
23 December 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Patterns of green innovation in the automotive industry: empirical evidence from OECD countries
1990-2018

Published version:

DOI:10.1504/IJATM.2022.126838

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is the author's manuscript

This version is available http://hdl.handle.net/2318/1858238 since 2023-05-03T15:21:14Z



1 
 

Patterns of green innovation in the automotive industry: empirical evidence from OECD 

countries 1990-20181 

 

 

 

Anna Novaresio  

Department of Economics and Statistics Cognetti de Martiis, University of Torino 

 

Pier Paolo Patrucco  

Department of Economics and Statistics Cognetti de Martiis, University of Torino; 

BRICK, Collegio Carlo Alberto, Torino 

 

 

 

Abstract 

The aim of the paper is to identify patterns of specialisation in different “green” technologies 

in the automobile industry. The paper focuses on OECD countries over the last 30 years and analyses 

the role of systems of innovation in spurring and directing green innovation patterns in the industry, 

testing which systemic factors drive the detected trends of green specialisation.  

The study builds upon a large panel dataset based on green patent data in OECD countries from 

1990 to 2018, which allow to depict green specialisation trends for three automotive technologies: 

green internal combustion engine (“brownish”), hybrid (“greenish”), electric and fuel cell vehicles 

(“green”).   

The study reveals that only Japan shows a persistent specialisation in all the three automotive 

technological solutions and few countries (Italy, France, Sweden, South Korea and USA) are catching 

up in the cleaner technological domains from 2008 onwards. The majority of the OECD countries 

display persistent negative levels of specialisation in all the three technological areas.  

The econometric analysis, based on a multinomial logit model, shows that the greening of the 

automotive industry is led both by “economies of specialisation” through private R&D investments, 

and by “learning economies” triggered by economic policies oriented towards sustainability goals. 

The complementarity of the two factors highlights the complexity of the technological and 

environmental transition and calls for a systemic approach.  
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1. Introduction 

The alarming degradation of natural ecosystems (soil, water, air and climate) due to impactful 

anthropic activities (industrial and transport-related above all) urges a decisive human reaction, which 

involves significant changes in policies, institutions and practices (MEA, 2005). The so-called 

“technological transition” has been identified as a pivotal solution to address the contemporary 

environmental challenges, hinging on a system innovation approach (Hekkert and Negro 2009; Ekins, 

2010). As road transports are responsible for 60% of the greenhouse gas (GHG) emissions that mainly 

come from private cars, the transition to an eco-mobility scenario, which encompasses both individual 

and collective, public and private solutions that contribute positively to economic and environmental 

transport performances (Nicolai and Faucheux, 2015), becomes fundamental for transports’ 

decarbonization.  

As a consequence, the greening of the automotive industry becomes a crucial component of this 

transition, with eco-innovations playing a key role in the decarbonization process of the sector. 

In the XX century, the automobile industry grew around a highly polluting technological 

paradigm, the so-called internal combustion engine (ICE), which only in the last decades has been 

improved with the diffusion of incremental and modular innovations (e.g., catalytic converter, fuel 

efficient engines, “green diesel”) and challenged by the development of more ecological solutions 

(e.g., plug-in hybrid and fully electric engines) (Calabrese, 2016).  

Electrification, thus, along with digitalisation, is the most disruptive current technological trend 

shaping the future the automotive industry (Lüthje, 2021; Wittmann, 2017). The path towards 

electrification has a long story2, which can be articulated into four phases: 1) the 1970s-1980s period 

opens a phase of ‘electrical experimentation’ in the global automotive industry, characterised by the 

development of electrical prototypes (Faria and Andersen, 2015); 2) the 1990s mark the introduction 

of the first modern electric and hybrid-electric engines in the automotive market (Dijk and Yarime, 

2010; Faria and Andersen, 2015);  3) a second “electrical hype”  occurs after 2000, triggered by 

stringent regional and local eco-policies (Dijk and Yarime, 2010); and 4) the post-2008 crisis “green 

spin” (Faria and Andersen, 2015), which is being accelerated by the current Covid-19 pandemic 

(ACEA, 2021). 

In short, electric engines represent the main propulsive technology alterative to internal 

combustion, with a long, but niche tradition of prototypes, experiments and tests since the birth of the 

automobile industry.  

The first fully electric models were introduced in the mass auto market only recently: Renault-

Nissan, an incumbent original equipment manufacturer (OEM), and Tesla Motors, an emergent one, 

entered the market with radical technological solutions, respectively Leaf in 2010 and model S in 

2012, “breaking the ice” of a market still fully dominated by fossil-fuelled models, with the 

introduction of full electric vehicles. 

The elements behind this technological innovation are rich and complex and can be depicted 

by looking at the evolution of green patenting activity of the automotive industry, which has been 

driven not only by firms’ assets heterogeneity (different strategies, knowledge stocks and 

technological capabilities), but also by a broad array of different elements of the industrial and 

economic system (technology, consumers’ demand as well as institutions and policies) (Covarrubias, 

2018; Vazquez et alii, 2018). While automotive has been deeply investigated as a sector per se and 

huge attention has been paid to the actors and factors influencing the internal dynamics of the 

industry, in relation to the recent adoption of “green” technologies little research and evidence is 

available on the role of those complementary and systemic elements on the development and diffusion 

of green technological solutions. 

                                                
2 The first electrical vehicles date back to the last years of the XIX century, to the very birth of the automotive industry. 

For the seek of simplicity we consider only the most recent story and developments of this technology (IEA, 2013). 
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Our paper tries to fill this gap. It identifies different green specialisation patterns in automotive 

industry at the country level and aims to explain these patterns with the characteristics of the different 

national and sectoral innovation systems.  

More specifically, the paper aims at: 1) detecting discontinuities, persistence and catching up 

patterns of specialisation in different green technologies in the automotive industry, focusing on 

OECD countries over the last 30 years; 2) analysing the role of systemic factors in spurring and 

directing green innovation patterns in the sector; 3) testing which kind of economies (e.g., “economies 

of specialisation” or “economies of learning”) associated to those factors drive the detected trends of 

green specialisation. 

Therefore, the present paper aims to expand the existing literature on the greening of the 

automotive industry which is mainly focused at the firm-level by analysing the dynamics of green 

innovation in the car industry at the country level, focusing on a large panel dataset.   

The paper is structured as follows. Section 2 outlines the framework summarizing the most 

relevant literature on green innovation in the automotive sector and highlighting the relevance of the 

theories of innovation system, with special focus on their application to the automobile industry. It 

also outlines the main research questions. Section 3 presents the data and the empirical strategies, 

while section 4 shows and discusses the results. Finally, section 5 concludes. 

 

 

2. Literature review 

2.1. The greening of the automotive industry 

 

Economic literature has devoted increasing attention to study the types of innovations able to 

tackle environmental issues, the so called “green innovations”3. 

Historical factors led the industry to ‘lock-in’ into an ICE-based dominant design, grounded on 

the ‘creative accumulation’ of incremental and modular innovations (Breschi and Malerba, 1993). 

Yet, in the last decades market stagnation, rising environmental concerns, the emergence of new 

players and the introduction of stringent eco-policies have driven the industry towards a de-maturity 

process (Faria and Andersen, 2015; Abernathy et al, 1983), in which the polluting dominant design 

is challenged by green alternatives developed around radically new and clean, low-carbon 

technologies. 

A wide economic literature has investigated the determinants and barriers of environmental 

innovation in the automotive industry, highlighting some key facilitating and hampering institutional 

factors to the development and diffusion of green technological solutions. 

Dijk and Yarime (2010) finds that demand, supply and regulations are sources of lock-in 

through path dependence dynamics and drivers of the creation of new clean path through co-

evolution; while Gohoungodji et al. (2020) groups all barriers into six blocks  respectively related to 

resources, behaviours,  information, technology, laws & regulations and organization, revealing the 

existence of some causal links between the groups of barriers and emphasizing that the dominant ones 

are related to behaviours and resources. 

Given the importance of such a number of barriers, scholars focused on the analysis of the 

levers that can overcome such obstacles. In particular, a relevant number of studies has examined the 

role of environmental policies in the sector4, providing empirical evidence in support of the so-called 

                                                
3 Green innovation is defined as a type of innovation which can be beneficial in both economic and environmental terms 

(eco-innovation) or exclusively in environmental ones (environmental innovation) (Ekins, 2010). In this paper we focus 

on this latter type of green innovation, which is known to exert a relevant effect on the environmental performances of 

both the automotive industry (Machado and Avila, 2019) and its value chain (Masoumi et al., 2019). 
4 For a critical view of the effects of the policy and regulatory framework in the EU context, see Pardi (2021). 
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weak version of the “Porter hypothesis”5 (Porter and Van der Linde, 1995; Leewen and Mohnen, 

2017).   

Hascic et al (2009), for example, shows that environmental regulations exert a greater influence 

on environmental innovation when they are foreign rather than domestic: domestic eco-policies tend 

to be anticipated and influenced by domestic car manufactures, while foreign ones act as a real ‘shock’ 

for car producers. The study also distinguishes the determinants of “integrated” and “post-

combustion6” technologies, revealing that, while the former type innovations is mainly driven by 

gasoline prices and general propensity to innovation, the latter is primarily affected by “policy 

shocks”, with gasoline prices and the general rate of innovation wielding very little influence.  

The forcing power of regulatory interventions has been highlighted also by Berggren and 

Magnusson (2012), revealing to be decisive in helping car manufactures meeting higher 

environmental standards, by encouraging the expansion of their technological repertoire with a “long-

term oriented, technology-neutral, innovation and competition driving policy, built around stepwise 

tightening of emissions and incentive levels” (Berggren and Magnusson, 2012, p 29). 

The innovation impacts of policies, distinguished into “economic versus regulatory” and 

“general versus technology specific” (Bergek and Berggren, 2014) illustrates that while general 

economic tools tend to encourage diffusion and incremental innovation, general regulatory measures 

enforce significant improvements based on modular innovation; on the other hand, technology-

specific tools appear to be required for the development and deployment of radically new 

technologies, although the fostering of upgrades and cost reductions is necessary for all policies.  

Barbieri (2015 and 2016) focuses on the role of post-tax fuel prices, along with that of 

environmental vehicle taxes, CO2 standards and European emission standards, in the creation of 

environmental inventions, underlining that post-tax fuel prices influence firms' incentives to 

reallocate patenting efforts from non-green to green technology fields, contributing to crowding out 

ICEV inventive activities in favour of alternative propulsion vehicle technologies. This suggests that 

tax inclusive fuel prices would be effective at unlocking the automotive technological system from 

dependence on conventional vehicle innovations, confirming the findings of Aghion et al (2015), 

which empirically proves that higher tax-inclusive fuel prices encourage firms to conduct 

environmental invention activity and discourage development of dirty inventions. 

This broad set of factors stresses the importance to look at the institutional dimension and policy 

elements that sustain the greening of the car industry. Policies appear to be a major trigger to green 

innovation, driving the adoption of new technologies and more generally supporting the adoption of 

new, environmentally-friendly behaviours. Next section aims at introducing the innovation system 

approach as a useful tool to understand such an institutional and policy dimension. 

 

 

2.1. The ecological transition of the automobile sector and the role of the innovation 

system approach 

 

The greening of the automotive industry is part of an eco-mobility scenario, which requires a 

complex transition to sustainable transport solutions, habits and policies to become a reality. The 

transition to low-carbon transports involves the development and diffusion of niche innovations, 

which encompass intermodal travel solutions, cultural and socio-spatial innovations, new forms of 

demand management, public transport innovations, ICT technologies applications and green 

propulsion technologies (Geels, 2012).  

                                                
5 The weak version of the PH postulates that environmental regulatory systems do not have a predetermined effect on 

competitiveness, but always stimulate innovation, which partially offset the loss of competitiveness due to the compliance 

costs (Jaffe and Palmer, 1997). 

6 Hascic et al (2009) defines “integration” technologies as those aimed at increasing engine’s efficiency and the “post-

combustion” technologies as those aimed at reducing engine’s emissions. 
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The development and the deployment of green propulsion technologies is a crucial component 

of such transition, which is actually facing several barriers, causing a systemic inertia around the ICE 

dominant design (Steinhilbert et al., 2013). Along the same vein, Dijk (2014) has found that from 

1990s to 2010s the niche-regime interaction within the automotive has led the industry only to a 

progressive reorganisation towards a hybridisation model, with electric solutions integrated in the 

ICE, instead of a real transition to pure electric powertrains. 

In this context, the challenges posed by the above-mentioned green transition require a system 

approach to be appropriately tackled. The innovation system theory can provide a useful analytical 

frame to translate environmental goals into innovation targets at national, regional and sectoral level 

(Andersen, 2009). 

Innovation being the result of the integration and internalization of complementary elements 

(i.e., resources, know-how, technologies), systems are, in fact, the bedrock where (green) innovation 

can stem (Edquist, 1996), making the understanding of their components, frames and functioning 

crucial.  

In line with an evolutionary approach, innovation systems involve the co-evolution of their 

components, (technology, demand, regulations), as well as the interaction between the different 

systems, whose characteristics affect each other’s development (Castellacci, 2009). 

Traditionally, innovation systems can be divided in three major types: 1) National Innovation 

System, alias NIS (List 1841, Nelson, 1993; Patel and Pavitt, 1994; Lundvall, 1992), 2) Regional 

Innovation System, alias RIS (Cooke et al, 1997; Cooke, 2008), and 3) Sectoral Innovation System, 

alias SIS (Malerba, 2002 and 2005). While NIS focuses on the nation-wide dimension of innovation, 

RIS considers the regional milieu where innovation stems and SIS describes the specific sector-based 

characteristics of the inventive activities 

In addition to this well-known three types, an emerging and cross-cutting fourth classification 

includes the so-called Green Innovation System, alias GRINS (Andersen, 2009), which stems from 

the greening process of the other three and is clearly particularly relevant for the present analysis. 

A green innovation system specifically should embed environmental elements in its multi-

layered structure, which are expressed in terms of ecological practices, policies and attitudes, leading 

to a ‘green learning economy’ able to create an environment favouring green innovations (Andersen, 

2009).  

An early example of the sectoral approach applied to the automotive sectors is offered by 

Breschi and Malerba (1993), which depicted the “traditional” automotive innovation system as 

characterized by high appropriability, cumulativeness, spatial density, few innovators and a 100-year-

old technological paradigm, which make the sector particularly resistant to radical innovations and 

new technological patterns. 

More recently, a pioneering work that provides a first theoretical and empirical contribution on 

the application of the notion of GRINS to the automotive industry is Hübner et al. (2001), which 

shows the opportunities and the obstacles to a technological change triggered by the greening of 

innovation system. 

The results of this study highlight that the selection of innovations, like fuel cells, in the 

automotive industry by the German innovation system is hurdled by a wide range of factors: the 

higher costs of the new technology, the lack of complementary technologies (fuel infrastructures), 

the uncertainty related to consumers’ acceptance and to the real environmental relief deriving from 

the new technological solutions, and the absence of a comprehensive national energy strategy. 

However, rising gasoline eco-taxes, self-sustaining environmentally oriented innovation dynamics 

and a ‘second-best’ scenario making fuel cell cars a palatable urban mobility option, represent the 

main drivers to innovation adoption. 

Following the way paved by those seminal contributions, we adopt a ‘system approach’ to 

examine whether there are different green innovation patterns in the automotive industry and to 

explore the impact of different systems of innovation on the green specialisation of the automobile 

sector at country level.  



6 
 

Therefore, in the next section we will identify the various main factors bringing back to the 

different types of innovation systems.  

In particular, we will compare factors associated to the sectoral innovation system and the green 

innovation system and test if and how these affect the different greening processes adopted by the 

industry in OECD countries, in order to test whether sectoral or policy effects are prevailing.  

 

 

 

3. Methodology 

3.1. Data description 

 

Our study is based on data covering 27 OECD countries over the time period between 1990 and 

2018, and is built upon a strongly balanced panel dataset featuring the variables summarised in Table 

1. The choice of the temporal span, stretching from 1990 to 2018, is grounded both empirically and 

theoretically. This period, in fact, is suitable as the 1990s mark the introduction of the first modern 

electric or hybrid-electric engines in the automotive market (Dijk and Yarime, 2010; Faria and 

Andersen, 2015), which was followed by a second “electrical hype” after 2000, triggered by new eco-

policies (Dijk and Yarime, 2010) and the post-2008 crisis “green spin” (Faria and Andersen, 2015).  

To capture the propensity to introduce green innovation in the automotive industry, we use 

green patents, which are widely employed as proxy of environmental innovations (Oltra et al., 2008b; 

Hascic and Migotto, 2015), despite the usual drawbacks of patents as measure of innovation (Pavitt, 

1985; Pake, 1986; Hascic and Migotto, 2015).   

The choice to use green patents is motivated by the fact that they allow not only to proxy for 

the level of eco-innovation activity, but also to analyse changes in the technological trajectory of a 

given sector, especially in medium-high tech industries such as the automotive industry (Faria and 

Andersen, 2015).   

The data on green patents from the automotive industry are retrieved from OECD Environment 

database (OECD, 2021) - employed by recent studies on green innovation, e.g., Ghisetti and Quatraro 

(2017)- and divided in three technological domains: 1) “brownish” technologies, which stands for 

green internal combustion engines (ICE); 2) “greenish” technologies, representing hybrid engines; 3) 

“pure green” technologies, which includes electric solutions7. Green patents included are of family 

size 2 or greater, which assures that only high-value inventions (that have sought patent protection in 

at least two jurisdictions) are used for the study8. 

The analysis is then based on a normalised Relative Technological Specialisation Index derived 

from Relative Specialisation index (Balassa, 1963; Brusoni and Geuna, 2005; Nesta and Patel, 2005; 

Chang, 2012), which is commonly used as an indicator of international specialisation, in order to 

                                                

7 The first category of the so-called ‘brownish’ technologies includes patents of the CPC class Y02T10/10-40, while the 

second category of the so-called ‘greenish’ technologies includes patents of the CPC class Y02T10/62 and the third 

category of the so-called ‘green’ technologies includes patents of the CPC class Y02T10/64-72.  

Please refer to EPO patent search to browse among the specific patents included in each patent class: 

https://worldwide.espacenet.com/classification?locale=en_EP#!/CPC=Y02T10/72   

8 The OECD statistics is based on the concept of a patent family which is defined as all patent applications protecting 

the same ‘priority' (as defined by the Paris Convention), also referred to as ‘simple patent family' (see Martinez 2010). 

The patent family concept is applied to all statistics presented here, including counts of patent families by inventor 

country (as a measure of technology development) and by jurisdictions where patent protection for these inventions has 

been sought (as a measure of technology diffusion). Therefore, each country counts for green patents developed by 

national firms and institutions as well as those deposited by international companies/institutions. To avoid double 

counting, if a patent lists inventors from three countries, each country will obtain a count of 0.33. 

https://worldwide.espacenet.com/classification?locale=en_EP#!/CPC=Y02T10/72
http://www.wipo.int/treaties/en/ip/paris
http://dx.doi.org/10.1787/5kml97dr6ptl-en
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measure the evolution of firm’s or country’s specialisation in a given technological area. The index 

RTS index is given as follows:   

 
Where Pij represents the number of patents from technology j on the patent portfolio of firm or 

country i. 

In our case, the relative specialisation index compares the share of a given green automotive 

technology j within the green technological portfolio of country i with the share of the same 

technology for the whole sample of countries as a measure of relative technologic specialization. We 

normalized the index in order to simplify and compare symmetrically the results (Nesta and Patel, 

2005): 

 
This index is used for two purposes in the paper: first, to examine patents trends over time in 

the descriptive section of the paper; second, to test the impact of a selection of factors related the 

countries’ systems of innovation on countries’ green automotive specialisation. 

The dataset also features three groups of proxies, respectively for the “Sectoral Innovation 

System” (SIS), the “Green Innovation System” (GRINS) and “National Innovation System” (NIS). 

The SIS group includes “public R&D expenditures for transports” and “automotive R&D 

expenditures”, which capture the “ideas production” in the transport and automotive sector at country 

level (Stern et al, 2000), as well as “auto sales”, which proxy for the classical demand-pull effect. 

The GRINS group features “public green R&D expenditures”, “public renewable energy R&D 

expenditures” and “public fossil fuel energy R&D expenditures”, which proxy for a country’s specific 

green and non-green ideas production and spillovers; it includes also the “Environmental Policy 

Stringency9” (EPS), which captures the magnitude of country’s green policies, and “BEV sales”, 

which proxies for green demand pull in automotive sector. 

The dataset also includes “Patent Stock10” and “GDP per capita”, which is a proxy for 

innovation demand-pull and the ability of the country to translate its knowledge into a realised 

economic state (Stern et al, 2000). 

 

 

Please insert Table 1 here.  

The summary statistics of the variables is shown in Table 2 in the Appendix. 

 

3.2 Empirical strategy  

 

Our empirical strategy encompasses two steps: 

i. the graphical analysis of the countries’ specialisation in the automotive green technologies, 

by comparing a relative index (RTSI n) with an absolute one (patents over country’s population);   

ii. the econometric analysis, investigating the impact of different systems of innovation on green 

patents specialisations, through a multinomial logit model (Greene, 2000).  

A multinomial logit model is commonly expressed as: 

                                                
9 EPS indicator summarises indexes of green policies mostly devoted to reduce air pollution. See: 

https://stats.oecd.org/Index.aspx?DataSetCode=EPS    
10 The variable “Patents Stock” is taken in the logarithmic form in order to smooth data displaying extreme values and 

to make them approaching a normal distribution. 

https://stats.oecd.org/Index.aspx?DataSetCode=EPS
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where Yi is the set of j green specialisation clusters, Xi is the vector of explanatory variables 

(the variables pointed out in Table 1), and bj is a vector of estimated coefficients specific to group j. 

The objective of the multinomial logit model estimation is to identify the most important drivers 

associated with each eco-innovation trajectory (brownish, greenish, green), enabling assessment of 

the relative importance of policies, demand-side and country-specific factors within the systems of 

innovation framework. The choice of this model, an extension of the binary logistic regression that 

allows to predict the probability of category membership on a dependent variable that has more than 

two categories, is backed by previous innovation literature, which is consistent with the nature and 

the purpose of the current study (Castellacci and Lie, 2017; Castellacci, 2009).  

While the graphical analysis allows to provide an overview of countries’ specialisation in green 

automotive technologies trends and evolution, the choice of the econometric model is due to the aim 

of examining the relation between the innovation systems and the level and type of green 

specialisation in automotive techs.  

The econometric model is the following: 

 

Special = α + β1SIS + β2GRINS + β3NIS + ɛ 

 

Special is a categorical variable representing the type of countries’ specialisation in 

automotive green technologies (brownish, greenish and green), which can be negative, neutral or 

positive11.  The variable Special has been constructed by clustering data in three groups using the k-

means algorithm over the three separate green automotive specialisation indexes 

(GREENICE_RTSI_N, HYBRID_RTSI_N, ELECTRIC_RTSI_N): the result is gioven by three 

categorical variables (BROWNISH_Special, GREENISH_Special and GREEN_Special) taking 

value 1 where specialisation index is negative (negative specialisation), 2 when the specialisation 

index is positive (positive specialisation), and 3 when the index is mildly negative/positive (mildly 

negative/positive specialisation).  

The motivation for the construction of this variable is based on data observation revealing that 

countries tend to display three main patterns of specialisation within the three different types of 

technology, which can be labelled as negative, neutral and positive.  

These patterns, highlighted in Figures 1.1, 1.2 and 1.3 in Appendix, can be interpreted as 

countries’ ‘attitudes’ towards automotive green technologies with respect to all green technologies, 

which can be negative, as long as countries lag behind in the production of automotive-specific 

green patents with respect to the development of patents in all green domains, neutral, as far as 

countries do not display nor a strong under-specialisation nor an evident specialisation in 

automotive green technologies (the index lies between positive and negative values, representing a 

mild under- or over- specialisation), and positive, when countries have a relative comparative 

advantage (specialisation) in the automotive-specific green technologies.  

                                                
11 These categories correspond to a below-average, on average and above-average comparative advantage of the 

countries in the abovementioned automotive-specific green technologies, Emerging from the data analysis. 
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Tables 3.1, 3.2 and 3.3 in Appendix depict, for each automotive-specific technological category 

(brownish, greenish and green), the characteristics of the clusters with respect to the specialisation 

indexes, supporting the use of a multinomial logit model. 

SIS is a vector of the variables related to the Sectoral Innovation System, GRINS is a vector of 

the variables related to the Greening of the Innovation Systems and NIS is a vector of the variables 

related to the National Innovation System. All the explanatory variables are lagged by 1 year to 

mitigate possible endogeneity issues.  

Table 4 in the Appendix shows the correlation matrix of the variables in the model.  

The error term is assumed to be robust to serial correlation and heteroskedasticity12. 

 

 

4. Results 

4.1. Data analysis 

       

First, the study analyses countries’ evolution in their auto green specialisation, with respect to 

both their absolute and relative auto green specialisation for three different green technological 

categories, brownish (green ICE), greenish (hybrid) and pure green (electric) technologies, over three 

“time frames”, 1990-1999, 2000-2008 and 2009-2018.  

The plots depicted in Figure 2.1 outline the evolution of countries’ specialisation in brownish 

technologies, revealing that most of the countries have persistent low levels of both absolute and 

relative specialisation, while only Germany and Japan show persistent high level of absolute and 

relative specialisation in this technological domain. 

The graphical analysis also points out a catching up process concerning Sweden, Austria, 

France, Italy and USA, which display rising levels of technological specialisation in the green ICE 

over time.  

 

Please insert Fig 2.1 here 

 

The plots depicted in Figure 2.2 outline the evolution of countries’ specialisation in greenish 

technologies, showing Japan as the only one country with a very high level of relative and absolute 

specialisation in this technological domain. The graphical inspection highlights a strong catching up 

by Germany, Sweden and Austria, whose technological evolution moves the countries from low to 

very high levels of absolute and relative specialisation in automotive greenish techs.  

France and USA, followed by Italy and South Korea, also display a relevant catching up, going 

from low levels of absolute a relative specialisation to a medium level of relative specialisation in 

this technological domain.   

 

Please insert Fig 2.2 here 

 

 

The plots depicted in Figure 2.3 outline the evolution of countries’ specialisation in green 

technologies, revealing that Japan is always the only country with persistent very high levels of 

absolute and relative specialisation, while the other countries show a persistent low level of absolute 

and relative specialisation in this technological domain. 

                                                
12 The application of sandwich-estimator or Huber-White standard errors satisfies the assumption that our results are 

robust to heteroskedasticity and serial correlation, according to the most econometric literature (Woolridge, 2010). 

Moreover, the simulations by Munizaga et al (2000) aimed at testing to which extent different discrete choice models 

(including MNL) applied to transport studies, can handle heteroskedasticity, reveal that MNL is a fairly robust model to 

some violations of homoskedasticity. 
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Germany and South Korea are the only two countries displaying a relevant catching up in the 

last time frame, when their levels of absolute and relative specialisation rise from low to very high.  

 

Please insert Fig 2.3 here 

                                                  

These analyses provide some evidence in support of the hypothesises that early specialisations 

tend to persist over time, confirming that the automotive sector is prone to path dependence, as 

highlighted by previous studies, e.g., Aghion et al (2015). 

Nonetheless, the results seem to show that between 2009 and 2018, the time frame characterized 

by the introduction of the first electric vehicles in the mass market, there has been a catching up 

process among some OECD countries with early low levels of specialisation in the greenest solutions, 

especially those with the longest tradition in the automotive industry.  

The graphical inspection also reveals that China displays a high level of relative specialisation 

in all three technological domains (brownish, greenish and green) between 1990 and 1999, which 

disappears in the following time periods. It looks clear that this peak coincides with the period before 

China enters the WTO (2001), when the country had to meet international patent standards. 

These findings, summarised in Table 5, are substantially confirmed by the sensitivity analysis 

over different ‘time windows’, namely 1990-1995, 2000-2005 and 2013-2018 (see Fig. 3.1, 3.2 nd 

3.3 in the Appendix). 

Please insert Table 5 here 

 

 

4.2. Econometric analysis 

 

The econometric model aims to analyse the role of the factors associated to the sectoral system 

of innovation (SIS) and the green innovation system (GRINS) respectively, in spurring and directing 

the green innovation patterns depicted in the previous section. The main outcomes of the model are 

summarised in Table 6. 

First, the econometric results reveal that the Sectoral Innovation System (SIS) is positively 

associated with countries’ mildly green specialisations in the automotive industry, since the increase 

in the amount of the business-funded R&D expenditures in the automotive sector and the car sales 

pushes up the multinomial log-odds for positive specialisation rather than strongly negative 

specialisation (baseline category 1) in brownish and greenish patents, respectively by 0.0057 and 

0.0111 unit.  

Second, the results concerning the relation of Green Innovation System (GRINS) with the 

countries’ green specialisation in the automotive industry largely provide a more diversified picture. 

In fact, the analysis shows that, while environmental government-funded R&D expenditures 

are negatively associated with the country’s positive specialisation in green (-0.54) patents, the 

Environmental Policy Stringency index (EPS) is positively linked with brownish (0.75), greenish 

(0.88) and pure green (1.21) patents positive specialisation. 

These findings seem to suggest that countries investing more resources in the green domains 

tend to devote less funds and effort to the greening of their automotive sector, while those that 

introduce more stringent environmental policies are more likely to have a positive specialisation in 

brownish and pure green technological solutions in the automotive sector, revealing both a 

“technology-following” and “technology-forcing” attitude. 

The study also confirms the positive role of the patent ecosystem in the process of greening the 

automobile industry, since the amount of patent stock is positively associated with the positive 

specialisation in hybrid (1.25) and electric (0.87) solutions.  

The analysis may suggest that the green paradigm shift in the automotive industry is driven 

both by “economies of specialisation”, fostered by factors related to the Sectoral Innovation System, 

and “economies of learning” through the factors specific to the Green Innovation System, even though 
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green policies appear to be the most significant determinant of the investigated green turn, at least in 

terms of magnitude.   

Our key findings are substantially confirmed by running an equivalent multinomial model on 

imputed data, whose results are reported in Table 7 in Appendix. 

Moreover, the results are robust to the exclusion of Japan –a country behaving as an outlier - 

and to the inclusion of China from 2001 onwards (see Table 8 and Table 9 in Appendix).  

The main difference between the outcomes of the baseline regression and those of the 

robustness checks13 is that, in the latter, the eco-policies do impact only brownish patents, exerting 

no influence on greener solutions, thus revealing that environmental regulations tended to have a 

more “technology-following” nature.  

 

Please insert Table 6 here 

Conclusions 

The paper aimed to examine the dynamics and drivers governing the greening of the sector. 

As a matter of fact, a wide strand of economic literature has investigated the determinants (and 

barriers) of green innovation in the automotive industry, highlighting the role of eco-policies (Hascic 

et al, 2009, Berggren and Magnusson, 2012; Bergek and Berggren, 2014, Barbieri 2015), fuel prices 

(Barbieri 2015, 2016), path dependence and lock-in dynamics (Aghion et al, 2015; Gohoungodji et 

al, 2020) and the new path creation driven by the co-evolution of supply and demand (Dijk and 

Yarime, 2010) as the main driving (or hampering) forces of the environmental innovation patterns in 

this industrial sector.  

However, only few studies have explored green trajectories of the main car manufacturers 

(Oltra and Saint Jean, 2009a; Faria and Andersen 2015, 2017a, 2017b) and none, except Oltra and 

Saint Jean (2009b) examined the impact of systemic factors on green specialisation of the automobile 

sector at country level. 

The present paper aimed at filling this gap by: 1) detecting discontinuities, persistence and 

catching up patterns of specialisation in the different automotive green technological domains, by 

focusing on OECD countries over the last 30 years; 2) analysing the role of systemic factors in 

spurring and directing green innovation patterns in automotive sector; 3) in particular testing whether 

the detected trends of green specialisation are driven by factors specific to the sectoral innovation 

system, or are instead triggered by factors associated to green policies and institutions.   

Firstly, the analysis of the countries’ specialisation patterns reveals that only Japan shows a 

persistent specialisation in brownish, greenish and green automotive technological solutions, while 

few countries, namely Italy, France, USA, Sweden and South Korea, catch up in some of the three 

technological domains from 2008 onward and the rest of the OECD countries display persistent 

negative levels of specialisation in the examined automotive technological areas.   

These results may reflect and be consistent with the current technological heterogeneity of 

alternative engines and the evidence that the industry find it hard to converge towards a different, 

new dominant design (Fujimoto, 2017). 

Secondly, the study provides evidence in support of the hypothesis that early low or high levels 

of specialisation in a technological field are followed by persistent specialisation patterns in the initial 

domain, confirming findings of Aghion (2015) about path dependence patterns in the automotive 

industry and that the introduction of the first fully electric models in the auto market has steered only 

a moderate acceleration of the specialisation in electric solutions among the OECD countries, with 

only few of them experiencing relevant catching up processes in the cleanest technological domain 

by 2018.  

                                                
13 As a robustness check, we also tested our model controlling for the “number of employees in auto sector” (OECD-

STAN, 2021), finding that it captures the effect of “private R&D expenditure in the automotive sector”, which is strongly 

correlated with. 
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Finally, the econometric analysis, based on a multinomial logit model, reveals that both the 

group of factors related to the “sectoral innovation system” (SIS) and the so-called “green innovation 

system” (GRINS) lead countries to the specialisation in cleaner automotive technological solutions. 

We argue that the former group of factors associated to SIS triggers “economies of specialization” 

that support green innovation patterns, while the latter group of factors linked to GRINS ignite 

“economies of learning” that may support the adoption of more radical change.  

The paper shows that while the business-funded R&D expenditures in the automotive sector 

and the car sales positively relate with the specialization in green ICE and hybrid patents, stringent 

eco-policies have a dual effect on countries’ specialisation in automotive sector, stimulating the 

development of patents in both brownish and pure green solutions. However, this dual effect is not 

fully confirmed by our robustness checks, which suggest that eco-policies have had a more 

technology-following nature, spurring only incremental types of innovation during the time period 

considered. 

Our empirical results, both descriptive and econometrically, are in line with the main findings 

of the existing automotive literature, confirming that until 2018 the sector was characterized by a 

scattered and slow green transition, strongly influenced by path dependence dynamics (Aghion et al, 

2015; Dijk, 2014). 

From a policy-making viewpoint, the paper highlights the importance of an industry-based 

focus (Alochet and Midler, 2019): in particular, complementary investments in R&D and eco-policies 

are shown to have the potential to accelerate the move to cleaner automotive technological solutions, 

helping countries lagging behind in their production (and commercialisation) to catch up and 

specialise in low carbon automotive techs too.  

Further attention and future research effort should be devoted to the investigation of the 

determinants and dynamics of green innovation uptake and diffusion.   
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Appendix 

 

Table 1. The variables in the dataset  

 
THE VARIABLES 

                     Variable Definition      

Source 

   Literature Role 

GREENICE_RTSI_N Normalised 

specialisation index in 

Green “Internal 

Combustion Engine” 

patents 

 

OECD 

ENV-

TECH 

Faria and 

Anderson (2015, 

2017a, 2017b) 

Dependent var. 

HYBRID_RTSI_N Normalised 

specialisation index in 

“Hybrid Vehicles” 

patents 

 

OECD 

ENV-

TECH 

Faria and 

Anderson (2015, 

2017a, 2017b) 

Dependent var. 

ELECTRIC_RTSI_N 

 

Normalised 

specialisation index in 
“Electric Vehicles” 

patents 

 

OECD 

ENV-
TECH 

Faria and 

Anderson (2015, 
2017a, 2017b) 

Dependent var. 

BERD_AUTO Private/Business-

funded expenditures for 

R&D in automotive 

sector (Motor Vehicles, 

trailers and semi-

trailers) 

 

OECD 

Stat 

Automotive 

literature 

Explanatory var. 

(SIS) 

CAR_SALES Numbers of car sales OICA Automotive 

literature 

Explanatory var. 

(SIS) 

 

GREEN_GOV_FUND_R&D 

 

Environmentally 

related government 
R&D budget (% total 

gov. R&D) 

 

OECD 

Stat 

New Explanatory var. 

(GRINS) 

REN_EN_PUB_R&D Renewable energy 

public RD&D budget 

(% total energy public 

RD&D) 

 

OECD 

Stat 

New Explanatory var. 

(GRINS) 

 

FOSS_FUEL_R&D_R&D Fossil fuel public 

RD&D budget -

excluding CCS- (% 

total energy public 

RD&D) 
 

OECD 

Stat 

New Explanatory var. 

(GRINS) 

 

BEV_SALES Number of Battery 

Electric Vehicles sales 

EAFO - 

OECD 

New Explanatory var. 

(GRINS) 

 

EPS Environmental Policy 

Stringency 

OECD 

Stat 

Wang et al (2020) 

Wolde-Rufael, 

and Weldemeskel 

(2020) 

Explanatory var. 

(GRINS) 

 

PATENT_STOCK (log) The logarithm of the 

total amount of patents 

OECD 

Stat 

Innovation 

Literature 

Control (NIS) 

GDP_PC Gross Domestic 

Product per capita 

OECD 

Stat 

Stern et al (2000) Control (NIS) 

 



17 
 

Table 2. Summary statistics of the variables in the dataset14  
 

VarName mean sd xtsdb xtsdw min xtminb xtminw max xtmaxb xtmaxw xtn obs 

GREEN_ICE_RTSIN -0.3 0.4 0.3 0.3 -1.0 -1.0 -1.0 0.8 0.2 1.0 28 812 

HYBRID_RTSIN -0.5 0.5 0.3 0.4 -1.0 -1.0 -1.6 1.0 0.2 1.3 28 812 

ELECTRIC_RTSIN -0.4 0.5 0.3 0.4 -1.0 -0.9 -1.2 1.0 0.2 1.2 28 812 

BERD_AUTO 3216.2 7017.1 6626.4 3176.8 0.0 2.6 -8431.0 35466.1 22169.5 21433.0 27 513 

CAR_SALES 103.0 44.4 32.3 30.5 9.4 52.3 -50.4 382.9 230.6 255.3 27 719 

GREEN_GOV_RD 2.4 1.3 1.0 1.0 0.0 0.6 -2.4 10.3 4.9 8.8 27 685 

REN_EN_PUB_RD 23.0 14.6 10.7 10.1 0.0 6.3 -11.8 81.6 42.8 84.6 26 627 

FOSS_FUEL_PUB_RD 10.3 12.9 9.8 8.5 0.0 0.7 -16.1 90.0 35.8 70.8 26 590 

BEV_SALES 4.3 37.4 33.9 31.3 0.0 0.0 -171.9 815.9 176.7 643.5 27 761 

EPS 1.8 0.9 0.4 0.8 0.2 0.9 0.1 4.1 2.6 4.2 28 659 

Log_PATENT_STOCK 7.1 2.8 2.1 1.8 -9.2 2.5 -4.5 11.4 11.0 15.7 28 812 

GDP_PC 29137.0 13649.3 9288.1 10164.1 975.3 5893.0 3486.8 84575.4 44079.5 75159.8 28 803 

 

 

 

 

 

 

 

 

 

 

                                                
14 Table 2 shows the relevant statistics of the dataset’s variables, including: mean, standard deviation (basic, between and within the panels), minimum and maximum value 

(basic, between and within the panels), number of panels and observations. 
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Table 3.1. Summary of the brownish (green ice) RTSI - N by cluster  Table 3.2.  Summary of the greenish (hybrid) RTSI - N by cluster 

 

 

 

 
Table 3.3. Summary of the green (electric) RTSI- N by cluster 
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Table 4. Correlation matrix15 

 
  Variables   (1)   (2)   (3)   (4)   (5)   (6)   (7)   (8)   (9)   (10)   (11)   (12) 

 (1) L.BERD_AUTO 1.000 
 (2) L.CAR_SALES -0.014 1.000 
 (3) L.GREEN_GOV_RD -0.319 0.143 1.000 
 (4) L.REN_EN_PUB_RD -0.174 -0.054 0.190 1.000 
 (5) L.FOSS_FUEL_PU~D -0.093 -0.059 0.081 -0.252 1.000 
 (6) L.EPS 0.030 -0.174 0.060 0.299 -0.340 1.000 
 (7) L.BEV_SALES 0.351 -0.042 -0.163 -0.033 -0.086 0.181 1.000 
 (8) L.Log_PATENT_S~K 0.701 -0.063 -0.311 -0.350 -0.141 0.152 0.264 1.000 
 (9) L.GDP_PC 0.215 -0.213 -0.226 0.014 0.060 0.573 0.338 0.358 1.000 
 (10) BROWNISH_SPEC -0.006 -0.034 0.048 -0.104 0.060 0.034 -0.065 0.184 0.133 1.000 
 (11) GREENISH_SPEC 0.249 -0.024 -0.015 -0.199 -0.000 0.174 0.134 0.534 0.255 0.229 1.000 
 (12) GREEN_SPEC 0.149 -0.128 -0.016 -0.107 -0.119 0.135 0.066 0.406 0.102 0.162 0.433 1.000 

 

 

       Table 5. Countries’ specialisation patterns 

 
PATENTS/ 

SPECIALISATION 

 

PERSISTENT 

LOW-REL & 

ABS- 

CATCHING 

UP 

-

RELATIVE- 

CATCHING 

UP 

ABSOLUTE- 

PERSISTENT 

HIGH 

-REL & ABS- 

BROWNISH 

 
 

Most of the 

countries  

Czech, 

France, Italy, 
USA 

Austria, 

Sweden 

Germany, 

Japan 
 

GREENISH 

 

 

Most of the 

countries 

France, USA, 

Italy, South 

Korea 

Austria, 

Germany, 

Sweden 

Japan 

GREEN 

 

 

Most of the 

countries 

None Germany, 

South Korea 

Japan 

                                                
15 Table 3 shows the correlation matrix between the factors related to the systems of innovation (SIS, GRINS, NIS) and the categorical variables built upon the specialization 

index (RTSI norm) and used as dependent variables in the econometric model 
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Table 6. The main results of the econometric model 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

 

Table 7. The results of the base regressions with imputed values (arbitrary random pattern)  
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Table 8. The results of the regressions without Japan and China 
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Table 9. The results of the regressions with China from 2001 

 



24 
 

 Figure 1.1 The distribution of the specialisation in brownish technologies 

 

 
 

Figure 1.2 The distribution of the specialisation in greenish technologies 

 

 
 

Figure 1.3 The distribution of the specialisation in green technologies 
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   Fig. 2.1. Absolute vs. relative specialisation in brownish patents (1990-1999 / 2000-2008 / 2009-2018) 
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Fig. 2.2. Absolute vs relative specialisation in greenish patents (1990-1999 / 2000-2008 / 2009-2018) 
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   Fig. 2.3 Absolute vs relative specialisation in green technologies (1990-1999 / 2000-2008 / 2009-2018) 
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Fig. 3.1 Absolute vs relative specialisation in brownish technologies (1990-1995 / 2000-2005 / 2013-2018) 
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Fig. 3.2 Absolute vs relative specialisation in greenish technologies 
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Fig. 3.3 Absolute vs relative specialisation in green technologies 
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