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Abstract  

An extensive literature on low-emission vehicles (LEVs) has described the emergence of 

LEVs and the influence of policy interventions. Thus far the literature has explored the link 

between policies, firm innovation and the LEV trajectory on a regional level—with the U.S. 

and specifically California as most popular geographical areas. This does not reflect how most 

car manufactures operate, however. Car manufacturers operate internationally and are 

exposed to and respond to different policy interventions in different geographical areas. Based 

on archival data from 1997 to 2010, this chapter explores how government policies at local, 

national and international levels interact with car manufacturers’ innovation strategies and, in 

turn shape the international LEV trajectory. In doing so, it provides a comprehensive 

perspective on the international LEV trajectory and shows that LEVs have carved out a 

significant niche in the market. In addition, this chapter proposes a framework that explains 

the co-evolution between government policies and car manufacturers, and how this interaction 

influences the LEV trajectory, heeding the call for a better geographical conceptualization of 

technological trajectories. The findings suggest that three mechanisms shape the global LEV 

trajectory: (1) policy diffusion and international policies, (2) international operations of firms, 

and (3) the fit between policy demands and firm capabilities. 
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4.1 Introduction 

Global challenges such as climate change, resource depletion and energy security, as well as 

local challenges including air pollution and congestion, have led governments around the 

world to require the car industry to become more sustainable. Since 1990, increasingly local, 

national and international government policies have prompted incumbents in the car industry 

to invest in more environmentally-friendly products, especially low-emission vehicles (LEVs) 

(Oltra & Saint Jean, 2009a; Pilkington & Dyerson, 2006). As a result, car manufacturers have 

engaged in sustainable technologies, launched concept cars, and tested other new 

technologies, but so far few LEVs have been commercially marketed. Three LEV 

technologies have emerged as most promising to become sustainable alternatives for the 

internal combustion engine (ICE): hybrid vehicles (HVs), electric vehicles (EVs) and fuel-cell 

vehicles (FCs) (Frenken, Hekkert, & Godfroij, 2004). Over time, the car industry went 

through different periods in which either EVs, HVs or FCs were considered to be the most 

likely technology substitute for the ICE (Bakker, Van Lente, & Engels, 2012; Dijk, Orsato, & 

Kemp, 2012; Wesseling, Faber, & Hekkert, 2013).  

A growing body of literature in innovation studies documents the emergence of LEVs 

(Dijk et al., 2012; Dyerson & Pilkington, 2005; Wesseling et al., 2013). The literature 

explores both the technological developments regarding ways to escape the lock-in of the ICE 

(Christensen, 2011; Cowan & Hulten, 1996; Zapata & Nieuwenhuis, 2010) and the 

competition among alternative LEV technologies (Bakker et al., 2012; Bento, 2010; Berggren, 

Magnusson, & Sushandoyo, 2009; Frenken et al., 2004; Wesseling et al., 2013). The majority 

of studies focus on a single country and accordingly regard government policies as the driving 

force for car manufacturers to engage in LEVs (e.g. Pilkington & Dyerson, 2006; Zapata & 

Nieuwenhuis, 2010; Van Bree, Verbong, & Kramer, 2010). Policies are necessary to provide 

a supportive environment, through subsidies and tax incentives for instance (Bento, 2010; 

Struben & Sterman, 2008), which is why governments are considered central to the 

facilitation of a transition towards more sustainable mobility (Van Bree et al., 2010).  

So far the literature has explored the link between policies, firm innovation and the 

LEV trajectory on a country level. However, scholars have paid little attention to the fact that 

car manufacturers operate internationally and are exposed to, and deal with, different policy 

interventions in various geographical areas. In view of the important role of government 

policies and considering the international nature of the car industry, the question arises how 

the totality of government policies at local, national and international levels interact with car 
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manufacturers’ innovation strategies and, in turn, shape the international LEV trajectory. To 

analyze this interaction, this chapter draws on a co-evolution perspective as it has developed 

in the socio-technical systems literature (Dijk & Yarime, 2010; Geels, 2002, 2006; Van Bree 

et al., 2010), and explores how various local, co-evolutionary developments between 

government policy and firm innovation together shape an international LEV trajectory. In 

doing so, this research heeds the call for adding a spatial dimension to the perspective on 

sustainability transitions in the socio-technical systems literature (Coenen, Benneworth, & 

Truffer, 2012). This chapter examines the international development of LEVs from 1997—the 

year in which the first LEVs were commercialized—to 2010, paying particular attention to the 

different levels of policy contexts that have influenced firm innovation as well as the LEV 

trajectory.  

In the following section, the stage will be set by briefly exploring the literature on the 

evolution of LEVs and introducing literature on the influence of governments on firm 

innovation. Subsequently, the methods used for collecting, coding, and analyzing the data will 

be presented. Next, the results analyze different phases of the LEV trajectory and distil three 

mechanisms that influence the international LEV trajectory with the aim to propose a 

framework that explains the co-evolution between government policies and car 

manufacturers’ strategies and this mutual evolution’s influence on the LEV trajectory. The 

findings regarding the LEV trajectory, policy context and firm innovation strategy will be 

discussed, explaining how the discovered mechanisms contribute to an enhanced 

understanding of the international development of LEVs. Finally, areas for further research 

will be discussed.  
 

4.2 The evolution of LEV technologies 

The evolution of alternatives to the internal combustion engine has received increasing 

attention from innovation scholars. The literature has focused on the evolution of the most 

promising technologies namely hybrid vehicles, electric vehicles and fuel-cell vehicles. 

Initially, the innovation diffusion literature (e.g. Bento, 2010; Chanaron & Teske, 2007; 

Frenken, Hekkert, & Godfroij, 2004) and the socio-technical system literature (e.g. Bakker, 

van Lente, & Engels, 2012; Hekkert & Van den Hoed, 2004; Van Bree, Verbong, & Kramer, 

2010), were mainly concerned with three questions: how did LEVs emerge (Dijk et al., 2012; 

Oltra & Saint Jean, 2009a; Serra, 2012; Van Bree et al., 2010), how do LEVs escape the lock-

in situation of the ICE (e.g. Christensen, 2011; Cowan & Hulten, 1996; Zapata & 
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Nieuwenhuis, 2010), and which LEV technology will become the dominant LEV technology 

(e.g. Bakker et al., 2012; Bento, 2010; Berggren, Magnusson, & Sushandoyo, 2009; Frenken 

et al., 2004). 

One stream of literature explored the emergence of LEVs. Many studies point to the 

Zero Emission Vehicle Mandate in California in 1990 as the trigger for the LEV trajectory 

(Dijk et al., 2012; Dyerson & Pilkington, 2005; Pilkington & Dyerson, 2006; Van den Hoed, 

2007). At the time, California suffered from severe pollution problems. The mandate required 

the seven car manufacturers with the largest share of the Californian market that they replace 

2 percent of their total sales with zero-emission vehicles beginning in 1998 and 10 percent in 

2003 (Pilkington, 1998). Later also governments in other countries put policies in place that 

stimulated LEV development. According to a patent study by Oltra and Saint Jean (2009a), 

car manufacturers initially focused on EVs, but unsatisfactory performance led car 

manufacturers to also develop other technologies, mainly HVs and FCs. Since then, these 

three technologies have been competing for the dominant design (Frenken et al., 2004; Oltra 

& Saint Jean, 2009a). 

Another stream of literature investigated how to escape the lock-in of the ICE. The 

lock-in of the ICE revealed itself in routines, economies of scale and customer-supplier 

relationships as well as in customer preferences and established legal frameworks (Cowan & 

Hulten, 1996; Unruh, 2002). An early study by Cowan and Hulten (1996) reviewed the 

history of EVs and predicted that the lock-in of the ICE will remain for an extended period 

because of EV’s technological inferiority and the lack of development of a required support 

infrastructure. These disadvantages held true for other technologies as well. In a later study 

investigating the concept of innovation in the car industry, Zapata and Nieuwenhuis (2010) 

pointed to the large investments in plants and development of the ICE as a source of lock-in. 

These sunk costs could only be recouped with the sales of large numbers of cars. To escape 

the lock-in of the ICE, scholars asserted that different conditions would need to come 

together: favourable regulation, a technological breakthrough, change of customer behaviour 

and the development of niche markets (Cowan & Hulten, 1996; Zapata & Nieuwenhuis, 

2010). The concurrent occurrence of this combination is rare, however. Christensen (2011) 

suggested an alternative: the lock-in could be bypassed by employing the production approach 

of modular production and design, and integrating alternative powertrains in existing 

conventional cars as modules. Nevertheless, high costs and low functionality remained 

barriers to the large-scale introduction of any LEV technology, according to a study that 

modelled transition challenges (Struben & Sterman, 2008). 
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Researchers also studied the competition between the emerging alternatives to the 

ICE. Three technologies have been competing for the dominant LEV design, namely fuel cell 

vehicles, electric vehicles including plug-in EVs, and hybrid vehicles (Frenken et al., 2004; 

Hekkert & Van den Hoed, 2004; Oltra & Saint Jean, 2009a; Wesseling et al., 2013). Fuel-cell 

vehicles are regarded as the ‘greenest’ technology because they run on hydrogen—which is 

abundant on earth—and they have the most efficient technology (Bento, 2010). Fuel cell 

vehicles are, for example, more efficient than electric vehicles. Indeed, from a total life cycle 

perspective, if electricity were to be generated in coal plants, EVs emit even more greenhouse 

gases than ICE cars (Hawkins, Singh, Majeau-Bettez, & Strømman, 2012). More recently, a 

new variety of EVs emerged: the plug-in EV (Dijk et al., 2012). Plug-in EVs (PIs) are 

equipped with a small internal combustion engine as a back-up for longer trips. It alleviates 

the short range and refuelling problem of EVs (Bento, 2010). In comparison, hybrid vehicles 

combine an ICE with an electric motor that supports the ICE. HVs are the least radical 

technology and were popularized by Toyota’s Prius (Chanaron & Teske, 2007).  

In a study on the competition between HVs and FCs with a gasoline converter, 

Hekkert and Van den Hoed (2004) found that if HVs become dominant it will be difficult for 

FCs to become popular, as HVs are more efficient and require fewer investments. Chanaron 

and Teske (2007) explored whether HVs would become an industry standard. They concluded 

that HVs will become mainstream in the U.S. and Japan, but remain a niche in Europe 

because diesel technology is stimulated by governments and favoured by customers there. 

With the rising popularity of HVs, concerns about a premature lock-in of an inferior 

technology arose. The risk was that car firms would focus on a potentially suboptimal LEV 

technology because HVs still commonly burn fossil fuels (Bento, 2010; Frenken et al., 2004; 

Oltra & Saint Jean, 2009a). In a patent study, Frenken et al. (2004) illustrated that this risk 

was low because the variety of the car manufacturers’ technological R&D portfolio was still 

increasing rather than decreasing. Interestingly, a patent data analysis from 1990 until 2005 by 

Oltra and Saint Jean (2009a) showed that most innovation efforts by car manufacturers still 

focus on conventional technologies, i.e. ICE and diesel, with more than 50 percent of all 

registered patents. 
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4.3 Underlying dynamics of the LEV trajectory: Government-firm 

interactions 

The majority of studies on the LEV evolution agree that car manufacturers and policymakers 

are the key actors in LEV development (e.g. Hekkert & Van den Hoed, 2004; Pilkington & 

Dyerson, 2006; Zapata & Nieuwenhuis, 2010). Understanding the dynamics between the two 

groups of actors therefore enables a better understanding of LEV trajectory.  Governments’ 

environmental policies are widely regarded as the trigger for car manufacturers to engage in 

LEVs (Hekkert & Van den Hoed, 2004; Pilkington, Dyerson, & Tissier, 2002; Van den Hoed, 

2007; Zapata & Nieuwenhuis, 2010). Some scholars claim that next to technological 

breakthroughs, government policy is the most important driver for the evolution of LEVs 

(Åhman, 2006; Frenken et al., 2004; Oltra & Saint Jean, 2009a).  

 Several studies have explored the impact of government policies on LEV evolution. 

One way in which governments intervene is through voluntary instruments, such as public-

private partnerships (Cowan & Hulten, 1996; Harborne, Hendry, & Brown, 2007; Nykvist & 

Whitmarsh, 2008). Further, scholars have evaluated market-based instruments such as tax 

credits (Diamond, 2009; Gallagher & Muehlegger, 2011; Ross Morrow, Gallagher, Collantes, 

& Lee, 2010), and examined the impact of command-and-control instruments, such as 

emission or fuel-efficiency regulation, which require car firms to develop LEV technologies 

(Pilkington & Dyerson, 2006; Pilkington, 1998; Zapata & Nieuwenhuis, 2010). Scholars 

studying the impact of environmental policies on car manufacturers’ LEV engagement have 

mostly focused on single-country contexts—with the U.S. and specifically California being 

the most popular geographical areas due to the critical role of the ZEV programme 

(Pilkington et al., 2002).  

What has remained underexplored in these studies, however, is that car manufacturers 

operate internationally and are exposed to a variety of government policies at different levels. 

This raises the question of how the interplay between government policies at the local, 

national and international levels and car manufacturers’ innovation strategies influences the 

international LEV trajectory. A perspective that helps to analyze the influence of multiple 

actors in  multiple areas on the LEV trajectory is the co-evolution framework as it has been 

developed in the socio-technical systems literature (Geels, 2002).1 The main function of a 

                                                           
1 Also management scholars draw on the notion of co-evolution (Lewin & Volberda, 1999). The management 
perspective examines “how organizations systematically influence their environments and how organizational 
environments (comprised of other organizations and populations) influence those organizations in turn” (Lewin 
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socio-technical system is to align social and technological developments. Within a social-

technical system, the linkages between actors such as consumers, car manufacturers and 

governments form a socio-technical regime (Geels, 2004). Although the relative stability of a 

socio-technical system over time is one of the main assumptions underlying this perspective, 

it is possible for a new socio-technical system such as LEVs to emerge, albeit gradually 

(Schot & Geels, 2007). Several factors can also potentially destabilize the established system 

and initiate more radical/fundamental changes, including technological breakthroughs 

(Mitchell, 1989), new regulations, and shifts in customer preferences and/or environmental 

conditions (Geels, 2002). The process is accelerated when such dynamics move in parallel 

(Schot & Geels, 2007). Promising breakthrough technologies often occur in niches, which are 

protected spaces that shield these technologies from mainstream development and market 

selection mechanisms (Schot & Geels, 2007). Protection occurs, for instance, through public-

private partnerships between governments and car manufacturers. 

The co-evolution perspective has been a popular lens for exploring LEV developments 

(Whitmarsh, 2012). Van Bree et al. (2010) utilized the perspective to develop transition 

scenarios for FCs and EVs. Oltra and Saint Jean (2009b) studied the co-evolution between car 

manufacturer’s innovation strategies and the competition amongst different LEV 

technologies. To understand the emergence of EVs, Dijk and Yarime (2010) examined the co-

evolution of supply (i.e. car manufacturers) and demand (i.e. consumers). They derived four 

key co-evolutionary mechanisms that shape the LEV trajectory: scale economies, learning 

about the market, social construction of LEV connotation, and network effects. Yet, the study 

regarded policymakers as an external force to co-evolution, rather than as co-evolving itself 

(Dijk & Yarime, 2010). 

These studies pay little attention to the international nature of the LEV trajectory. One 

of the few that acknowledged the international dimension was Bakker et al. (2012: 431), 

explaining that LEV “trajectories are developed in local contexts and outcomes aggregate on a 

global level.” Many governments around the world have designed policy measures to foster 

LEV development which shape local dynamics (Mikler, 2005). This has created various local 

co-evolutionary developments that together form an international LEV trajectory. While 

studies on LEVs in particular have neglected the international perspective, studies in the 

socio-technical systems literature have, in general, paid little attention to the spatial 

dimension. Coenen et al. (2012: 968) asserted that “analyses have often neglected where 

                                                                                                                                                                                     
& Volberda, 1999: 520). Yet, this chapter looks not so much at the intra-organizational level but rather ‘higher’ 
levels of analysis for which the socio-technical systems literature is more suitable (Geels, 2006).  
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transitions take place, and the spatial configurations and dynamics of the networks within 

which transitions evolve.” In other words, the international transition of systemic 

innovations—such as LEVs—has been underrepresented (Carlsson, 2006).  

In order to obtain insights in how government policies at the local, national and 

international level interact with car manufacturers’ innovation strategies and, in turn, shape 

the international LEV trajectory, this chapter will first take stock of the firms that engaged in 

LEV technologies. Next, it will illustrate the various local, national and international 

interplays between car manufacturers and government policies which shape the international 

LEV trajectory. The next section describes the methodology adopted in this study.     
 

4.4 Methodology and sample 

This study analyzes the international LEV trajectory using a longitudinal approach. Since the 

main objective is to understand how multiple policy interventions affect innovation strategies 

of internationally operating car manufacturers, I collected qualitative process data, which 

“consist largely of stories about what happened and who did what when—that is, events, 

activities, and choices ordered over time” (Langley, 1999: 692). Using process data, I aimed 

to identify patterns in the way in which firms engage in innovation. In addition this would 

help to provide a more comprehensive account of the LEV trajectory from an international 

perspective.  

As concrete illustration of, and background for, this international focus, Table 4.1 

provides an overview of the sales of the largest 20 car manufacturers from Europe, Japan and 

the U.S., representing 95 percent of the sales in these areas in 2000 and 89 percent of the 

world’s car production in that year. These three hubs were the main areas of the car industry 

in which almost 89 percent of new vehicles were sold (Mikler, 2005). The table illustrates 

that, generally, car manufacturers dominated their home markets. Domestic car manufacturers 

in Europe contributed 77 percent of all sold cars in their home area, while this amounted to 68 

percent in the U.S. and up to 95 percent in Japan. Interestingly, Japanese car manufacturers 

also had a 26 percent share of the U.S. market (equivalent to 4.4 million cars). In fact, the 

majority of the Japanese manufacturers sold in absolute terms even more cars in the U.S. than 

in their home country (e.g. Honda, Mazda, Mitsubishi, Nissan, Toyota), highlighting the 

importance of U.S. regulation for Japanese car manufacturers. Japanese car manufacturers 

also held a 13 percent share of the European market, but overall sold more cars in Japan.  
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Table 4.1: Sales in the three lead markets of the largest car manufacturers in 2000  

Car manufacturers sorted 
by origin 

Sales in 
Western 
Europe 

% of 
combined 

Sales 

Sales in 
Japan* 

% of 
combined 

Sales 

Sales in the 
U.S. 

% of 
combined 

Sales 

Combined sales 
in 2000 

Europe        
BMW 499,000 69% 36,000 5% 188,000 26% 723,000 

Daimler (Mercedes, Smart) 811,000 68% 51,000 4% 336,000 28% 1,198,000 

Opel 1,508,000 100% - 0% - 0% 1,508,000 

Fiat (all) 1,475,000 100% 1,800 0% - 0% 1,476,800 

Peugeot (Peugeot, Citroen) 1,929,000 99% 11,000 1% - 0% 1,940,000 

Renault 1,559,000 100% 2,000 0% - 0% 1,561,000 

Saab 79,000 65% 2,800 2% 39,000 32% 120,800 

Volvo 230,000 63% 15,500 4% 122,000 33% 367,500 

VW 2,756,000 85% 58,000 2% 436,000 13% 3,250,000 

Sub-Total 10,846,000 77%* 178,125 4%* 1,121,000 7%*  
U.S.        
Chrysler 97,000 4% 7,500 0% 2,522,000 96% 2,626,500 

Ford 1,247,000 24% 7,600 0% 4,021,000 76% 5,275,600 

GM 6,600 0% 4,900 0% 4,981,000 100% 4,992,500 

Sub-Total 1,350,658 10%* 20,000 1%* 11,524,000 68%*  
Japan        
Daihatsu - 0% 385,000 100% - 0% 385,000 

Honda 182,000 9% 691,000 34% 1,159,000 57% 2,032,000 

Hyundai 227,000 48% - 0% 244,000 52% 471,000 

Mazda 181,000 26% 253,000 37% 254,000 37% 688,000 

Mitsubishi 160,000 21% 296,000 38% 315,000 41% 771,000 

Nissan 393,000 24% 502,000 30% 751,000 46% 1,646,000 

Suzuki 131,000 21% 424,000 69% 60,000 10% 615,000 

Toyota 542,000 16% 1,216,000 36% 1,620,000 48% 3,378,000 

Sub-Total 1,816,000 13%* 3,767,000 95%* 4,403,000 26%*  
Total 14,012,600 40% 3,965,100  11% 17,048,000 49%  35,025,700  

Total Area Sales in 2000 14,746,571 40% 4,259,872 12% 17,811,673 48% 36,818,116  

Sample % or area sales 95%  93%  96%  95% 

World production       41,215,653 

% of World production       89% 

* % of area sales 

 

Sources: 

European Data: ACEA, New vehicle registrations by manufacturer, Historical series: 1990-2012 
http://www.acea.be/images/uploads/files/20120806_06_PC_90- 12_By_Manufacturer_W_Europe.xls (accessed 24-
10-2012) 
Japanese Data: Japan Automobile Manufacturers Association Inc., Motor vehicle Statistics of Japan (2012) 
http://www.jama-english.jp/publications/MVS2012.pdf (accessed 23/10/2012) 
U.S. Data: Based on WardsAuto Data: www.wardsauto.com/keydata/historical/UsaSa28summary.xls  
www.wardsauto.com/keydata/historical/UsaSa01summary.xls (accessed 23/10/2012) 
World Data: http://www.worldometers.info/cars/ (accessed 23/10/2012) 

 

http://www.acea.be/images/uploads/files/20120806_06_PC_90-%2012_By_Manufacturer_W_Europe.xls
http://www.jama-english.jp/publications/MVS2012.pdf
http://www.wardsauto.com/keydata/historical/UsaSa28summary.xls
http://www.wardsauto.com/keydata/historical/UsaSa01summary.xls
http://www.worldometers.info/cars/
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The European car manufacturers, on the other hand, had smaller shares in the U.S. and 

only the luxury car manufacturers BMW and Daimler (Mercedes, Smart) had considerable 

shares, but sold less than in their home area. Volkswagen, Volvo and Saab also had lower 

shares in the U.S. market. Sales by foreign car manufacturers in Japan were negligible (less 

than 6 percent). Consequently, Japanese regulation was less central for U.S. and European car 

manufacturers. U.S. manufacturers operated mainly in their home country. Only Ford and 

GM—through its European subsidiary Opel—also had a large share in Europe. While this 

indicates that the home country was most important for most car manufacturers, it also shows 

that the industry was internationally connected. The varying degrees of importance of home 

and host markets for car manufacturers make this study an interesting case to see how 

particular countries and firms affected the international LEV trajectory. 

I collected data from two trade magazines—Automotive News and WardsAuto 

World—and a car magazine—Autoweek—as they focus on the car industry and can provide 

insight into industry and corporate perceptions by offering rich descriptions of technologies, 

developments within incumbents, and the relevant policies. Furthermore, I chose the 

Financial Times because of its focus on business strategies and attention to environmental 

issues in the broader political and economic context. Both newspaper and magazine articles 

are seen as a stable source, given that they existed prior to the start of the case study and 

provide good insight into the main themes of interest for this chapter and allows gaining 

robust data for triangulation (Yin, 2009). I performed a keyword search for the period 1997-

2010, using search terms from the different LEV technologies—i.e., hybrid, electric vehicle 

and fuel cell. In this way, I generated a dataset of 9,908 articles over a 14-year period. The 

year 1997 was used because in that year the first LEVs were brought to the market. Moreover, 

1997 saw the adoption of the Kyoto protocol which formalized international action against 

global warming. It added to the uncertainty of car manufacturers because their products 

contribute significantly to greenhouse gas emissions 

To analyze the articles, I used the qualitative data-analysis software Atlas.ti 6.2, which 

can manage large datasets and enables users to define the length of selected quotations and 

fully capture the richness of the information. I followed a three-step approach for the data 

analysis. In the first stage, I analyzed which technologies car firms engaged in (i.e. hybrid 

vehicles, electric vehicles or fuel cell vehicles) and examined up to which stage the cars were 

developed (i.e. concept car including prototype, test car or mass produced car). This generated 

a list of 320 LEVs that were announced between 1997 and 2010 (see Table 4.3, included in 

the next section). In the second stage, I tracked all relevant policy interventions found in the 
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dataset (e.g. public-private partnerships, tax incentives, regulation) in different geographical 

areas—i.e. countries and regions—at different policy levels—i.e. local, national and 

international. In the third stage, I tracked how policy interventions affected firm innovation by 

linking policy interventions with car manufacturers’ LEV engagement, analyzing the effects 

of policy interventions over time. I then combined all interactions into a matrix and identified 

patterns. Based on the matrix, I generated narrative descriptions of the effects over time and 

across areas (Bourgeois & Eisenhardt, 1988). Finally, the narrative was juxtaposed with the 

relevant literature, and refined accordingly.  

 

4.5 Evolution of the LEV trajectory 

In the following, the evolution of the LEV trajectory is depicted. In particular I explore the 

interplay between government policies and car manufacturers’ innovation strategies. In 

discussing the findings, I follow the phases distinguished by Bakker et al. (2012) based on 

their analysis of a Dutch weekly car magazine. On the basis of article counts of battery 

electric and hydrogen vehicles, they labelled the period until 1998 as ‘exploring batteries’; the 

period 1998-2005 as ‘the rise of hydrogen’ and 2006-2009 as ‘the revival of electric’. 

Different from their two-fold distinction, this study further differentiates battery electric 

vehicles (see Figure 4.1), also showing developments in hybrid and plug-in vehicles. 

Moreover, it is based on actual LEVs launched, not on the number of articles on specific 

technologies. 

Based on the coding for this study, a list of LEVs developed by car manufacturers was 

compiled, distinguishing concept cars, test cars and mass-produced cars. Although 

triangulating the data against corporate websites showed no inconsistencies, the results may 

not be complete as it is based on secondary sources. From 1997 to 2010, 29 car manufacturers 

that engaged in LEVs emerged from the analysis and were found to have launched in total 

320 different LEV models; most were concept cars or prototypes (221), some were test cars 

(39) and others were mass produced (60). 2 In the studied period, the engagement of car 

manufacturers in LEVs increased over the years (see Figure 4.1), with about 23 LEVs, on 

average, developed per year. The lowest number of LEVs was developed in 1998 (11) and the 

highest in 2009 (45). Most LEVs were HVs (155), followed by EVs (92) and FCs (73), 

                                                           
2 Concept cars refer to vehicles that have been shown for instance at car shows, or built as prototypes to test technologies. 
Test cars are vehicles that are used in a controlled environment to learn about the technology. Commercialized cars refer to 
those that were made available to mainstream customers.  
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indicating a general dominance of HVs, which is likely due to their less radical character 

compared to EVs and FCs.    
 

Figure 4.1: Announced LEVs per year by type 

 

  (Labelling of phases taken from Bakker et al. 2012; data collected by author) 
 

Until 1998, car manufacturers focused on batteries in various forms (electric, hybrid, plug-in 

vehicles). In that sense, this study’s findings for 1997 confirmed those by Bakker et al. (2012) 

who compared electric to hydrogen (FCs) on the basis of article counts. Car manufacturers for 

the first time launched LEVs on a larger scale and experimented with the technologies. Table 

4.2 indicates that more than half (55 percent) of all presented LEVs in this phase were EVs 

(including PIs); HVs, which also rely on batteries, represented 40 percent. The share of FCs 

was negligible (5 percent). Table 4.3 shows that the majority of LEVs were developed by 

Japanese (12) and U.S. (5) manufacturers. European car manufacturers only developed 3 

LEVs. 

 

Table 4.2: Share of announced LEVs developed in the phases of the LEV trajectory 

Period 1997 1998-2005 2006-2010 

Hybrid 40% 54% 45% 

Electric (incl. PI) 55% 7% 42% 

Fuel cell 5% 39% 13% 
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The second phase, the “Rise of hydrogen,” as Bakker et al. (2012) labelled it, began in 

1998. Between 1998 and 2005, EV development almost halted and car manufacturers focused 

more on FCs and HVs. Only 7 percent of all LEVs were EVs, the remaining 94 percent were 

shared between HVs (54 percent) and FCs (39 percent). The large difference between EV and 

HV engagement of firms in this period emphasizes the value of distinguishing between EVs 

and HVs rather than aggregating them as battery electric cars, as in Bakker et al.’s (2012) 

study. The distinction provides a more nuanced picture of the technological development. For 

instance, it shows that HVs had a solid share in this period. In this phase, HVs and FCs 

competed for the dominant LEV design position (Hekkert & Van den Hoed, 2004). Table 4.3 

illustrates that although firms from all areas increased their LEV activity, EU manufacturers 

developed the least LEVs (19) compared to those from the U.S. (50) and Japan (63).  
 

Table 4.3: Announced LEV activities by manufacturers’ area/country of origin, types and 
phases 

Period 1997  1998 – 2005  2006 – 2010 Grand 
total 

Type US EU JP Total  US EU JP Total  US EU JP Total  

HV 2 2 4 8  29 9 33 71  15 22 39 76 155 

EV (incl. PI) 3 - 8 11  3 1 6 10  24 22 25 71 92 

FC - 1 - 1  18 9 24 51  6 5 10 21 73 

Total 5 3 12 20  50 19 63 132  45 49 74 168 320 

 
The last phase, the “Revival of electric,” began in 2006. In this phase, the LEV 

trajectory shifted towards EVs. Figure 4.1 illustrates not only the overall increase in LEV 

development, but also the sudden increase in EV development (including PIs). In fact, 

between 2006 and 2010, 42 percent of all LEVs were EVs (including PIs), a sharp increase 

from the small share in the previous phase. At the same time, FCs lost 26 percent and HVs 9 

percent of the overall market share (see Table 4.2). FCs lost momentum with the introduction 

of PIs and the renewed interest in EVs, confirming the fear that PIs could close the market for 

FCs (Bento, 2010). Therefore, in this phase, while hybrids established their position, EVs 

competed to claim the dominant position.  

Generally, LEV activity increased over time, with the three phases of the LEV 

trajectory being characterized by their foci on different LEV technologies. Activity differed 

considerably between manufacturers from different areas, as explained above, and within 

areas, sometimes per individual firm as well (see overview in Table 4.4). This suggests that 
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the international LEV trajectory is not only a result of technological developments but is also 

significantly shaped by the co-evolution between policy interventions and car manufacturers’ 

strategies. In the following I will shed light on the interplay between different policies and 

firm innovation and its impact on the LEV trajectory over each period, paying attention to 

international, national and local developments and specific manufacturers where applicable. 
 

Table 4.4: LEVs developed per firm and technology from 1997 until 2010  
 

Car manufacturer HV PI EV FC Total 

U.S.      
Chrysler 10 3 4 5 22 
Fisker - 1 - - 1 
Ford 12 3 4 6 25 
GM 24 8 4 13 49 
Tesla - - 3 - 3 
Total 46 15 15 24 100 
EU      
BMW 4 1 3 3 11 
Daimler 9 3 4 7 23 
Ferrari 1 - - - 1 
Fiat 1 - 1 - 2 
Peugeot 4 - 2 3 9 
Porsche 3 - - - 3 
Volvo 1 1 1 - 3 
VW 6 1 2 2 11 
Total 29 6 13 15 63 
Asia      
BYD - 2 2 - 4 
Daihatsu - - - 1 1 
Great Wall Motors 1 - 1 - 2 
Honda 17 - 2 9 28 
Hyundai 9 1 - 4 14 
Kia 2 - 1 1 4 
Mazda 3 - - 4 7 
Mitsubishi 2 1 4 2 9 
Nissan 9 2 10 3 24 
Renault 3 - 4 - 7 
Saab 1 - - - 1 
SAIC 1 - - - 1 
Subaru 4 1 - - 5 
Suzuki 1 1 3 2 7 
Tata - - 1 - 1 
Toyota 27 3 4 8 42 
Total 80 11 32 34 157 
Grand total 155 32 60 73 320 

 

(Data collected by author) 
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The situation in 1997 

A landmark event at an international level with significant effects on the car industry was the 

Kyoto protocol, concluded in 1997. As part of a longer process involving the United Nations 

Framework of Convention on Climate Change (UNFCCC), aimed at reducing greenhouse gas 

(GHG) emissions, the Kyoto protocol updated the non-binding UNFCCC, which implemented 

mandatory reduction targets. This transnational framework included binding, measureable 

objectives to reduce six GHGs, including CO2, and had an effect on many countries’ 

regulatory frameworks for CO2 emissions. For instance, the European Union committed to 

reduce its GHG emissions by at least 8 percent below 1990 levels between 2008 and 2012. 

The framework suggested to its Member States various means to tackle GHG emissions, 

including the reduction of CO2 emissions through transportation. Most countries, including 

EU Member States and Japan, but not the U.S., ratified the protocol. As a result, many 

countries tightened their fuel-efficiency regulation because CO2 emissions are correlated with 

the usage of fuel. That is to say, while the Kyoto protocol had little direct effect on car 

manufacturers, the targets affected the implementation of car-related policy measures in many 

regions and countries, and also raised general environmental awareness. Consequently, it 

affected firms indirectly. As the protocol translated into GHG reducing measures in various 

countries, it stimulated the LEV trajectory towards more incremental innovations by car 

manufacturers. 

At a national level, and in response to the development of Toyota’s HV Prius, the 

Japanese government altered its third Battery-powered electric vehicle (BPEV) expansion 

plan to support the diffusion of hybrids that Toyota initially sold below production costs. The 

Ministry of International Trade and Industry (MITI) integrated HVs for the first time. Japan’s 

first expansion plan was established in 1976 with the goal to commercialize EVs. It was a 

concerted effort between both public actors (e.g. government agencies) and commercial actors 

(e.g. car manufacturers) to reduce the barriers for EVs and bring them to the market (Åhman, 

2006). A Purchasing Incentive Programme was installed in 1996 for which only EVs were 

initially eligible. As part of the adaptation of the expansion plan in 1997 HVs also qualified 

for these funds. Japanese car manufacturers developed 8 EVs and 4 HVs in this phase (see 

Table 4.5). Most engaged were the three largest Japanese car manufacturers in 2000: Toyota 

(2 EVs and 1 HV), Nissan (3 EVs) and Honda (1 EV and 1 HV) (see Table 4.1). 
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Table 4.5: Announced LEVs by development stage in 1997 

1997 
Area/type Concept Test Mass produced Total 
US     HV 2 0 0 2 
EV (incl.PI) 0 2 1 3 
FC 0 0 0 0 
Total 2 2 1 5 
 
EU     
HV 2 0 0 2 
EV (incl.PI) 0 0 0 0 
FC 1 0 0 1 
Total 3 0 0 3 
 
JP     
HV 3 0 1 4 
EV (incl.PI) 4 4 0 8 
FC 0 0 0 0 
Total 7 4 1 12 
Grand total 12 6 2 20 

 

At a local level, California—one of the largest car markets in the world—was a 

frontrunner in LEV development. The California Air Resource Board (CARB) adopted the 

Zero Emission Vehicle (ZEV) programme in 1990, which required car manufacturers to have 

2 percent of their sales to be ZEVs beginning in 1998, growing to 10 percent by 2003. Despite 

initial support for the programme, car manufacturers were unable to make ZEVs 

commercially viable, as batteries remained expensive and their driving range was too limited. 

Consequently, the firms engaged in intensive lobbying to stop the programme. This resulted 

in a memorandum of understanding, which obliged car manufacturers to put up to 3,750 EVs 

on Californian roads between 1998 and 2000 (Shaheen, Wright, & Sperling, 2001).  

Only the largest car manufacturers in terms of sales in California—General Motors, 

Ford and Chrysler from the U.S., and Toyota, Honda, Nissan and Mazda from Japan—had to 

bring ZEVs to the market, and one of them—Mazda—even managed to avoid the 

memorandum of understanding by purchasing credits for 138 cars from Ford. Car 

manufacturers began launching EVs in California to comply with the memorandum but also 

for tests in a few other states such as Arizona. The EVs were mainly leased or sold to 

corporate customers, not commercialized to individual consumers. General Motors’ EV1, one 

of the notable exceptions and the only mass-produced EV, was also leased to individual 

consumers. After the agreed-upon 3,750 EVs were on the road, all car manufacturers stopped 

producing more. An anonymous official of Honda provided the answer why: “The real 

question, if we were to keep selling the EV Plus, would be, ‘Are we moving forward? Are we 
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advancing the technology?’ And the answer would be, ‘I think not.’” (Automotive News, 

73(5817), 1999, p. 12). 

California’s ZEV programme was not very successful in making LEVs mainstream. In 

fact, after the CARB relaxed its demands, many car firms (including General Motors) 

reclaimed all EVs and scrapped them. EVs were too expensive; the batteries were not 

powerful enough to provide a sufficient driving range; and the recharging infrastructure was 

not available. Ford subsequently raised concerns about whether government-imposed goals 

are beneficial: “What the electric Ranger experience did teach us is when we just do 

something either because regulators have asked us to do it or just to say we are there, there is 

really not much value to that” (Automotive News, 75(5918), 2001, p. 26). While the ZEV 

programme was too ambitious for car manufacturers, it was successful in that it raised 

awareness of LEVs. In fact, many other states, such as New York, initially adopted the ZEV 

regulation, but they were stopped by court injunctions. The programme also influenced the 

BPEV (Battery Powered Electric Vehicle) expansion plan in Japan and triggered a large-scale 

EV test in Germany, on the island of Rugen. 

Table 4.5 illustrates the impact of the ZEV programme on the LEV trajectory; 11 EVs 

were presented in 1997, 3 from U.S. car manufacturers (2 by GM and 1 by Ford) and 8 from 

Japanese car manufacturers (4 by Nissan, 2 by Toyota, 1 by Honda and 1 by Suzuki). 

Therefore, in this battery exploration phase, U.S. and Japanese car manufacturers engaged 

mainly in LEV technologies that use batteries, i.e. EVs and HVs, triggered by policy 

interventions in California and Japan. While Californian policies seem to have influenced 

both U.S. and Japanese car manufacturers, Japanese policies only appeared to affect Japanese 

car manufacturers.  

Thus, this phase was characterized by car manufacturers’ exploration of batteries. The 

results showed that EVs were not yet ready for commercialization. This left HVs competing 

for the dominant position against the now rising FC (i.e. hydrogen) technology.  

 

1998 – 2005: Rise of hydrogen 

At an international level, rising oil prices, caused in part by the Iraq war and later by the 

impact of Hurricane Katrina, had a significant influence. In the U.S., petrol prices crossed the 

three USD mark, and manufacturers could not meet the demand for HVs. Prius sales rose by 

130 percent, and Toyota suspected that they could have sold even more, but production could 

not keep up with demand. Irv Miller, group vice president of corporate communications for 
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Toyota Motor Sales U.S. commented: “Our belief is that we can sell significantly more than 

what our current sales volume is” (Automotive News, 78(6104), 2004, pp. 4-42).  

At a national level, various countries implemented stricter fuel-efficiency standards in 

this period. One of the first countries after the U.S. to implement new measures was Japan. In 

1999, it implemented fuel-consumption standards under its ‘Top-Runner’ programme. 

Dividing their cars into weight classes, car manufacturers needed to meet the fuel-economy 

standards by the target year 2010. On average, the consumption per fleet was supposed to be 

16.8 km/l (125 gCO2/km). Subsequently, Japanese car manufacturers lobbied for government 

support for LEVs, such as a lower tax rate. The government, in turn, reduced the sales tax for 

LEVs. Along with Toyota, which launched the Prius, Honda also benefited from these 

incentives when it launched the Impact HV. Yet, not all car manufacturers invested in HVs. 

Nissan’s CEO Carlos Ghosn argued, for instance: “We have the technology […] But when I 

have seen the cost of the car I say, no way" (Autoweek, 51(46), 2001, p. 4). Nevertheless, the 

incentives supported the diffusion of LEVs, and by 2000, Toyota had sold more than 70,000 

Prius cars. Furthermore, the incentives stimulated sales and provided Japanese car 

manufacturers with a competitive edge that later also influenced other countries, such as the 

U.S., to introduce similar incentives.  

In contrast to Japan’s mandatory regulations, the European Union agreed with the 

European Car Manufacturing Association (ACEA) to set a voluntary target in 1998. The 

targets aimed to reduce the car firms’ fleet average CO2 emissions per kilometre driven from 

the 1995 fleet average of 186 gCO2/km to 140 gCO2/km by 2008. Since the agreement was 

voluntary, it had little effect on European car manufacturers. Just 19 LEVs were developed 

(see Table 4.6) to which Daimler had already contributed 9. Besides the voluntary character, 

another reason for the low numbers of LEVs developed was that diesel technology was 

prevalent in Europe. The large European firms had developed very efficient diesel engines 

that were regarded as more promising ways to comply with fuel-efficiency regulations than 

EVs, HVs or FCs. This situation was idiosyncratic to Europe. Leading European car 

manufacturers such as Volkswagen and PSA Peugeot were not able to capitalize on their 

diesel technology in the U.S. or Japan because these countries’ pollution standards for 

particulate matter and NOx were too strict, and diesel cars were not popular amongst 

customers in these markets. Moreover, most European car manufacturers had small to 

negligible market shares in the U.S. and Japan. Daimler was the one notable exception to the 

European manufacturers’ lack of engagement, as it introduced both FC and HV concepts. This 

was not unexpected since the U.S. market became more important to the firm after Daimler’s 
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merger with Chrysler and because it wanted to maintain its image of being a technological 

leader. 
 

Table 4.6: Announced LEVs by development stage from 1998 to 2005 

1998 – 2005 
Area/type Concept Test Mass produced Total 
US     HV 24 1 4 29 
EV (incl. PI) 1 1 1 3 
FC 16 2 0 18 
Total 41 4 5 50 
 
EU     
HV 9 0 0 9 
EV (incl. PI) 1 0 0 1 
FC 8 1 0 9 
Total 18 1 0 19 
 
JP     
HV 20 1 12 33 
EV (incl. PI) 6 0 0 6 
FC 19 5 0 24 
Total 45 6 12 63 
Grand total 104 11 17 132 

 

 Various other countries also implemented stricter fuel-efficiency standards in this 

period. South Korea—which ratified the Kyoto protocol—replaced a voluntary agreement by 

mandatory standards in 2004. Beginning in 2006, cars were required to achieve 34.4 mpg (for 

1,500cc) and 26.6 mpg (for >1,500cc), respectively. Contrary to its intention, this engine size 

based standard resulted in larger cars rather than higher fuel efficiency. China also began to 

regulate cars’ fuel economy in 2005. Adopting a weight-based system, the framework was 

implemented in two steps. Phase 1 targeted cars sold between 2005 and 2007, and phase 2 

those sold after 2007. In phase 1, fuel efficiency achieved an increase of 9 percent over the 

2002 level, from 26 mpg to 28.4 mpg. What is more, the tax rate was reduced for small 

engines and increased for larger engines (from 5 to 3 percent and from 8 to 20 percent, 

respectively).  

In the U.S., beginning in 2004, the Corporate Average Fuel Economy standards 

(CAFE) for light trucks were tightened. CAFE standards, which were first implemented in the 

1970s in reaction to the oil crisis, required car manufacturers’ fleets to meet fuel-efficiency 

standards. In order not to penalize small-business owners, in its original setup CAFE had 

distinguished between cars and light trucks. In 1996, cars had to meet 27.5mpg and light 

trucks 20.7mpg. Yet, because light trucks (e.g., SUVs) became increasingly popular as family 

cars, regulators now also targeted them, increasing the standard for light trucks to 21.0 mpg. 
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Furthermore, the government passed new CAFE standards intended to gradually increase the 

light-truck fuel-efficiency target from 21 mpg to 24 mpg in 2011.  

Consequently, U.S. car manufacturers sought to implement the hybrid technology in 

light trucks to improve their fuel efficiency. GM argued that “[t]he strategy here is to go after 

the highest fuel-consuming vehicles first” (Automotive News, 77(6051), 2003, p. 26). This 

strategy was also adopted by Ford, which integrated the hybrid technology into the Ford 

Escape HV, the first SUV with hybrid technology. Toyota, on the other hand, found itself 

endowed with an innovative and green image following the successful launch of the Prius 

Two in 2003. U.S. and European car manufacturers were subsequently criticized for the lack 

of hybrids in their line-ups. In order to catch up with Toyota’s lead in HV technology, 

Daimler, GM and BMW even decided to jointly develop their own full hybrid technology. 

Table 4.6 indicates the increasing interest in HVs by U.S. and Japanese car manufacturers 

which developed 29 and 33 HVs respectively.  

The Big 3 (GM, Chrysler and Ford) lobbied the federal government for tax incentives 

for hybrids. Chrysler announced that it wanted to make some profits on the technology and 

therefore needed tax incentives. “We think the price premium will be $3,000. We think the 

cost is under that. But we have to make a little profit on it. Our strategy is to get the 

component set numbers up higher, drive the costs down and perhaps someday take the price 

premium below $3,000. We are also hoping and we’re actually campaigning to get this $3,000 

tax credit that was talked about last year” (Automotive News, 75(5918), 2001, p. 26). Not 

surprisingly, Toyota also lobbied for incentives in the U.S. Toyota’s vice-president for its 

U.S. operations and chairman of the U.S. Alliance of Automobile Manufacturers, agreed: 

“There is a consensus that we need incentives for advanced technology” (Automotive News, 

75(5927), 2001, p. 3). Following industry pressure and the positive results of incentives on 

LEV diffusion in Japan in 2005, tax credits for HVs of up to USD 3,400 were put in place by 

the Bush administration.  

Hybrids increasingly appeared in the portfolios of manufacturers selling cars in the 

U.S., but not necessarily because the firms saw a market for them. The disadvantage of 

hybrids remained: the technology was expensive to develop and difficult to integrate into cars. 

Many car manufacturers, such as Nissan, invested in hybrids only to comply with government 

requirements: “In 2006, we will have a hybrid model for sale, purely to meet government 

requirements” (WardsAuto World, 39(12), 2003, pp. 40-41). Daimler argued that the 

commercialization was a matter of costs. “It’s a question of cost and whether you are prepared 

to subsidize customer sales” (Autoweek, 55(39), 2005, p. 5). Ford’s CEO Bill Ford declared: 
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“If (hybrids) don’t get customer acceptance, I really don’t know what we do next. [...] What 

our entire industry needs is government help. Hybrids are more costly. We know consumers 

have a very limited appetite for paying more for these vehicles” (Automotive News, 77(6021), 

2003, p. 16). 

As a result of national regulation and incentives, the diffusion of HVs increased in 

Japan and the U.S. In Europe, hybrids were not picked up by the market, in part due to the 

popularity of (more) fuel-efficient diesels, but also because no tax incentives were provided. 

Toyota was concerned about the lack of incentives and pleaded for a unified tax (incentive) 

system: “Europe has 17 different tax systems. [...] If the European Union is serious about 

lowering greenhouse gas emissions, why not support that with a standard, pan-European tax 

incentive? [...] We will take the initiative and talk with the EU on these matters” (Automotive 

News, 77(6036), 2003, p. 58). 

At the local level, governments increased the popularization of LEVs with both 

market-based measures and command-and-control initiatives. California, for instance, allowed 

HVs to be driven in the carpool lane. Other states, such as Virginia, subsequently emulated 

this practice. In London, HVs were exempted from the newly introduced congestion charge. 

This practice—already in place in Singapore—inspired other urban areas to limit access to 

city centres through measures like the ‘environmental zones’ in large German cities 

(‘Umweltzonen’).  

At the same time, GM and DaimlerChrysler filed suits against the CARB to stop the 

ZEV programme. GM’s concern was that the mandate could be implemented by more U.S. 

states, which would have affected more than 20 percent of the U.S. car market. The 

programme was eventually considerably modified, and car manufacturers were allowed to 

comply with credits that they could earn, for instance, with small golf-cart-like EVs or 

hybrids. Subsequently, many car manufacturers, including Daimler and General Motors, 

offered so-called Neighbourhood electric vehicles (NEVs), and some dropped out of EV 

projects, such as Ford, which divested its Think EV manufacturer, that it bought earlier, and 

invested in hybrids. In 1999, as an alternative to EVs, CARB began stimulating the 

development of FCs through the California Fuel Cell Partnership (CaFCP). Refuelling 

infrastructure was provided, and manufacturers could test FC technologies and their 

practicality. CaFCP also inspired other public-private partnerships which were subsequently 

initiated, most prominently the Japan Hydrogen & Fuel Cell (JHFC) demonstration project 

and the Clean Energy Partnership (CEP) in Germany. 
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FCs have an electric engine but do not need a battery. Instead, they generate energy 

from a fuel cell that runs, for example, on hydrogen or even methanol. Consequently, the cost 

and range challenges of EVs could be overcome. Various firms engaged in FCs and 

participated in the CaFCP. In Europe, Daimler introduced the NECAR 3—the first fuel-cell 

car with an on-board hydrogen generator. Daimler even announced its intention to bring FCs 

commercially to the market in 2003. Subsequently, many other car manufacturers, including 

Toyota, Honda and GM, announced their engagement in FCs. GM aimed to become the leader 

in fuel-cell vehicles, wanting to be the first to bring one million FCs to the market. GM was 

convinced to be able to commercialize FCs by the end of the decade. “The fact that we 

developed Hy-wire as a drivable concept vehicle in just eight months (from its Detroit debut) 

shows our commitment to this technology and the speed at which we are progressing” 

(WardsAuto World, 38(9), 2002, p. 34). 

Tables 4.3 and 4.6 illustrate the impact of policies at the local and national levels on 

the LEV trajectory. In this phase, 51 out of the total 73 FCs were developed. European car 

manufacturers developed 9 FCs, U.S. manufacturers 18 FCs and Japanese car manufacturers 

24 FCs. Car manufacturers mainly refitted standard cars with fuel-cell technology. Daimler, 

for instance, based its cars on the A and B Classes. Most active were GM (9 concept vehicles, 

e.g. the AUTOnomy concept), Toyota (7 concept vehicles, e.g. the Fine-X), and Daimler (3 

concept vehicles, e.g. the F-Cell). Other car manufacturers also engaged, however. For 

example, Ford refitted its Focus model with an FC engine, BMW its 750hLs with an engine 

that was able to run on petrol or hydrogen, and Honda developed the FCX Clarity. The largest 

number of FCs was built by DaimlerChrylser, which had a test fleet of more than 100 cars. 

While FCs were regarded as an alternative to EVs, they were also a means to reduce 

the pressure from national fuel-efficiency regulation. In the U.S., car manufacturers lobbied 

against the CAFE standards, using their involvement in FCs as an argument. GM claimed that 

CAFE did not support the transition towards sustainable mobility: “CAFE is actually an 

obstacle to the realization of this vision of hydrogen-based, clean, efficient, personal 

mobility” (Automotive News, 76(5967), 2002, p. 3). 

In 2003, doubts were mounting regarding costs and technological problems. Car 

manufacturers had not lived up to their promises of commercializing FCs. Also, the U.S. 

National Academy of Engineering doubted the initially optimistic outlooks of car 

manufacturers and argued vehemently that the over-optimistic commercialization dates be 

reviewed. Honda also pointed to another factor: "A marketable fuel-cell vehicle will be 

realizable in 10 years. [...] But the car cannot run alone. Getting the overall infrastructure 
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needed to support these cars in place will take 20 to 30 years" (WardsAuto World, 39(12), 

2003, pp. 34-35). To overcome the infrastructure problem, some car manufacturers 

experimented with on-board converters of gasoline to hydrogen. In 2004, the U.S. Department 

of Transportation offered a new—but still rather positive—outlook: “We can develop a 

marketable technology by about 2015 and achieve widespread commercial availability by the 

year 2020” (Automotive News, 78(6080), 2004, p. 6). Nevertheless, although public-private 

partnerships continued, the popularity of FCs lost momentum at the end of this period. The 

public-private partnerships enabled car manufacturers to test radical technologies for very few 

cars only and thus had a rather small immediate effect on LEV diffusion. 

 

2006 – 2010: Revival of electric 

After it seemed that HVs would become the dominant design, the ‘revival of electric’ cars 

began again in 2006. A new wave of EV interest started. The financial crisis, tightening fuel-

efficiency standards, reduced battery prices due to increasing production capacity, and urban 

interest in pollution free alternatives triggered a new search for alternative technologies 

reflected in increasing launches of EVs and plug-ins. In this period 71 of the 92 EVs 

(including PIs) were developed (see Table 4.7).  

 

Table 4.7: Announced LEVs by development stage from 2006 to 2010 

2006 – 2010 
Area/type Concept Test Mass produced Total 
US     
HV 3 0 12 15 
EV (incl. PI) 17 4 3 24 
FC 4 2 0 6 
Total 24 6 15 45 
 
EU     
HV 16 1 5 22 
EV (incl. PI) 18 4 0 22 
FC 4 1 0 5 
Total 38 6 5 49 
 
JP     
HV 21 2 16 39 
EV (incl. PI) 16 5 4 25 
FC 6 2 2 10 
Total 43 9 22 74 
Grand total 105 21 42 168 

 

At an international level, the financial crisis was most influential and had a significant 

impact on EV popularity. Beginning in 2008, the financial crisis put various manufacturers in 
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financial distress due to decreasing demand and changing preferences towards smaller, fuel-

efficient cars. Governments supported car manufacturers with stimuli to develop green 

technologies, for example, by giving loans pegged to developing green technologies or 

market-based incentives for EVs, such as tax credits, rebates or subsidies. The provision of 

incentives for EVs fostered the engagement of car manufacturers in EVs.  

At a national level—besides incentives for EVs  triggered by the financial crisis—fuel 

economy standards were tightened. In the U.S., the new Energy Act in 2007 required 35.5 

mpg (equivalent to 6.6 l/100 km) by 2020 (from an average of 24.7 mpg in 2004), measures 

which were introduced stepwise. In Japan, the Top Runner period ended in 2010. In these two 

markets, HVs were now fully established and integrated in the portfolios of car 

manufacturers. U.S. car manufacturers commercialized 12 HVs in this phase and Japanese car 

manufacturers 16 (see Table 4.7). GM integrated the HV technology as an option in selected 

models such as the Tahoe, Malibu and Saturn Vue. Toyota also added the HV option to 

various models such as the Camry and models of its luxury brand Lexus (e.g. LS460h), in 

addition to bringing the third version of the purpose-built Prius to the market. 

In Europe, ACEA member firms continuously failed to achieve the voluntary targets 

despite the voluntary agreement. Additional local pressures such as the UK’s change of its 

car-tax system to a system based on CO2 emissions did not seem to have much effect either. 

This is indicated by the continually low number of LEVs developed in the previous phases by 

European manufacturers compared to their Japanese and U.S. counterparts (see Table 4.3). In 

fact not a single LEV was commercialized by European car manufacturers in the previous 

periods; the largest share of LEVs was taken by FCs that were further developed and tested by 

Daimler and Peugeot (each 3). Nonetheless, in 2006, the CO2 emissions fleet average of 

European car manufacturers was 160 gCO2/km (reduced from 186 gCO2/km), which meant 

that only 43.5 percent of the total reduction of 46 gCO2/km from 1995 to 2008 had been 

achieved. It became evident that car manufacturers would not be able to reach the targeted 

reduction goals in 2008.  

Because the ACEA members failed to meet the voluntary targets, mandatory CO2 

emission targets were finally adopted in 2009. The regulation demanded that by 2015, 

European car manufacturers’ fleet average had to be 130 gCO2/km. In order to ease the 

burden on car manufacturers, it was agreed that only 120 gCO2/km needed to be achieved 

with vehicle technology while the remaining 10 gCO2/km could be realized through 

additional measures such as low-resistance tires, an easier and cheaper fix for car 

manufacturers. The targets were phased in starting in 2012, when 65 percent of the fleet 
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needed to comply. In order to incentivize the introduction, the EU implemented a stick and a 

carrot. The ‘stick’ was in the form of penalties for non-compliance per vehicle. For each gram 

exceeding the target (after the 4th gram), car manufacturers were charged EUR 95, which 

could have severe financial consequences. The ‘carrot’ was given in the form of credits that 

could be earned with vehicles that emitted less than 50 gCO2/km. Every so-called 

‘supercredit’ was equivalent to 3.5 cars in 2012/13 (2.5 in 2014 and 1.5 in 2015, respectively). 

As a consequence, European car manufacturers also contributed significantly to LEV 

development for the first time (see Table 4.7). They especially developed EVs with integrated 

HV technology in their portfolios, five of which were commercialized. Daimler, Volkswagen, 

and Renault particularly pursued EV development in the form of four EV concepts. Renault 

also invested significant amounts in EV development together with Nissan, with which it has 

an equity alliance.   

Japan, in contrast to Europe’s slow development, met the Top Runner programme’s 

2010 targets in 2002. Therefore, in 2006, the targets were increased. Despite low penalties, 

car manufacturers complied even before the deadline due to tax incentives and pride, because 

firms that failed to comply would be made public (Mikler, 2005).  

At the local level, various initiatives fostered EV commercialization. Particularly for 

urban areas, EVs were increasingly regarded as a solution to congestion and pollution. 

California’s regulations in particular were influential because they stimulated PI development, 

regarded by car manufacturers as the cheapest way to comply. Toyota argued that the “way 

California has set up the rules, plug-in hybrids would likely appear to be one of the lowest-

cost ways to meet the requirements” (Automotive News, 84(6378), 2009, p. 3). GM unveiled 

the Volt plug-in and announced its upcoming production, declaring that “[t]his is not a science 

project and not a public relations ploy” (Reed, 2007: 25). Shortly afterwards, Toyota also 

announced that it would work on a plug-in version of the Prius, while Nissan and Mitsubishi 

announced the mass production of fully electric vehicles, namely the Nissan Leaf and the 

Mitsubishi iMiev. Also, for the first time in a long while, new entrants were attracted to the 

car industry. The EV start-up Tesla built a sports car, the Tesla Roadster; Fisker developed a 

PI luxury sports car; and Better Place introduced mobile payment methods and battery 

swapping for EVs in various test projects in Israel and Japan.  

The ‘revival of electric’ was characterized by challenges of price versus range. On the 

one hand, the limited range of EVs could be increased by bigger and better batteries, but that 

would increase the costs, that were already high, even more. To try to overcome these 

challenges, car manufacturers engaged in various EV tests. BMW conducted a large-scale test 
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in 2009: “We are learning a heck of a lot just about the sheer infrastructure,” said Jim 

O’Donnell, CEO of BMW North America. “When we bring out another electric car, we will 

be in a great position because we know all the wrinkles” (Automotive News, 84(6378), 2009, 

p. 27). Learning was also crucial for Toyota’s test of PIs, particularly in terms of energy use. 

Introducing lithium-ion batteries, Toyota stated: “We want to know if people pay attention to 

their energy use” (Automotive News, 84(6408), 2010, p. 6). GM found its ideal battery range, 

40 miles. After a test, Toyota chose a smaller battery: “We decided to go with a smaller 

battery that needs more charges […] That’s a decision we made. That’s part of the test” 

(Automotive News, 84(6408), 2010, p. 6). 

Subsequently, car manufacturers sought ways to commercialize EVs, but they faced 

high costs, as well as infrastructure and standardization challenges. Due to high development 

and production costs and different recharging technologies, car manufacturers aimed to 

produce LEVs that could be marketed internationally. Subaru met the challenge by focusing 

on PIs: “We are concentrating on the development of the electric vehicle system through the 

plug-in Stella. We need to equip [the] vehicle with an EV system that can be marketed 

globally” (Automotive News, 84(6382), 2009, p. 22). Manufacturers of EVs were especially 

affected by the cost challenge. Ford intended to commercialize the Focus as an EV in 2011, 

but considered the high price to be an impediment. “We are going to make it as affordable as 

we can, but clearly it will be more expensive than a regular gas car […] So that will limit its 

appeal at least initially” (Automotive News, 84(6359), 2009, p. 21). Other firms, such as VW, 

decided not to invest in EVs due to the high costs. “To do something like this anytime soon, 

there would have to be a big breakthrough in costs, the likelihood of which is rather remote” 

(Autoweek, 59(20), 2009, p. 9). As a result, in 2010, only four EVs, the Mitsubishi iMiev, the 

Nissan Leaf, the Think and the PI GM Volt, were commercialized.  

At the same time, car manufacturers continued to engage in the other two LEV 

technologies, hybrids and fuel cells. Car manufacturers invested further in fuel-cell tests to be 

prepared for future developments.  For instance, Daimler sent 70 FC test cars based on the B 

Class to the U.S. in 2010. Hybrids became mainstream in this period (see Figure 4.1) and 

almost all car manufacturers integrated HVs into their product portfolios. For instance, Nissan 

decided to sell more than 50,000 HVs in 2006. In 2008, Daimler decided to invest in HVs and 

to integrate hybrids into their whole line-up. Daimler’s CEO Dieter Zetsche commented: “We 

have decided on hybridization on all of our cars in the future and so far we have had a lot of 

questions and excitement, but I don’t know how that will translate into a take rate” 

(Automotive News, 83(6328), 2008, p. 8). Even luxury car manufacturers such as Porsche and 
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Ferrari started to develop HVs, also to counter urban penalties for high emissions and to adapt 

to mandatory fuel-efficiency targets in Europe.  

In summary, after years of LEV development, which began with the introduction of 

EVs, car manufacturers again sought to commercialize EVs. In between, FCs were briefly 

regarded as the solution to more sustainable transportation, but cost challenges and the lack of 

refuelling infrastructure impeded their introduction, and only a few hundred cars were built. 

The hybrid technology pioneered by Toyota gained most popularity. Initially belittled, hybrids 

were eventually an important part of car manufacturers’ product portfolios, with more than a 

million cars sold. HVs also paved the way for the renewed interest in EVs. Increasing battery-

production capacity improved the technology, reduced costs, and led to the sale of a few 

thousand EVs.  

 

4.6 Mechanisms in the international LEV policy context 

From the description of the three phases through which the LEV trajectory evolved, it 

emerged that in addition to technological developments, these phases were shaped by a co-

evolution between government policies and car manufacturers’ strategies. Policies affected 

car manufacturers and vice versa. The previous section demonstrated how the co-evolution of 

LEVs came to pass internationally. For instance, policies in the U.S. influenced car 

manufacturers in and from Japan. This raises the question of what connects the various local 

and national co-evolutionary trajectories. Understanding the links between several local co-

evolutionary trajectories may enable a better understanding of how the national, and then 

international LEV trajectory is shaped. Also, it addresses the need for a better understanding 

of the spatial dimension of sustainability transitions (Coenen et al., 2012).  

Three mechanisms seem to influence the interaction between local and national co-

evolutionary trajectories. ‘Mechanisms’ have been used before to depict the interaction 

between actors (Dijk & Yarime, 2010), as they allow for depicting causal relations or 

feedback links. The first proposed mechanism that emerged from the analysis is policy 

diffusion and international policies. An extensive stream of literature has described policy 

diffusion, defined as  “one government’s choices being influenced by the choices of other 

governments” (Moynihan, Shipan, & Volden, 2012: 1). Local or national policies can 

influence policy developments in other areas through policy diffusion. At the local level, an 

example of policy diffusion was the Californian ZEV programme. The ZEV programme 

influenced policy measures in other countries, such as Germany and Japan, and is widely 
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regarded as the general trigger for LEV development (see Table 4.8). At the national level, 

policy interventions stimulated policies internationally. In particular, the Japanese Top 

Runner programme and the purchasing incentive programme for LEVs were successes. Other 

countries emulated the Japanese approach of fostering LEVs, such as the U.S. implementing 

tax incentives. Also during the financial crisis many countries implemented similar support 

programmes for LEVs (e.g. tax incentives). 

In addition international policies can provide guidelines for national policies. At the 

international level, the Kyoto protocol has had a strong effect, particularly on national 

greenhouse gas emission regulation (Kolk & Pinkse, 2008). The Kyoto protocol influenced 

countries to stimulate LEV development—to implement or increase fuel-efficiency standards, 

for example. Also, the Kyoto protocol ultimately led to the ACEA agreement, and they jointly 

affected the ACEA members. In addition, it raised general environmental awareness. Hence, 

international policy diffusion as well as international policies resulted in a multi-faceted 

international policy context, which added to the complexity of the co-evolution of the LEV 

trajectory. 

 

Table 4.8: Policy interventions and their impact on firm innovation and policy 

Policy intervention Content Impact on firm  
        innovation 

Effect on subsequent 
policy interventions 

International level    

Public-Private 
Partnerships 

   

2001: Clean Urban 
Transport for Europe 

• Supported various 
urban areas (e.g., 
Amsterdam, 
Barcelona, London) in 
testing FC technology 

• Various manufacturers 
tested hydrogen 
technology—e.g., Shell, 
BP, DaimlerChrysler 

• Triggered UK 
participation in FC 
test  

Regulation    

1997: Kyoto 
conference 

• Protocol of the 
UNFCCC targeted at 
fighting climate 
change 

• Member countries 
agreed to reduce 
greenhouse gas 
emissions  

• Included binding 
targets 

• Little direct effect • Stimulated voluntary 
EU ACEA agreement 

• Stimulated UK to 
change car tax to be 
based on CO2 

• Internationally raised 
awareness for the 
environment and to 
reduce CO2 emissions  

1998: Voluntary CO2 
regulation (EU) 

 

• Voluntary agreement 
of European car 
manufacturers to 
reduce emissions by 
25 percent—i.e., 140 
gCO2/km by 2008 

• Voluntary targets did not 
trigger direct LEV 
commercialization 

• Toyota lacked diesel 
technology and hence was 
complying slow which 

• Influenced countries 
such as the UK to 
alter their car tax to be 
based on CO2 
emissions 
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• Would reduce overall 
EU CO2 emissions by 
8 percent  

raised criticism, therefore 
Toyota build a small 
vehicle plant in 
collaboration with Peugeot 

• Daimler bought small car 
firm “Smart” to support 
compliance 

2009: CO2 regulation 
(EU) 

 

• The voluntary 
agreement was revised 
in 2005 

• Car manufacturers 
failed to meet targets 

• EU crafted mandatory 
CO2 emission targets 

• Regulation achieved that 
incumbents engaged more 
in LEV technologies, but 
outcomes were not clear at 
the time of analysis.  

• Incumbents tried to comply 
partially with non-
technology-related means, 
e.g., weight reduction  

• n/a 

National level    

Public-Private 
Partnerships 

   

2002: FreedomCAR 
(U.S.) 

• Replaced PNGV 
• In total, USD 1.7 bn 

were supposed to be 
spent 

• In 2004, car 
manufacturers 
received USD 350 
million to develop fuel 
cells 

• In 2005, funds were 
further increased 

• Resulted in no directly 
related cars 

• Started discussion 
about the hydrogen 
economy 

• Stimulated other FC 
programmes—e.g. 
CEP, JHFC 

2002: Clean Energy 
Partnership 
(Germany) 

• Facilitated testing of 
FC technology in daily 
driving 

• Provided infrastructure 
• Intended to refine 

technology and reduce 
costs 

• Car manufacturers tested 
FCs extensively in Berlin 

• Various manufacturers 
participate—BMW, 
DaimlerChrysler, Ford, 
General Motors, Honda, 
Toyota, Volkswagen 

• n/a 

2002: Japan 
Hydrogen & Fuel Cell 
Demonstration 
Project (Japan) 

• The Japanese 
Hydrogen and Fuel 
Cell Demonstration 
project was targeted at 
testing FC technology 

• Initial target of 5m 
FCVs by 2020 was 
abandoned in 2006 

• Clarify well to wheel 
efficiency 

• Studies on mass 
production 

 

• Participating manufacturers 
( Toyota, Honda, Nissan, 
DaimlerChrysler, General 
Motors, Mazda, Suzuki, 
Mitsubishi, and BMW) 
tested their FC technologies 
in test cars and obtained 
real-world driving 
information  

• Incumbents provided 
cars—e.g., GM gave car 
free of charge for one year 
to FedEx 

• n/a 

Regulation    

1998: Top Runner 
programme (Japan) 

• ‘Top runner’ approach 
sets the most fuel 
efficient product as the 
benchmark for all 
other products 

• The target for 
passenger cars was 
15.1km/l by 2010 

• Japanese car manufacturers 
improved fuel efficiency 
and complied before the 
target year 2010 
 

• Served as a blueprint 
for other governments 

2001: UK car tax • UK changed car tax to 
be based on CO2 
emissions 

• No direct firm innovation 
response 

• Sales of diesels rose from 

• Stimulated 
manufacturers to 
rethink their strategy 
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• LEVs received tax 
reduction 

34 percent in 2001 to 70 
percent in 2005 

and implement more 
environmentally 
friendly strategies, 
such as low emission 
fleets or video 
conferencing 

2004: CAFE increase 
for light-trucks (U.S.) 

• More-stringent 
standards for light- 
trucks were 
implemented  

• From 21 mpg to 24 
mpg 

• Car manufacturers 
integrated HVs to meet 
CAFE standards 

• Manufacturers made no 
profit on LEV technology, 
but cross-subsidized with 
profits from light-trucks  

• GM collaborated with 
Daimler and BMW to 
develop full hybrids 

• U.S. sought to stop its 
‘addiction to oil’ 
which created an 
atmosphere of change 
in the industry 
towards more fuel 
efficient technologies 

Incentive programmes    

1996: BPEV 
Purchasing Incentive 
Programme (Japan) 
 

 
 
1997 

1st stage 
• Japanese government 

made USD 68 million 
available for subsidies 
to cover half of the 
additional costs of 
LEVs 
2nd stage 

• The third electric 
vehicle expansion plan 
(BPEV) was altered 
and included hybrids 
and fuel cells 

• Was integrated into the 
Clean-Energy Vehicles 
Introduction 
Programme (CEV) 

 
• Was targeted at EVs 

initially, but only 400 EV 
cars benefited, and 
programme had little 
influence.  
 
 

• Various car manufacturers 
(e.g., Honda, Mitsubishi, 
Toyota) engage in 
environmentally friendly 
technologies  

• Toyota sold more than 
70,000 hybrids until 2000 

 

 
• Was one of the first 

large-scale incentive 
programmes 
 
 
 
 

• Provided Japanese car 
manufacturers with a 
competitive edge 

• Influenced U.S. 
incentives as it gave 
Toyota a competitive 
edge 
 

2005: U.S. tax credits • Up to USD 3,400 for 
hybrids 

• Supported 60,000 new 
cars per manufacturer  

• Stimulated increasing 
engagement in HVs by 
almost all car 
manufacturers 

• Partially informed 
later tax incentives for 
EVs 

2000: PowerShift 
grant scheme (UK) 

 

 

• Supported LEVs with 
up to GBP 1,000  

• Stalled in 2004 due to 
insufficient funds and 
stopped in 2006 as 
funds seemed 
insufficient to kick-
start LEV mass 
commercialization 

• Had little direct impact on 
firm innovation 

• n/a 

Local level    

Public-Private 
Partnerships 

   

1999: California 
Fuel-Cell Partnership 

• Planed to test 50 fuel-
cell vehicles 

• Intended to 
demonstrate efficiency 
of FCs, prove 
commercial viability 
and prepare 
commercialization, 
e.g. build 
infrastructure 

• Various manufacturers 
participated to test FCs 
(DaimlerChrysler, General 
Motors, Hyundai, Honda, 
Nissan, Toyota, 
Volkswagen) 
 

• Informed JHFC and 
CEP as well as 
FreedomCAR 
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Regulation    

1990: ZEV 
programme 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2004: ZEV 
programme 

 

 

 

1st stage 

• Beginning in 1998, 2 
percent of cars sold in 
California need to be 
ZEVs 

• Beginning in 2003, 10 
percent need to be 
ZEVs 
 
 
 
 
 
 
 
 
 
 
2nd stage 

• Average vehicle sold 
in 2016 needs to emit 
30 percent less GHG 
emissions 

• Car manufacturers 
were allowed to use 
credits to comply, 
SULEV, PLEV 
technologies such as 
hybrids earned credits 

• Car manufacturers 
were required to put 
hybrids on the market 
 

 

• The largest 6 car 
manufacturers brought a 
limited number of EVs to 
the market, mainly 
converted mainstream 
vehicles 

• The ZEV programme was 
too ambitious; car 
manufacturers lobbied 
against it until the 
mandatory 
commercialization of ZEVs 
was abolished. 

• GM and DaimlerChrysler 
obtained court injunction 
and were able to freeze the 
regulation 
 
 

• Stimulated hybrid 
development and more 
efficient ICEs  

• Create scale for hybrids and 
fostered their international 
diffusion 

• Car manufacturers stopped 
their engagement in ZEVs 
 

 

• ZEV mandate was 
adopted by various 
other States (e.g. New 
York) and also to EV 
tests elsewhere, e.g. 
Rügen, Germany 

• The adoption of other 
states (e.g., New 
York) was overturned 
by the federal court 
after lobbying of the 
car industry 

• Stimulated BPEV 
expansion plan in 
Japan  

 
 
 
 

• Various states (>10) 
adopted the regulation  

Incentives    

2003: London 
congestion charge 

• The city of London 
implemented a GBP 5 
congestion charge for 
driving in the city 

• LEVs were excluded 

• Car manufacturers started 
small LEV projects, such as 
Daimler tested 100 EVs in 
the city centre 

• Other cities such as 
Singapore had similar 
programmes in place 

• Created concern as 
some diesel cars were 
as fuel efficient as the 
Prius but were not 
exempted 

2004: Carpool- Lane 
Usage in California 

• LEVs were allowed to 
use the carpool lane 
even with one 
occupant 

• Limited amount of 
licenses was available 

• Stimulated HV sales in 
California 

• Stimulated the overall 
LEV development, 
particularly HV 
diffusion 

 

The second mechanism that emerged is the international operations of firms. Different 

local co-evolutionary trajectories interacted because car manufacturers operated in different 

international markets. Although Table 4.1 indicates that car manufacturers have traditionally 

tended to focus on their home market, most were present in various markets and connected 

the different geographical areas. Areas that have had LEV policies in place and in which 
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many foreign car manufacturers operated (e.g. California) affected car manufacturers beyond 

national borders and therefore had a larger influence on the international LEV trajectory than 

areas in which few foreign players operated (e.g. Japan). Equally, car manufacturers that 

operated in various areas such as Toyota were affected by several policies, shaped home and 

host markets, and therefore appeared to be more influential on the international LEV 

trajectory than firms that focused largely on their home market (e.g. Peugeot). Considering 

that firms are resource constrained, car manufacturers had an interest to reach sufficient 

economies of scale. Thus, car manufacturers that operated internationally may have first 

developed technologies that met requirements in one country and then sought to offer these 

technologies in various other markets where they might enhance profitability. 

The following example illustrates how internationally active car manufacturers 

interacted with national LEV trajectories and in turn affected the international LEV trajectory. 

Toyota, like many Japanese car manufacturers, had large market shares in Japan and in the 

U.S. Therefore, they were exposed to Japanese and U.S. policies equally. When California 

allowed complying with the ZEV regulation through credits from HVs, Toyota and Honda 

also began selling HVs in California, which were until then only available in Japan. This is 

supported by Åhman (2006: 439) who reported that Japanese car manufacturers were not only 

affected by their domestic policies to develop LEVs but also by Californian policies: “Toyota, 

Nissan and Honda were all affected by the Californian ZEV mandate and now entered the 

BPEV development race more seriously than before and began investing heavily in BPEV 

technology.” The car manufacturers might have sold the HVs in California or the U.S. also 

without the stimulating policy, yet this is unlikely as the cars were initially sold at a loss.   

Not only U.S. and Japanese car manufacturers were affected by the Californian ZEV 

programme but also European car manufacturers. Pilkington et al. (2002: 7) put forward that 

“European [...] automobile manufacturers faced the same restrictions from the CARB ZEV 

mandate, and so had also been developing EVs for both indigenous and export use.” The 

empirical results showed that the European car manufacturers Daimler and, at a later stage, 

BMW were especially engaged in developing LEVs as more than 25 percent of their sales 

were generated in the U.S. (see Table 4.1). Likewise, car manufacturers from the U.S., Japan 

and Korea had larger shares in the (Western) European market. However, as there was no 

unified policy that stimulated LEVs until 2009, this market was less influential on the LEV 

trajectory than the U.S. Only with the implementation of incentives for LEVs in various EU 

Member States in the wake of the financial crisis and the mandatory European fuel efficiency 

targets implemented in 2009 (which gave super-credits for LEVs), did European policy begin 
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to influence the international LEV trajectory. While it is too early to speculate about the 

effects, this may have offered an opportunity for U.S. and Japanese car manufacturers to 

promote their technologies and in turn shape the LEV trajectory in Europe, where they were 

already active and where they might leverage their home-market experience with LEV 

technologies. General Motors (Volt), Nissan (Leaf) and Mitsubishi (iMiev) were the only 

incumbents from outside of Europe to sell EVs in the European market, perhaps as 

forerunners of such a trend.  

 The two previous mechanisms explain how markets are linked. However, whether 

internationally operating car manufacturers transfer technologies from home to host countries 

(and vice versa) and whether local/national policies stimulate policymakers abroad depends 

on a third mechanism: the fit between policy requirements and firm capabilities. This 

mechanism acts in a sense as a moderator of the two previous mechanisms on the evolution of 

LEVs. 

Policies often required car manufacturers to develop new technologies. If these 

technologies could be developed with capabilities that car manufacturers already possessed, 

there was a good fit. If policies required car manufacturers to develop technologies for which 

they lacked the capabilities there would be a misfit. Pilkington (1998) addressed this 

mechanism on a national level, stating that the fit between regulatory demands and the 

capabilities of car manufacturers determines the response of car manufacturers. When less 

strict policy demands (e.g. to reduce emissions) were made, car manufacturers could exploit 

existing capabilities—a case of good fit between policy and capability (Pilkington, 1998). 

When policies required radical developments (e.g. zero emissions), car manufacturers needed 

to develop new capabilities first, so (initially) there was a misfit between policies and car 

manufacturers’ capabilities (Pilkington, 1998). A fit between policies and car manufacturers’ 

capabilities was likely to result in positive outcomes, whereas a misfit was likely to impair the 

successful implementation of the policy.  

Building on this concept, Pilkington (1998) analyzed car manufacturer’s responses to 

U.S. emission regulations and confirmed that more radical regulatory demands triggered 

resistance while less strict regulatory demands led to compliance. The results of this chapter 

support these findings. What is more, this chapter suggests that a poor fit between regulation 

and capability would reduce international diffusion. Thus, this mechanism not only shaped the 

national co-evolution between policies and car manufacturers, but also extended to 

international car manufacturers and policymakers.  
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The effect of the relative fit between government policy and firm capability also 

depended on the type of policy. Governments implemented different measures: command-

and-control type regulations, market-based incentives and public-private partnerships (see 

Tables 4.8 and 4.9). Partnerships, mostly in the form of public-private partnerships targeted 

radical technologies in this industry—mainly focusing on FCs. Partnerships were not only 

intended to provide a platform for car manufacturers for testing and learning (Harborne et al., 

2007), but also to mitigate the investment risks involved (Link & Scott, 2001). Car 

manufacturers had to develop new capabilities and some participated in a small series of tests 

using conventional cars modified to implement the expensive but emission-free fuel-cell 

technology. The tests showed that while the technology was efficient, it was not practical in 

terms of costs and infrastructure. Only few car manufacturers participated in these tests. 

Further, they refrained from making the technology available internationally. Nonetheless, 

although the direct effect on the international diffusion of LEVs was marginal, it did stimulate 

research and it provided an important learning platform for the technology (Link & Scott, 

2001).  
 

Table 4.9: Comparison of policy instruments 

Instrument Target 
technology 

Example Required 
capabilities 

Result 

     Partnerships 
 
 

(Largely) radical 
technologies 

California Fuel 
Cell Partnership 

New capabilities 
(e.g. zero-
emission fuel cell 
technology) 
 

Stimulated experimentation;  
LEVs were tested in controlled 
environment; no commercialized 
LEVs; no international diffusion 

Command-and-
control 

(Largely) 
radical 
technologies 
 

ZEV programme 
 

New capabilities  “Carrot and stick” stimulated car 
manufacturers to engage; radical 
requirements were not successful 
in (international) mass diffusion 
of LEVs 
 

 Largely 
incremental 
technologies 
 

Top Runner 
U.S. CAFE 
standards 
 

Combination of 
existing and new 
capabilities  

“Carrot and stick” stimulated car 
manufacturers to engage; based 
on incremental requirements 
LEVs were commercialized and 
internationally transferred 
 

Market-based 
incentives 

Incremental and 
radical 
technologies 

U.S. tax credits, 
Car pool lane 
usage 

Combination of 
existing and new 
capabilities 

Were successful in promoting 
incremental technologies; often 
entirely depleted; manufacturers 
of radical technologies would 
internationalize to countries with 
generous incentives 
 

 

Command-and-control type policy interventions, such as emission regulation, 

appeared to have a more profound effect on the diffusion of LEVs. Yet, the design of the 



MECHANISMS IN THE INTERNATIONAL LEV POLICY CONTEXT 
 

91 

regulation was crucial. Regulation that required radical technologies, such as the ZEV 

programme, affected the industry as a whole and triggered experimentation with various 

technologies, yet it had little direct effect on the international diffusion of ZEVs. In contrast, 

less strict fuel-efficiency regulation, such as tightened CAFE standards, mandatory fuel 

economy standards in Japan and Europe, and the modified Californian emission regulations, 

allowed car manufacturers to react with technologies that were both cost-effective and 

suitable for the mass-market: hybrids. Firms could build on existing capabilities (e.g. ICE 

engine technology) and incrementally integrate new capabilities (e.g. adding an electric 

support engine), which they could commercially exploit and transfer to other markets. 

Therefore, while less strict fuel-efficiency regulation stimulated less radical technologies, it 

compelled many car manufacturers to engage, stimulated the international diffusion of hybrid 

technology and resulted in a larger number of LEVs sold.  

 Finally, market-based policy interventions, such as tax credits and carpool-lane usage 

licenses, were provided for LEV technologies in many countries, and were often regarded as 

the most effective in stimulating sustainable technologies (Ambec & Lanoie, 2008). 

Generally, the more radical the technology was, the more generous the incentives were. 

Nevertheless, the majority of the incentives were used for less radical technologies, i.e. 

hybrids. In the U.S., tax credits of up to USD 8,000 were available for FCs, but the 

overwhelming majority of the credits were used for HVs. Some car manufacturers, such as 

Toyota, used all their allotted hybrid incentives (60,000). In California, all licenses for 

carpool-lane usage were given out, and used by HVs with a license later traded at a USD 

4,000 premium. In Japan, incentives for LEVs stimulated the sales of 70,000 cars within three 

years. 

Hence, market-based instruments were successful in diffusing LEVs, but only for the 

less radical HV technology. Although incentives for EVs and FCs were more generous, car 

manufacturers would generally not commercialize more technologically radical cars, and 

consumers would not purchase the available EVs or FCs. As with the less strict command-

and-control regulation, car manufacturers could build on existing capabilities and 

incrementally add new capabilities that were both applicable to a wider market and  

commercially viable. Yet, it should be noted that the few car manufacturers that mass-

produced more radical technologies (mainly EVs) would sell EVs internationally provided 

there were generous incentives. Car manufacturers such as Nissan and Mitsubishi began 

commercializing their EVs internationally to countries that offered generous incentives soon 

after their products launched.  



CHAPTER 4:  THE EVOLUTION OF LOW-EMISSION VEHICLES 
 

92 

In summary, strict regulation and public-private partnerships that targeted radical 

technologies (e.g. the ZEV programme or CaFCP) required firms to develop new capabilities. 

These policies were less successful in internationally commercializing LEVs (see Table 4.9). 

In contrast, less strict regulation that stimulated incremental technologies (e.g. fuel efficiency 

standards) allowed firms to build on existing capabilities and more freely develop new 

capabilities. These stimulated international commercialization. Market incentives stimulated 

the development and commercialization of incremental technologies.  

The three mechanisms—policy diffusion and international policies, international 

operations of firms, and fit between policy requirements and firm capabilities—have been 

important in the LEV trajectory. Figure 4.2 presents the evolution in the three phases, 

including key events embodied in the mechanisms. The first ‘Exploring batteries’ phase of 

LEVs was triggered largely by the ZEV programme, which was subsequently emulated in 

other car markets through policy diffusion. As these policies required new capabilities, there 

was a misfit with car manufacturers’ capabilities in all markets and few cars were launched. 

The ‘Exploring batteries’ phase was therefore short-lived. Concomitantly, the Kyoto protocol 

affected fuel-efficiency regulation and tax incentives in many countries. In Japan, it 

stimulated the Top Runner programme. The requirements could be met with existing 

capabilities and stimulated the diffusion of hybrids. Subsequently, car firms from Japan 

diffused the hybrid technology to the U.S. due to their international operations and because 

the U.S. implemented incentives for HVs. 

In the ‘Rise of hydrogen’ phase, these HVs competed against FCs. FCs were 

stimulated by the CaFCP and the idea of a hydrogen economy. Yet, car manufacturers lacked 

the necessary capabilities and FC technology was too nascent for commercial viability. HV 

technology, on the other hand, was picked up, and the LEV trajectory witnessed an increase in 

HV activities. This was also driven by market incentives and contingent events, such as the 

Iraq war and hurricane Katrina, which led to raising fuel prices. After the diffusion of hybrids, 

battery technology improved and paved the way for a renewed interest in EVs, which led to 

the ‘Revival of electric’ phase. The global financial crisis in 2008 triggered governments to 

support advanced green technologies, largely EVs. Table 4.3 shows that only in the ‘Revival 

of electric’ phase European car manufacturers also increased their engagement in LEVs due to 

the newly implemented mandatory CO2 emission regulation and the incentives emerging in 

the wake of the global financial crisis.  
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Figure 4.2: Timeline of selected events in the LEV trajectory 
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4.7 Discussion and conclusion 

The basic argument emerging from this longitudinal case study is that the LEV trajectory—

besides technological developments—was shaped by the international co-evolution between 

policies in different geographical areas at different policy levels and car manufacturers’ 

innovation strategies. This provides a new perspective on the LEV development since thus far 

scholars have largely focused on technological aspects (Bakker et al., 2012; Bento, 2010; 

Magnusson & Berggren, 2011; Wesseling et al., 2013). While some studies pointed to the 

relevance of government policies and firm innovation, they focused either on single countries 

or one specific technology only (Dyerson & Pilkington, 2005; Van Bree et al., 2010; Zapata 

& Nieuwenhuis, 2010). Moreover, this chapter has attempted to identify the mechanisms that 

underlie the international co-evolution between government policies and car manufacturers to 

shed light on the emergence of the international LEV trajectory, thereby responding to calls 

for more attention to such a spatial dimension (Coenen et al., 2012). 

Accordingly, this chapter makes two contributions. First, it provides a more 

comprehensive perspective on the LEV trajectory. While drawing on the three phases 

identified by Bakker et al. (2012) based on a Dutch weekly car magazine, this chapter 

enhances their findings by building on an expansive database compiled from four 

international sources. Moreover, rather than relying on article counts for specific 

technologies, this study is based on actual LEV launches. It extends Bakker et al.’s (2012) 

findings in that it considers all three LEV technologies rather than combining EVs and HVs 

into battery electric vehicles, thus presenting a more nuanced understanding of the three 

phases.  

The chapter also pays attention to the policy-firm interplay in different geographical 

areas and at different policy levels which illustrates the international interactions of car 

manufacturers and policymakers. In addition, it illustrates the competition between the 

different LEV technologies for substituting the ICE as a dominant design. The results show 

that none of the LEV technologies have significantly challenged the dominant ICE design due 

to unresolved high costs and low functionality, confirming earlier studies (Oltra & Saint Jean, 

2009a; Struben & Sterman, 2008). However, LEVs have carved out a significant niche in the 

market and gradually found ways to escape the lock-in of the ICE, particularly through 

hybrids or plug-in EVs, facilitated by favourable regulation, development of niches and 

changes in consumer preferences (Cowan & Hulten, 1996; Zapata & Nieuwenhuis, 2010). 

Concurrently, this chapter shows that the focus of car manufacturers on HVs and EVs locked 
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out FCs as an alternative LEV technology, confirming earlier concerns of a pre-mature lock-

in of a suboptimal technology (Hekkert & Van den Hoed, 2004). 

The second contribution of this chapter is that it heeds the call for a spatial 

conceptualization in the socio-technical systems literature (Carlsson, 2006; Coenen et al., 

2012). So far, scholars have paid limited attention to the geography of technological 

trajectories and tended to treat different geographical areas in which trajectories occur as one 

space (Coenen et al., 2012). Trajectories have been conceptualized as emerging in local 

niches that evolve into a global level (Geels & Raven, 2006); however, this conceptualisation 

does not necessarily refer to geographical areas but rather to the wider community of actors 

that are either directly (locally) or indirectly (globally) related to projects (Coenen et al., 

2012). In short, the literature so far has insufficiently shown where technological trajectories 

are shaped and which mechanisms influence the trajectory across geographical areas. This 

chapter proposes three mechanisms—policy diffusion and international policies, international 

operations of firms, and fit between policy requirements and firm capabilities—that 

conceptualize how several local technological trajectories may shape an international 

trajectory.  

These mechanisms may enable a better understanding of the international co-evolution 

of technological trajectories and enrich the socio-technical systems literature by explaining 

co-evolution internationally between policies and firms. In doing so, the mechanisms fill the 

gap of insufficient spatial conceptualization in the socio-technical systems literature (Coenen 

et al., 2012). The mechanisms increase the understanding of the role of different geographical 

areas, account for the diversity of transitions, and link the transition literature to existing 

research that investigates different spatial dimensions (Coenen et al., 2012). The mechanisms 

also answer a call of Whitmarsh (2012) to enhance the explanatory power of socio-technical 

systems frameworks in international contexts. Whitmarsh criticizes the socio-technical 

systems perspective for being less conceptualized at the macro level, such as the integration of 

climate change policies and points to the necessity to investigate mechanisms that link 

international with local developments, since “the two are inextricably linked and causality is 

bi-directional” (Whitmarsh, 2012: 485). In summary, the international perspective of the 

mechanisms applied in this study adds to our understanding of the interplay of various 

international policies and firms in shaping transitions of sustainable technologies. 

 This chapter also raises a number of interesting paths for future research. First, this 

chapter revealed that governments as well as firms protected LEV technologies from market 

selection mechanisms through tax incentives and through selling cars at a loss. Yet, what 
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influence did this protection have on the LEV trajectory? Further, which types of protection 

are more effective? Second, it became evident that LEVs and, in particular, EVs have 

fundamentally different characteristics than cars with an ICE. They need a new recharging 

infrastructure, they have different driving experience and the equipment is more expensive. 

This raises the question how incumbents have altered their business models for LEVs—

bearing in mind that government incentives influence their managerial discretion and that 

their choices are path dependent. Last, it remains a puzzle why some car manufacturers 

engaged heavily in the development and commercialization of LEVs (e.g. GM, Toyota, 

Nissan)—despite LEVs being loss-making—while others remained hesitant and refrained 

from engaging in LEVs (e.g. VW). These questions present fruitful areas for further research 

that serves as input for subsequent chapters. 

Obviously, the study reported in this chapter also has limitations. The analysis has 

focused mainly on the policy-firm interplay, thereby underexposing other factors such as 

demand conditions. Also, inferring car manufacturers’ reactions from policy measures and 

vice versa requires caution. Reactions of actors often bear a time lag and are also influenced 

by a multitude of other internal and external factors. A further limitation is the reliance on 

secondary sources. Yet, ,“given the often highly secretive nature of new product development 

activities in the car industry and the highly emotive political atmosphere of these initiatives”, 

as Pilkington and Dyerson (2006: 79) put it, this approach seemed the best available. 
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