103

z
2.179
2.379
0.671
2.634
-0.086
1.064
0.208
4.065
-0.003
2.32
-3.074
-1.353
-0.647
0.188
-0.141
1.892
1.038
1.955
2.726
0.921
3.105
-0.353
1.337
-0.805
2.723
-0.436
2.419
1.869
-2.559
-0.367
3.44
2.223
-2.434
0.714
2.319

Pr(>|z|)
0.0293 *
0.0174 *
0.502
0.00845 **
0.932
0.287
0.835
4.8e-05 ***
0.998
0.0204 *
0.00211 **
0.176
0.518
0.851
0.8880
0.0585 .
0.299
0.0506 .
0.00641 **
0.357
0.0019 **
0.724
0.181
0.421
0.00648 **
0.663
0.0156 *
0.0617 .
0.0105 *
0.714
0.000581 ***
0.0262 *
0.0149 *
0.475
0.0204 *

carsproducedcap

1.00

carsproduced

0.976

1.00

carsinuse

0.736

0.774

1.00

carsalesgrowth

-0.041

-0.020

-0.024

1.00

democracy

-0.106

-0.163

-0.041

-0.033

1.00

density

0.110

0.099

-0.031

-0.026

0.079

1.00

electricityimportktoe

-0.131

-0.095

0.169

0.059

0.071

0.011

1.00

electricityimportshare

-0.133

-0.103

-0.105

0.029

0.085

0.105

0.333

1.00

fuelprice

-0.011

-0.054

-0.127

-0.076

0.622

0.141

0.014

0.058

1.00

gdplog

0.549

0.566

0.699

-0.075

-0.218

-0.129

0.036

-0.233

-0.340

1.00

gdpcaplog

0.007

-0.039

0.092

-0.102

0.302

-0.021

-0.006

0.150

0.352

-0.162

1.00

motorization

-0.037

-0.093

0.018

-0.082

0.559

0.096

-0.066

0.156

0.543

-0.357

0.781

netoilproductimportshare

-0.093

-0.072

-0.115

-0.030

0.081

0.666

-0.035

-0.069

0.060

-0.376

-0.002

0.125

1.00

pm25

0.088

0.070

-0.103

-0.070

-0.277

0.264

-0.011

0.138

-0.170

0.090

-0.388

-0.445

0.005

1.00

populationlog

0.475

0.507

0.573

-0.029

-0.302

-0.105

0.034

-0.261

-0.428

0.928

-0.518

-0.605

-0.322

0.227

1.00

1.00

roadenergygrowth

0.036

0.043

-0.042

0.180

-0.134

0.021

0.005

-0.011

-0.239

0.096

-0.265

-0.299

-0.041

0.127

0.182

1.00

tertedu

-0.025

-0.062

0.082

-0.064

0.378

-0.202

0.060

-0.083

0.376

-0.078

0.479

0.510

-0.187

-0.365

-0.250

-0.219

urbanpop

-0.011

-0.019

0.089

-0.066

0.225

0.073

0.013

0.067

0.228

-0.086

0.690

0.514

0.109

-0.274

-0.336

-0.232

0.455

1.00

electricityco2

0.106

0.146

0.085

-0.065

-0.270

0.221

-0.011

-0.285

-0.315

0.144

-0.267

-0.307

0.196

0.223

0.229

0.107

-0.202

-0.179

2
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electricityco2

urbanpop

tertedu

roadenergygrowth

populationlog

pm25

tshare

netoilproductimpor

motorization

gdpcaplog

gdplog

fuelprice

are

electricityimportsh

e

electricityimportkto

density

democracy

carsalesgrowth

carsinuse

carsproduced

Appendix 4b. Full sample, Correlation matrix of continuous variables
carsproducedcap

1

1.00
1.00

oecd

oecdhi

5e-07

2e-16

2e-09

federalism2

1e-07

6e-10

2e-03

federalism3

3e-03

5e-11

2e-02

majoroilexporterbinary

9e-01

6e-10

4e-10

5e-01

4e-01

4e-01

oecd

7e-01

2e-16

2e-16

4e-14

9e-01

4e-10

4e-07

oecdhi

8e-10

2e-16

2e-16

1e-15

8e-02

2e-07

7e-12

proximity

8e-01

2e-16

2e-10

2e-04

5e-01

4e-04

1e-01

1e-07

2e-05

proximity2

1e-01

1e-12

1e-06

3e-05

2e-02

2e-05

2e-01

1e-04

3e-03

proximity2

federalism3

4e-05

federalism

proximity

federalism2

9e-07

eueftabinary

terbinary

federalism

majoroilexpor

eueftabinary

Eueftacat

binary

Eueftacat

Variable/Model

carproduction

Appendix 4c. Full sample, Chi-Square tests of independence (p-values)
(categorical variables)

carproductionbinary

Note: with p-values below the significance level of 0.05, dependence can be rejected.

The following tables show tests for the different groups of hypothesis. Variables from the
univariate analysis (p values < 0.25) are combined. GDPpercaplog is controlled for. In logistic
regression, also time is controlled for. Both are found to be highly significant with a large
effect.

Appendix 4d. Full sample, geography/living conditions, logistic regression
incl. time (N=453)
Only urbanization rate was left after the univariate analysis but if controlled for GDPpercap,
it did not turn out close to significant.
Variable/Model
intercept

GEO1
-6.60
(1.03)
***

urbanpop_scaled

0.33
(0.38)

gdpcaplog_scaled

0.91
(0.40)
*

year

0.55
(0.15)
***

Concordance

0.85

AIC

128.73

VIF

Gdpcap
1.23
urbanpop
1.23
year

1.01
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4e. Full sample, energy & transport sector, logistic regression incl.
time (N=453)
If GDPpercap is controlled for, only fuelprice stays significant. Which is very strongly
connected to the policies themselves through, e.g. taxation. It is related to outcome variables
themselves and is thus not as useful in explaining what characteristics help explain differences
in policies across countries.
Variable/Model

ENE1

ENE 2

ENE3

intercept

-8.46

-6.85

-7.82

-6.49

(1.38)***

(1.06)***

(1.29)***

(1.16)***

roadenergygrowth_scaled
fuelprice_scaled

-0.76

-0.54

(0.40).

(0.33)

0.92

0.86

(0.41)*

(0.41)*

electricityhhprice_scaled

ENE4 (n=220)

-0.14
(0.32)

gdpcaplog_scaled
year
Concordance

0.87

0.94

1.08

1.47

(0.41)*

(0.36)**

(0.4)**

(0.56)**

0.85

0.60

0.75

0.54

(0.20)***

(0.16)***

(0.19)***

(0.17)**

0.88

0.85

0.87

0.85

AIC

122.25

126.72

123.96

94.13

VIF

gdpcap 1.05

Gdpcap 1.05

Gdpcap 1.01

Gdpcap 1.16

roadenergy-growth 1.25

roadenergy-growth 1.13

Fuelprice 1.52

electricityhh-price 1.21

fuelprice 1.55

year 1.08

year 1.53

year 1.06

year 1.78
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4f. Full sample, environment, logistic regression incl. time (N=453)
Air pollution (pm25) does not stay significant when income is controlled for. Carbon
intensity of the electricity grid brings the lowest AIC across models. Transformation (^3) of
this variable, which hampers ease of interpretability, help increase concordance as its effect
is changing over time (ENV3-2). For testing the hypothesis this provides the additional
insight that this effect is fading over time, which is in line with expectations.
Variable/Model
intercept

electricityco2_scaled

ENV1

ENV2

ENV3

-7.07

-6.51

-7.09

-8.16

(1.13)

(1.02)

(1.13 )

(1.37)

***

***

gdpcaplog_scaled
year
Concordance
AIC
VIF

***

***

-0.87

(^3) -0.63

(0.34)**

(0.17)***

-0.83
(0.34)*

Pm25_scaled

-0.14

-0.27

(0.24)

(0.22)

0.89

0.94

(0.40)*

(0.38)*

ENV3-2

0.96

(0.38)*

0.90
(0.40)*

0.59

0.38

0.60

0.74

(0.16)***

(0.15)***

(0.16)***

(0.18)***

0.88

0.85

0.87

0.89

123.18

128.13

121.52

113.75

Gdpcap 1.13

Gdpcap 1.11

Gdpcap 1.02

Gdpcap 1.05

electricityco2 1.11

pm25 1.10

electricityco2 1.05

electricityco^3 1.38

pm25 1.18

year 1.00

Year 1.05

year 1.39

year 1.05
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4g. Full sample, industry, logistic regression incl. time (N=453)
Both the absolute and relative size of the car industry remain significant and have effects on
diffusion. The differences in the models are marginal.
Variable/Model

IND1

intercept

-6.70

-6.66

(1.06)

(1.05)

***

***

Carsproduced_scaled

IND2

0.45
(0.17)**

Carsproducedcap_scaled

0.42
(0.18)*

gdpcaplog_scaled

1.22

1.19

(0.38)**

(0.38)**

year

0.55

0.54

(0.15)***

(0.15)***

Concordance

0.85

0.85

AIC

124.34

125.40

VIF

Gdpcap 1.13

Gdpcap 1.09

carsproduce

Carsproducedcap 1.09

d 1.13

Year 1.00

year 1.00
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001

Appendix 4h. Full sample, market size, logistic regression incl. time (N=453)
Motorization and income are correlated, motorization does not stay significant but the total
size of the market.
Variable/Model

Market1

intercept

Market2

-6.62

-6.59

(1.04)

(1.03)

***
motorization

***
0.39
(0.37)

carsinuse_scaled

0.34
(0.17)*

gdpcaplog_scaled
year

1.05

0.85

(0.36)**

(0.43)*

0.55

(0.15)***

0.55
(0.15)***

Concordance
AIC
VIF

0.85

0.85

125.95

128.34

Gdpcap 1.01

Gdpcap 1.34

carsinuse 1.01

motorization 1.34

year 1.01

Year 1.01

Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4i. Full sample, institutional capacities & characteristics, logistic
regression incl. time (N=453)
Controlling for income, neither the level of democracy, nor federalism help in explaining
diffusion.
Variable/Model
intercept

federalism3

INST1

INST2

INST3

-7.21

-7.25

-6.61

(1.47)

(1.47)

(1.04)

***

***

***

0.40

0.49

(0.65)
democracy_norm
gdpcaplog_scaled
year
Concordance
AIC
VIF

(0.64)

0.67

0.78

(1.12)

(1.10)

1.03

1.08

1.02

(0.38)**

(0.37)**

(0.37)**

0.55

0.55

0.55

(0.15)***

(0.15)***

(0.15)***

0.84

0.84

0.84

130.56

128.99

128.96

gdpcaplog 1.01

Gdpcaplog 1.06

federalism3 1.10

gdpcap

1.06

democracy 1.00

federalism3 1.06

democracy 1.04

year 1.01

year 1.01

year 1.01
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4j. Full sample, international mechanisms, logistic regression incl.
time (N=453).
The binary membership variables (OECD and EU-EFTA) do not stay significant once income
is controlled for. The category old EU-EFTA members is significant in that variable,
confounded with income. Proximity is significant, except when confounded by old EUEFTA members/ overloading.
Variable/

IM1

IM2

IM3

IM4

IM5

IM6

IM7

IM8

Model
intercept

eueftacat1
eueftacat2

-7.99

-7.89

-6.49

-6.84

-6.85

-7.27

-7.10

-7.13

(1.29)

(1.33)

(1.04)

(1.16)

(1.18)

(1.16)

(1.27)

(1.17)

***

***

***

***

***

***

***

***

2.01

1.89

(0.64)**

(0.74)*

-16.68

-16.72

(1561.78)

(1564.07)

eueftabinar
y1

0.48

0.94

0.42

(0.65)

(0.56).

(0.66)

oecd1
proximity1
gdpcaplog_
scaled
year
Concordanc

0.50

0.42

0.83

(0.75)

(0.75)

(0.70)

0.22

1.32

1.08

1.21

1.01

(0.67)

(0.55)*

(0.63)

(0.57)*

(0.64)

0.49

0.47

0.88

0.88

0.79

1.04

0.79

0.91

(0.37)

(0.37)

(0.38)*

(0.40)*

(0.42).

(0.38)**

(0.43)

(0.40)*

0.71

0.69

0.50

0.52

0.51

0.57

0.52

0.56

(0.17)***

(0.18)***

(0.496)**

(0.16)**

(0.16)

(0.15)***

(0.16)***

(0.15)***

0.92

0.92

0.86

0.86

0.86

0.85

0.86

0.84

e
AIC

110.70

112.59

124.08

125.53

125.62

126.46

127.21

127.92

VIF

gdpcap

gdpcap

gdpcap

Gdpcap

gdpcap

gdpcap

gdpcap

gdpcap

1.18

1.21

1.06

1.08

1.22

1.01

1.21

1.12

eueftacat1

eueftacat1

proximity

eueftabina

proximity

eueftabina

eueftabina

oecd

1.27

1.70

1.07

ry

1.15

ry

ry

1.13

eueftacat2

eueftacat2

year

1.33

oecd

1.02

1.38

year

1.00

1.00

1.02

proximity

1.29

year

Oecd

1.01

year

proximity

1.40

year

1.03

1.31

1.45

year

1.03

Year

1.06

1.10

1.17

proximity
1.46
Year
1.07

Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4k. Full sample, combinations, logistic regression incl. time (N=453)
Below the combinations with the best model fit. Both size of industry and market (which are
correlated) provide additional explanatory power when combined with carbon intensity of
the electricity grid, income and time. COMBO1 is the best model. The model with EUEFTAcategory is provided to show the strength of the effect of old EU-EFTA-member states.
Variable/Model
intercept

COMBO1

COMBO2

COMBO3

-8.99

-8.71

-8.07

-9.59

(1.55)***

(1.48)***

(1.390***

(1.7)***

eueftacat1

COMBO4

1.56
(0.71)*

eueftacat2

-16.87
(1411.65)

Carsinuse_scaled

0.55
(0.19)**

Carsproduced_scaled

0.67
(0.20)***

proximity1

0.84
(0.57)

electricityco2_scaled^3
gdpcaplog_scaled

year
Concordance
AIC
VIF

-0.78

-0.77

-0.59

-0.58

(0.19)***

(0.19)***

(0.17)***

(0.19)**

1.11

0.83

0.76

0.34

(0.45)*

(0.41)*

(0.68).

(0.40)

0.81

0.79

0.71

0.93

(0.20)***

(0.19)***

(0.19)***

(0.22)***

0.91

0.91

0.90

0.93

106.58

108.61

113.68

102.68

Gdpcap 1.20

Gdpcap 1.06

Gdpcap 1.12

Gdpcaplog 1.32

electricityco2 1.72

electricityco2 1.65

electricityco21.43

electricityco2 1.65

carsproduced 1.39

carsinuse 1.20

proximity 1.10

eueftacat1 1.49

year 1.49

year 1.44

year 1.40

eueftacat2 1.00
year 1.65

Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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Appendix 4c. Full sample, combinations, Cox regression (N=453)
Variable/Model

COMBO1

COMBO2

COMBO3

eueftacat1

COMBO4
4.01
(0.64) **

eueftacat2

0.00
(846)

Carsinuse_scaled

1.59
(0.15)*

Carsproduced_scaled

1.89
(0.16)***

roadenergygrowth_scaled

0.45
(0.40)*

electricityco2_scaled^3
gdpcaplog_scaled
Concordance
AIC
VIF

0.49

0.49

0.53

0.57

(0.17)***

(0.17)***

(0.16)***

(0.18)**

2.95

2.14

1.84

1.30

(0.40)***

(0.37)*

(0.36)

(0.36)

0.85

0.84

0.84

0.88

111.21

113.99

116.70

107.78

gdpcap 1.30

Gdpcap 1.04

gdpcap 1.13

Gdpcaplog 1.35

electricityco2 1.23

electricityco2 1.22

electricityco2 1.09

electricityco2 1.08

carsproduced 1.54

carsinuse 1.24

roadenergygrowth 1.16

eueftacat1 1.00

Note: exp(coef) with standard errors in parenthesis; *p<0.05, ** p<0.01, ***
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Appendix 5. OECD-EU/HI subsample, detailed results of univariate and
multivariate analyses
Appendix 5a. OECD-EU/HI sample, univariate models
Bold variables crossed the p-value threshold of 0.25 and were tested in multivariate modelcombinations to test the hypotheses, Cox regression.
Variable
coef
exp(coef)
carsproducedcap_scaled
0.1935
1.2134
carsproduced_scaled
0.3440
1.4106
carproductionbinary
0.8667
2.3790
carsinuse_scaled
0.2715
1.3119
carsalesgrowth_scaled
-0.1383
0.8709
democracy_norm
10.755
46850.036
density_scaled
0.01145
1.01152
eueftacat1
1 1.839e+00 6.290e+00
eueftacat2
-1.914e+01
4.853e-09
eueftabinary1
0.9278
2.5290
electricityco2_scaled
-1.1532
0.3156
electricityhhprice_scaled
-0.3971
0.6722
electricityimportktoe_scaled
-0.03674
0.96393
electricityimportshare_scaled
0.007445
1.007473
federalism1-1
0.5007
1.6499
federalism1-2
0.8013
2.2285
federalism2
0.7336
2.0826
federalism3-1
0.7640
2.1468
fuelprice_scaled
1.4927
4.4490
gdplog_scaled
0.4070
1.5023
gdpcaplog_scaled
1.4889
4.4324
majoroilexporterbinary
0.7228
2.0602
motorization_scaled
0.7514
2.1200
netoilproductimportshare_scaled -0.1519
0.8591
pm25_scaled
-0.3588
0.6985
populationlog_scaled
0.2740
1.3152
proximity1
1.6895
5.4169
proximity21
1.2538
3.5036
roadenergygrowth_scaled
-0.8218
0.4396
tertedu_scaled
-0.2275
0.7965
urbanpop_scaled
0.8255
2.2830
Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' '
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se(coef)
0.2810
0.2905
0.5849
0.1759
0.3392
9.803
0.19719
7.654e-01
8.243e+03
0.7601
0.4149
0.2668
0.20482
0.188812
1.0505
0.5938
0.5501
0.5858
0.6582
0.2441
0.4095
1.0363
0.4708
0.2539
0.2016
0.3039
0.5498
0.5612
0.3914
0.3153
0.3834

z
0.689
1.184
1.482
1.543
-0.408
1.097
0.058
2.403
-0.002
1.221
-2.78
-1.489
-0.179
0.039
0.477
1.350
1.334
1.304
2.268
1.667
3.636
0.698
1.596
-0.598
-1.78
0.902
3.073
2.234
-2.1
-0.721
2.153

Pr(>|z|)
0.491
0.236
0.138
0.123
0.684
0.273
0.954
0.0163 *
0.9981
0.222
0.00544 **
0.137
0.858
0.969
0.634
0.177
0.182
0.192
0.0233 *
0.0955 .
0.000277 ***
0.485
0.111
0.55
0.0751
0.367
0.00212 **
0.0255 *
0.0358 *
0.471
0.0313 *

Appendix 5b. OECD-EU/HI subsample, combinations, logistic regression incl.
time (N=286)
Variable/Mod

COMO2.1-1L

COMBO2.1-2L

COMBO2.1-3L

COMBO2.2L

COMBO2.3L

el
intercept
carsproduced_
scaled

-8.75

-10.43

-8.47

-8.13

-11.01

(1.66)***

(2.01)***

(1.58)***

(1.47)***

(2.29)***

1.17
(0.52)*

carproduction-

0.62

binary

(0.019)*

carsproducedca

0.80

p_scaled

(0.44)

carsinuse_scale

0.45

d

(0.25)

fuelprice_

-1.64

scaled
electricityco2_s
caled
gdpcaplog_scale
d
year

(0.75)*
-1.97

-1.43

-1.67

-1.55

-1.04

(0,7)**

(0.52)***

(0.62)**

(0.57)*

(0.47)*

1.82

2.61

1.92

1.60

1.97

(0.65)**

(0.82)**

(0.64)**

(0.60)**

(0.63)**

0.60

0.62

0.57

0.58

0.99

(0.18)***

(0.19)***

(0.17)***

(0.17)***

(0.28)***

Concordance

0.90

0.91

0.90

0.89

0.92

AIC

88.79

86.48

90.70

91.06

88.35

VIF

gdpcaplog 1.07

gdpcap 1.60

gdpcap 1.50

gdpcap 1.04

gdpcaplog 1.13

electricityco2 2.59

electricityco2 1.17

electricityco2 1.93

electricityco2 1.53

electricityco2

carsproduced 2.40

carproductionbina

carsproduced 1.90

carsinuse 1.44

1.12

year 1.16

ry 1.61

year 1.13

year 1.11

Fuelprice 2.41

year 1.42
Note: coefficient with standard errors in parenthesis; *p<0.05, ** p<0.01, *** p<0.001
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year 2.64

Appendix 5c. OECD-EU/HI subsample, combinations, Cox regression (N=286)
Variable/M

COMO2.1-1

COMBO2.1-2

COMBO2.1-3

COMBO2.2

COMBO2.3

odel
Carsproduced
_scaled

3.20
(0.47)*

carproduction

7.15

binary

(0.81)*

carsproduced

2.20

cap_scaled

(0.40)*

carsinuse_

1.52

scaled

(0.20)*

fuelprice_scal

4.92

ed
electricityco2
_scaled
gdpcaplog_sc
aled

(0.73)*
0.15

0.29

0.22

0.24

0.38

(0.65) **

(0.46)***

(0.56)**

(0.53)**

(0.43)*

4.48

9.18

4.86

3.69

4.64

(0.50)**

(0.69)**

(0.49)**

(0.47)

(0.49)**

Concordance

0.86

0.88

0.85

0.85

0.85

AIC

84.48

82.68

86.82

87.05

85.01

VIF

gdpcaplog 1.07

gdpcap 1.90

gdpcap 1.20

gdpcap 1.00

gdpcaplog 1.08

electricityco2 2.59

electricityco2 1.02

electricityco2 1.73

electricityco2

electricityco2 1.02

carsproduced 2.69

caproductionbina

carsproduced 1.95

1.52

fuelprice 1.06

ry 1.92

carsinuse 1.52

Note: exp(coef) with standard errors in parenthesis; *p<0.05, ** p<0.01, ***
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