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A B S T R A C T   

With the rise of alternative sustainable powertrain technologies, the mobility paradigm has undergone funda-
mental changes in recent years. In the wake of the ongoing transition of the road-vehicle sector, fuel-cell vehicles 
(FCVs) have received increased political attention. However, they constitute only a tiny fraction of total road 
vehicles nowadays and still face competition from other powertrain technologies. Therefore, this study specif-
ically focuses on how the focal technological innovation system of FCVs is influenced by the emerging electric 
vehicles (EVs) and established internal combustion engine vehicles (ICEVs) as its context structures. To this end, 
our time-series vector error correction models analyze the short- and long-run causalities between our focal TIS 
and its context structures. Using publications, patents, and standards as quantitative TIS indicators, we analyze 
the modes of technology interaction between FCVs and EVs and FCVs and ICEVs to determine the life-cycle phase 
of our focal FCV-TIS in more depth. Our results demonstrate that the FCV-TIS is in its formative phase based on 
the dominance of the EV and ICEV context structures. As policy implications, we derive application-sensitive 
technology policies that combine the benefits of each mobility technology toward the sustainable transition of 
the mobility sector.   

1. Introduction 

Hydrogen technologies offer the potential to tackle global challenges 
related to the clean energy transition1 and energy security. Various 
governments worldwide have acknowledged this potential and codified 
it in the form of national hydrogen strategies (Albrecht et al., 2020; IEA, 
2021). Among these hydrogen strategies, several countries have 
formulated the transition of mobility as one of the target sectors (IEA, 
2021). Accordingly, hydrogen technologies, including hydrogen fuel- 
cell vehicles (FCVs), have received increased R&D funding ever since 
(Behling, 2013; Li et al., 2020). FCVs present a promising option for 
decarbonizing road transport characterized by short refilling times and 
the ability to operate over longer distances (Aminudin et al., 2023; Xu 
et al., 2022). However, they face competition from other mobility 
technologies. Electric vehicles (EVs), as an emerging technology, and 
established internal combustion engine vehicles (ICEVs), along with 
hybrid vehicles, are currently the dominant technology designs in road 

transport (Pohl & Yarime, 2012; Sinigaglia et al., 2022a; Weiss & 
Scherer, 2021, 2023). Due to the lack of infrastructure, issues with the 
sustainability of hydrogen production, safety concerns, and their 
currently high price (Hardman et al., 2017; Keles et al., 2008; Morrison 
et al., 2018), FCVs make up only a tiny share of vehicle sales worldwide 
(IEA, 2022; Manoharan et al., 2019). Nevertheless, FCVs are expected to 
gain a greater role in the global vehicle market, especially because 
hydrogen combustion produces zero emissions (Acar et al., 2022). 

Previous research has addressed the relationship between FCVs and 
EVs in terms of their chemical and physical features, vehicle mileage, 
fueling or charging times, vehicle costs, energy use, greenhouse gas 
emissions, and patenting activities (Morrison et al., 2018; Sinigaglia 
et al., 2022b; Thomas, 2009; Wong et al., 2021; Yang et al., 2020). For 
the FCV-ICEV relationship, previous research compares both powertrain 
technologies in terms of their technology life cycle, energy use, green-
house gas emissions, vehicle range, and R&D funding (Liu et al., 2020; 
Pohl & Yarime, 2012; Yang et al., 2020). Despite these theoretical and 
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empirical attempts, little is known about the causal relationship between 
research and innovation in FCVs compared to EVs and ICEVs. Therefore, 
this study aims to comparatively analyze research and innovation in 
FCVs, EVs, and ICEVs as mobility technologies with different degrees of 
maturity. 

To this end, we apply the technological innovation system (TIS) 
approach (Bergek et al., 2015; Markard, 2020; Wieczorek & Hekkert, 
2012) and the modes of technology interaction (Sandén & Hillman, 
2011) using scientific publications, patents, and standards (PPS) as in-
dicators. These indicators are closely linked to the R&D profiles of firms 
and institutions and disseminate their R&D output (Asna Ashari et al., 
2023; Asna Ashari & Blind, 2024; OECD & Eurostat, 2018; Watts & 
Porter, 1997). 

We focus on how our focal TIS of interest in mobility, FCVs, interacts 
with EVs and ICEVs as context structures to derive implications for the 
life-cycle phase of the FCV-TIS (Markard, 2020). In doing so, we delve 
into the recent trend of quantitative research exploring various di-
mensions of TIS-TIS interactions, including knowledge exchange, ex-
pectations, and firm cooperation (e.g., Noailly & Shestalova, 2017; 
Mirzadeh Phirouzabadi et al., 2020a, 2020b, 2020c, 2020d). Specif-
ically, we build on the latest research by Mirzadeh Phirouzabadi et al. 
(2022), exploring various dimensions of TIS-TIS interactions through 
multiple indicators. We extend their previous insights into powertrain 
technologies with a focused analysis of FCVs. Moreover, we complement 
their system dynamics approach to functional TIS-TIS interactions with 
our TIS life-cycle perspective, offering a dedicated structural under-
standing of the nature of technology interactions. Following this work 
by Mirzadeh Phirouzabadi et al., as well as Weiss and Scherer (2021, 
2023), and Weiss and Nemeczek (2022), we delineate our TIS with a 
focus on road vehicle applications.2 The above-described research gap 
guides us in addressing the following research questions: 

RQ1: How can the modes of technology interaction be integrated empir-
ically into the TIS life-cycle analysis? 

RQ2: Do changes in the research and innovation progress of EV and ICEV 
technological context structures influence the focal FCV-TIS in the short and 
long run? 

RQ3: How does the FCV-TIS life-cycle phase compare to EVs and ICEVs in 
terms of research and innovation progress and impact? 

We answer these research questions based on a combination of both 
descriptive and time-series analyses investigating the causal relation-
ships between these mobility technologies and their impact on the focal 
FCV-TIS. For publications and patents, we cover the period 1980–2019, 
while the period 2000–2019 is relevant for the analysis of standards 
across the three technologies. With this study, we contribute to previous 
research at multiple levels: At a theoretical level, we contribute to pre-
vious TIS research by considering competing TISs in the mobility sector 
as context structures, using PPS as indicators. Furthermore, we empiri-
cally relate the TIS approach to the modes of technology interaction 
introduced by Sandén and Hillman (2011). We thus better grasp TIS- 
context relations and transition pathways in mobility. At a methodo-
logical level, we conduct, to the best of our knowledge, the first time- 
series analysis to explore the causal relationships between a focal TIS 
and its context structures. As policy implications, we formulate the need 
for application-sensitive technology policies that better exploit the 
benefits of each mobility technology based on their past interactions. 

The remainder of this research paper is structured as follows: Section 
2 presents the conceptual framework. Section 3 introduces the 
descriptive analysis. Section 4 is the joint methods and results section of 
our time-series analysis. In Section 5, we discuss the results with respect 
to the conceptual background. The final Section contains concluding 
remarks, policy implications, limitations of our study, and pathways for 

future research. 

2. Conceptual background 

2.1. Life cycle of technological innovation systems 

We apply the life cycle of technological innovation systems (TIS) as a 
framework for analysis. A TIS is defined as “a set of elements, including 
technologies, actors, networks and institutions, which actively 
contribute to the development of a particular technology field” (Bergek 
et al., 2015). Following this definition, previous TIS literature distin-
guishes functional TIS analyses, focusing on the seven system functions 
(e.g., Bergek et al., 2008; De Oliveira & Negro, 2019; Hekkert et al., 
2007), including in the context of transportation (Bach et al., 2020), and 
structural TIS analyses (e.g., Markard, 2020; Markard et al., 2020; 
Wieczorek & Hekkert, 2012), focusing on the analysis of the above- 
mentioned TIS elements. Recently, Markard (2020) introduced the TIS 
life-cycle framework, which offers an adequate framework for analyzing 
the emergence of new technologies, the decline of incumbent technol-
ogies, and the interaction between them. This study explores the inter-
action of the FCV-TIS with the emerging EV-TIS and the declining ICEV- 
TIS. To this end, we analyze the life-cycle phase and development of our 
focal FCV-TIS along the four dimensions of the TIS framework: size and 
actor base, e.g., related manufacturers, suppliers, or research institutes; 
institutional structure and networks, such as regulations, standards, or 
informal ones such as social norms; technology performance and vari-
ation, i.e., rising or declining technology development; and the context 
and TIS-context relations (Markard, 2020; Markard et al., 2020). To 
assess the life cycle of the focal FCV-TIS, we explain the characteristics of 
the four life-cycle phases along the TIS dimensions proposed by Markard 
(2020): the formative, growth, maturity, and decline phases. The four 
phases differ in terms of TIS size and actor base, i.e., market size, the 
number of actors’ entries and exits from the TIS; the degree of institu-
tional structuration and network development; technology performance 
and variation; and the degree of interaction between the focal TIS and its 
context structures. 

In the formative phase, TIS-context relations are characterized by the 
context structures shaping the focal TIS, and not vice versa. In the 
growth phase, TIS-context relations develop toward an increasingly 
dominant impact of the focal TIS on the context, causing conflicts or co- 
dependence with its context structures. In the maturity phase, TIS- 
context relations are characterized by more established interactions, 
resulting in the co-dependence of competing technologies. In the decline 
phase, the focal TIS is increasingly challenged by other emerging tech-
nologies, thereby losing influence. Despite the importance of the context 
structures in shaping the focal TIS, only Markard et al. (2020) have 
analyzed the TIS-context relations to determine the life-cycle phase of 
the focal TIS. Especially, the impact of competing TISs on the focal TIS 
from this life cycle perspective is barely explored. Therefore, our 
approach offers a complementary structural perspective to existing 
research on TIS-TIS interactions from a functional standpoint, as 
explored in extensive studies by Mirzadeh Phirouzabadi et al., 
(2020a,2020b,2020c, 2020d, 2022). Notably, we will revisit the 
complementarity of these perspectives in the discussion section. 

2.2. Publications, patents, and standards as empirical TIS indicators 

To operationalize the relationship between the focal FCV-TIS and its 
context structures, we use publications, patents, and standards (PPS) as 
empirical TIS indicators following Asna Ashari et al. (2023). PPS are 
knowledge and technology transfer channels and indicators that 
disseminate research and innovation progress (Blind & Fenton, 2022; 
Blind et al., 2018; Dziallas & Blind, 2019), including standards accom-
panying and supporting innovation (Blind & Gauch, 2009; Featherston 
et al., 2016). PPS codify knowledge and technology flows (OECD & 
Eurostat, 2018) and constitute sources and objectives of research and 

2 We do not consider hybrid vehicles as a separate TIS because they are 
dominated by the prevailing ICE technology design (Suarez et al., 2018; Weiss 
& Scherer, 2021, 2023). 
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innovation. As postulated, e.g., by Markard (2020) and Asna Ashari et al. 
(2023), publications and patents can serve as indicators of the size and 
actor base. They represent the evolution of TIS actors based on the 
participation of research and industrial actors and point out the TIS size 
based on patents as an indicator of innovation linked to market forma-
tion. Within the institutional structure of a TIS, innovation-specific in-
stitutions, including standards, laws, and regulations, are important 
elements that provide guidance for stakeholders toward the develop-
ment and diffusion of innovations (Ghazinoory et al., 2020; Ortt & 
Kamp, 2022). Therefore, we refer to standards as representing the TIS’s 
institutional structure. More specifically, standards represent the self- 
regulatory part of the institutional structure of a TIS but might explic-
itly complement the regulatory framework, such as in the EU (Blind 
et al., 2017). 

In addition to quantitatively operationalizing the size and actor base 
and institutional structure, PPS can also proxy technology variation and 
performance by capturing research and technological trends, including 
the performance and variation in technological designs (Asna Ashari 
et al., 2023). However, we are aware that PPS do not capture the TIS 
dynamics and developments in their entirety. Instead, PPS provide an 

R&D-based perspective on the TIS. Since our objective is to determine 
the life cycle of the focal FCV-TIS in relation to the EV-TIS and ICEV-TIS, 
our quantitative analysis creates better comparability of technology 
interactions, bearing in mind the complexity of the TIS. Herewith, our 
analysis adds to previous TIS research that is primarily based on quali-
tative designs (Ko et al., 2021; Konrad et al., 2012), literature reviews 
(Bauer et al., 2017; Markard et al., 2020; Nevzorova & Karakaya, 2020), 
or quantitative analyses with limited representativeness of knowledge 
and technology indicators, e.g., when only publication or patent data are 
used as TIS indicators (Kushnir et al., 2020; Li et al., 2022; Mirzadeh 
Phirouzabadi et al., 2020a; Weiss & Scherer, 2021, 2023). 

2.3. Modes of TIS-TIS interaction 

In this study, we extend the use of PPS to the context and TIS-context 
relations. Context structures refer to the elements outside a focal TIS that 
influence the latter and vice versa (Bergek et al., 2015; Markard, 2020). 
Bergek et al. (2015) distinguish four types of context structures: 1.) In-
teractions between a focal TIS and other TISs; 2.) interactions between a 
focal TIS and sectors in which the TIS is embedded; 3.) interactions 

Fig. 1. Publications per year compared by technology.  

Fig. 2. Patent applications (earliest priority date) compared by technology (1980–2019).  
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between a focal TIS and geographic context structures; and 4.) in-
teractions between a focal TIS and its political context. Empirical TIS 
research focuses on analyses of sectoral (e.g., De Oliveira & Negro, 2019; 
Stephan et al., 2017) and spatial (e.g., Binz et al., 2014; Murphy, 2015; 
Weiss & Scherer, 2021, 2023) TIS-context relations, while largely 
neglecting political (Markard et al., 2015; Reichardt et al., 2017) and 
TIS-TIS ones (Mirzadeh Phirouzabadi et al., 2020a). 

However, the TIS framework does not fully conceptualize and 
operationalize the TIS-context relations for quantitative research. Pre-
vious TIS studies (e.g., Markard, 2020; Markard et al., 2020) have 
focused on complementarity or competing technology interactions 
(Bergek et al., 2015) using qualitative approaches and associated in-
dicators. In contrast, we deploy the framework by Sandén and Hillman 
(2011), which can be operationalized quantitatively (see Mirzadeh 
Phirouzabadi et al., 2020a). Herewith, we contribute to the limited but 
growing number of quantitative analyses of TIS-context relations (e.g., 
Binz et al., 2014; Li et al., 2022; Mirzadeh Phirouzabadi et al., 2020a). In 
doing so, we focus specifically on TIS-TIS interactions (Kieft et al., 2021; 
Sandén & Hillman, 2011) and determine the FCV-TIS life-cycle phase 
more comprehensively than previous studies (Markard, 2020; Markard 
et al., 2020) based on PPS as TIS indicators (Asna Ashari et al., 2023; 
Mirzadeh Phirouzabadi et al., 2020a; Noailly & Shestalova, 2017; 
Sandén & Hillman, 2011). 

The model of technology interaction proposed by Sandén and Hill-
man (2011) revolves around three dimensions, describing how different 
TISs overlap with each other: 1.) The material dimension captures 
physical artifacts like production lines, infrastructure, or resources; 2.) 
The organizational dimension considers actors such as individuals, 
companies, research institutes, and governmental bodies as well as 
associated networks; 3.) The conceptional dimension involves ’sche-
mata’ that include (technological) knowledge, expectations, and 
normative and regulative rules, i.e., laws, norms, and conventions. 
Considering these dimensions, two TISs can influence each other 
through knowledge spillovers created by patents or publications, ex-
pectations toward a common goal, e.g., sustainable mobility, or regu-
lations and standards pertaining to multiple technologies, and through 
shared value chains and associated manufacturers or suppliers. There-
upon, Sandén and Hillman (2011) define the six modes of technology 
interaction: competition for markets and resources; symbiosis, i.e., 
technologies along the same value chain or complementarity; 
neutralism, i.e., no technological or geographic overlap; parasitism, e.g., 
a new or emerging technology benefiting from a more established 

technology while simultaneously displacing it; commensalism, i.e., “the 
resource that is developed by one technology and made available for a 
second technology” (Sandén & Hillman, 2011); amensalism, where the 
new technology is typically blocked from entering the established 
innovation system of the old technology (Table 1). 

3. Descriptive data analysis 

This section presents the descriptive results of the analysis of FCVs, 
EVs, and ICEVs compared by scientific publications, patent applications, 
and international standards. A detailed overview of the data collection 
approach is given in Appendix A. 

Scientific publications 
Fig. 1 compares the development of the annual number of published 

research articles and proceeding papers related to FCVs, EVs, and ICEVs 
between 1980 and 2019. Across all technologies, we observe a general 
rise in the research amount. However, the total amount of research per 
technology varies widely. FCV-related publications amount to 44,669, 
while those related to EVs and ICEVs amount to 91,041 and 30,467, 
respectively (Table A.1). Thus, there appears to be more research-based 
knowledge on EVs than on FCVs and ICEVs. While the growth in new 
FCV publications has stagnated since 2018, EV publications, in partic-
ular, have increased exponentially since 1991. Relating this finding to 
Markard’s (2020) TIS life cycle, the FCV-TIS has received less attention 
in academia than the EV one but more than the incumbent ICEV-TIS. 
Therefore, from the perspective of publications, the FCV-TIS has expe-
rienced growth beyond the formative phase. 

Patents 
In contrast to scientific publications, the pattern in patenting shows 

that most patent applications are linked to ICEVs (27,615), followed by 
EVs (14,694) and FCVs (2,366) (Table A.2). This pattern points to a 
greater market relevance of ICEVs and EVs compared with FCVs. 
However, the trend in patenting reveals that ICEV patenting growth has 
stagnated and declined since 2000, while EV patenting has increased 
steadily since 2008, except for the 2011–2014 period, and even sur-
passed ICEV patenting in 2018 and 2019 (Fig. 2). FCV patenting 
remained at the lowest level overall, with a peak in 2005. Apart from the 
increase in the early 2000 s, which corresponds to the hype cycle of 
hydrogen technologies (Bakker, 2010), FCV patenting has remained at a 
consistently low and stagnant level. Thus, FCV patenting appears to be 
in its formative TIS life-cycle phase (Asna Ashari et al., 2023; Markard, 
2020), as the overall number of filed patents is lower compared with EVs 

Fig. 3. Published standards compared by technology (2000–2019).  
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and ICEVs. 
Standards 
Standardization in the international standards bodies ISO (Interna-

tional Organization for Standardization) and IEC (International Electro-
chemical Commission) has been dominated by the development of ICEV- 
related standards. Between 2000 and 2019, 110 ICEV-related standards 
were published, compared with 69 EV-related and 33 FCV-related 
standards (Table A.3). Furthermore, 92 ICEV standards were pub-
lished between 1980 and 1999, compared with zero standards for FCVs 
and EVs in the same period. Therefore, we truncated the period for the 
standards to 2000–2019 because we cannot assume any meaningful 
interplay between the three technologies before 2000. In 2009, 2014, 
2018, and 2019, the number of EV standards equaled or exceeded ICEV 
standards, thus pointing to increased standardization in EVs compared 
with the mature ICEV, which has been going through standardization for 
many decades. The revision of old standard documents and the emer-
gence of more hybrid-vehicle standards applicable to both ICEVs and 
EVs explain the increasing number of published ICEV standards in recent 
years. In contrast to EVs and ICEVs, FCV standards have been published 
since 2006 and have remained at a comparatively low level despite 
exceeding EV and ICEV standardization in the early 2010 s. Overall, EVs 
and ICEVs seem to compete and influence each other in international 
standardization, while FCVs have not yet played a substantial role. 
Despite individual growth phases compared with EVs and ICEVs, the 
standard-based FCV-TIS is still in its formative phase (Asna Ashari et al., 
2023; Markard, 2020) due to the overall low number of published FCV 
standards. 

4. Methods and results 

Previous quantitative approaches capturing the TIS-TIS relations are 
based on regression analyses of patent citation data for knowledge 
spillovers and geographic distance (Li et al., 2022; Mirzadeh Phir-
ouzabadi et al., 2020a). Besides the well-known drawbacks of using 
citation data (Jaffe et al., 2019), these previous approaches required an 
ex-ante structural specification of the regression model, potentially 
predetermining the direction of influence (Streb et al., 2007). Moreover, 
they lack the differentiation between short- and long-run relations, as 
described by Sandén and Hillman (2011). 

Therefore, we use a vector error correction model (VECM) as a method 
applied in previous publication and patent analyses (Streb et al., 2007; 
Wang et al., 2012). A VECM is particularly suitable for identifying short- 
and long-run interactions between endogenous variables without any 
apriori assumptions about the direction of causality (Streb et al., 2007; 
Wang et al., 2012). A VECM is a special case of a vector autoregression 
(VAR) model in which non-stationary variables are combined to obtain a 
long-run stationary linear cointegration relation. Herewith, the model 
derives both short- and long-term coefficients. The former refers to the 
contemporaneous relationship between the included variables. The 
latter, long-term coefficients, or error correction terms (ECT), measure 
the speed of adjustment of the variables towards their long-run 

development path given by their cointegration relation. To estimate the 
VECM for each of the variables, publications, patents, and standards 
(PPS) per technology, we first conducted unit root tests to verify if all 
variables are stationary in the first difference, I(1). 

Second, we tested for the presence of a cointegration relationship. 
Finally, we estimated the three respective VECMs using the Johansen 
normalization restriction (Johansen, 1995; Lütkepohl, 2005). These two 
conditions must be met for a VECM to be an applicable estimation model 
for the underlying data. For the model selection and validation, we 
apply a combination of ex-ante lag order selection criteria, i.e., Akaike’s 
information criterion (AIC), Schwarz’s Bayesian information criterion 
(SBIC), the Hannan and Quinn information criterion (HQIC), and post- 
estimation diagnostics, including testing for autocorrelation in the re-
siduals and checking the stationarity of the cointegration equations. In 
doing so, we aim for a parsimonious model with the smallest optimal/ 
valid lag order and add additional lags if the autocorrelation or stability 
conditions of the VECM are not met (Lütkepohl, 2005). 

Similar to Li et al. (2022) and Mirzadeh Phirouzabadi et al., (2020a), 
we operationalize our analysis of technology relations based on the 
significance levels and signs of the estimated regression coefficients. In 
particular, the VECM coefficients capture how a positive change in one 
variable affects another variable in the short and long run, considering 
both the direction and magnitude of the effects (Wang et al., 2012). 
Following Sandén and Hillman (2011), this allows us to capture the six 
modes of technology interaction between the focal FCV-TIS and the EV- 
TIS and the ICEV-TIS as technological context structures. Table 1 illus-
trates the empirical operationalization of the modes of technology 
interaction following Sandén and Hillman (2011). To fully capture these 
technology relations in the long run, we follow Gupta and Jain (2020) 
and estimate the VECMs not only with FCV but also with EV and ICEV as 
dependent variables to estimate the coefficients from both sides (see 
Table B.1, Appendix B). 

For comparability with related TIS studies on technology relations, 
we methodologically restrict our analysis to technology relations within 
a particular knowledge and technology transfer channel. Hereby, we 
exclude potential spillover effects between different channels, such as 
from EV publications to EV or FCV patents. While we acknowledge the 
limitations this methodological choice imposes on the coverage of po-
tential technology relations between the TISs, we emphasize several 
potential issues: First, we face issues with reliable citation data between 
the channels, especially patent citations, which are often distorted by 
differences in national patent laws and citations added by patents 
(Grupp, 1997; Noailly & Shestalova, 2017; Oltra & Saint Jean, 2009). 
Second, there are potential differences in the industry clockspeed that 
could bias the empirical results in favor of a particular TIS, e.g., the pace 
by which scientific knowledge is transposed into patent documents is 
relatively slow in the hydrogen industry (Asna Ashari et al., 2023; 
Dedehayir & Mäkinen, 2011; Sick et al., 2018). Therefore, we do not 
consider such analysis within the scope of our present study and refer to 
it as a pathway for future research. 

Table 1 
Empirical operationalization of technology relations based on Sandén and Hillman (2011).  

Technology 
relation 

Effect on focal TIS 
(FCV) 

Effect on context (EV, 
ICEV) 

Interpretation 

Competition − − TIS inhibited if context exhibits positive development and vice versa 
Symbiosis + + TIS benefitted if context exhibits positive development and vice versa 
Neutralism 0 0 No statistically significant interaction between TIS and context 
Parasitism + − TIS benefitted if context exhibits positive development; context inhibited if TIS exhibits positive 

development 
Commensalism + 0 TIS benefitted if context exhibits positive development; context not affected if TIS exhibits positive 

development 
Amensalism − 0 TIS inhibited if context exhibits positive development; context not affected if TIS exhibits positive 

development 

+/-: significantly positive/negative coefficient (at least 10% significance level). 
0: coefficient not significant (at least 10% significance level). 
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4.1. Tests for unit root 

Applying the Augmented Dickey-Fuller (ADF) test (Dickey & Fuller, 
1979, 1981), the Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test 
(Kwiatkowski et al., 1992), and the Phillips-Perron (P-P) test for unit 
root (Phillips & Perron, 1988), we determined each variable’s order of 
integration. The latter represents the number of integrations of a time 
series necessary to turn a non-stationary time series at levels stationary 
at n differences. Without the same order of integration, our variables 
cannot be cointegrated, and thus our VECM cannot be estimated (Giles 
et al., 2002; Lütkepohl, 2005). 

Table 2 gives an overview of the unit root tests. Except for FCV 
standards in the KPSS test and the ICEV standards in the P-P test, all tests 
for unit root confirm the presence of a unit root or non-stationarity in 
each time series at levels. Due to the non-stationarity at levels, we 
generated the first difference for each variable. Although the ADF test 
does not confirm the stationarity of the first differences for FCV publi-
cations and EV standards, the KPSS and P-P tests confirm the stationarity 
of all variables in the first differences. Therefore, all variables are inte-
grated in the same order, I(1). Notably, we double-checked for statio-
narity by testing the stability of the estimated VECMs (Lütkepohl, 
2005).3 

For the ADF and KPSS tests, the optimal lag lengths were determined 
using Akaike’s information criterion (AIC), Schwarz’s Bayesian infor-
mation criterion (SBIC), the Hannan and Quinn information criterion 
(HQIC), and the final prediction error (FPE) (Lütkepohl, 2005). How-
ever, while testing for unit roots, we added at least one or two lags more 
than suggested by the information criteria to avoid a potential loss of 
information caused by a too small lag length. The optimal lag length for 
the P-P test was already given by the Newey-West lags as part of the test 
(StataCorp, 2022). 

4.2. Tests for cointegration 

Given that all our variables are I(1), we continued to test the pres-
ence of a stationary long-run cointegration relation among our variables 
suitable for estimating the VECM (Lütkepohl, 2005). Table 3 provides an 
overview of the results of the trace statistic test following Johansen 
(1995). Since we observe a linear trend when plotting publications and 
standards over time, we test the cointegration relations with an unre-
stricted constant and a restricted trend. When we identified a significant 
rank with the restricted trend option, we proceeded to test the signifi-
cance of the trend component after the VECM estimation or otherwise 
using the unrestricted constant (Johansen, 1988). For patents, we 
additionally deploy the restricted constant since we do not observe a 
common trend of the variables when plotted over time. For consistency, 
we also tested the restricted constant option for publications and stan-
dards. Using a restricted trend and restricted constant, the results sug-
gest a cointegration rank of one for publications. For patents, we observe 
a rank of one using a restricted constant. For standards, we find a rank of 
one using an unrestricted constant. We will use these results in the 
following sections to specify our VECM estimations. Since our analysis of 
technology relations is based mainly on the estimated VECM co-
efficients, we describe the respective cointegration relations in Appen-
dix C for completeness. 

4.3. VECM causality results 

To investigate the short- and long-run causality between the focal 
FCV-TIS and EV and ICEV in scientific publications, we estimate our first 
VECM model with log_FCVpubl as the dependent variable. To determine 
the optimal lag length of our VECM, the AIC recommends four lags, the 

SBIC one lag, and the HQIC two lags. We chose the two-lag model to 
model both the short- and long-run causality among the three TISs. 
Following our diagnostic tests, we added an extra lag to account for the 
remaining autocorrelation in the two-lag model. The results of our tri-
variate publication model with three lags and a restricted trend are 
given in Table 4. 

For the first log_FCVpubl equation, the ECT is insignificant, showing 
no evidence of a long-run adjustment of log_FCVpubl when its growth 
rate is above or below the long-term development path of the cointe-
gration relation. We find evidence of a short-run causality between the 
past and present values of log_FCVpubl, given by the significantly nega-
tive coefficient for the first lag (Δlog_FCVpubl(− 1)). We find even 
stronger evidence of a short-run causality between past log_EVpubl 
growth and present log_FCVpubl growth, with Δlog_EVpubl(− 1) having a 
significant and positive coefficient. In contrast, the coefficient of 
Δlog_ICEVpubl(− 1) is insignificant. In the second log_EVpubl equation, 
we find statistical evidence of a long-run causality as an adjustment of 
log_EVpubl by around 34 % per year when the growth rate of log_FCVpubl 
deviates from its long-run development path. When estimating the same 
model with log_EVpubl as the dependent variable, we find no significant 
ECT for log_FCVpubl (Table B.1).4 For the short run, only Δlog_ICEVpubl 
(− 1) has a statistically significant and positive effect on present 
log_EVpubl growth at the 5 % significance level. 

In the third log_ICEVpubl equation, the significantly positive ECT 
indicates a downward (or upward) adjustment of log_ICEVpubl growth by 
around 21 % per year when log_FCVpubl growth is above (or below) its 
long-run development path. However, we find no similar evidence for 
the ECT when using log_ICEVpubl as the dependent variable (Table B.1). 
The significantly negative coefficient of Δlog_FCVpubl(− 1) indicates a 
short-run effect on present log_ICEVpubl growth, while Δlog_EVpubl(− 1) 
has a significantly positive effect on log_ICEVpubl growth in the short 
run. 

In sum, for FCV-EV, we find a unidirectional positive short-run 
causality of past log_EVpubl on present log_FCVpubl. In the long run, 
our results show a positive unidirectional effect of log_FCVpubl on 
log_EVpubl. For FCV-ICEV, the results show a unidirectional short-run 
causality between log_FCVpubl and log_ICEVpubl, with the past values 
of log_FCVpubl having a significantly negative effect on the present 
values of log_ICEVpubl. In contrast, we find a positive unidirectional 
long-run effect of log_FCVpubl on log_ICEVpubl. 

For our patent VECM, all deployed information criteria point to an 
optimal lag length of one. However, we added an extra lag to deal with 
the remaining autocorrelation in the estimated model. The results of the 
two-lag model with a restricted constant are given in Table 5. 

The first log_FCVpatents equation shows a significant negative ECT 
coefficient, implying a fast downward or upward adjustment of 
log_FCVpatents growth by around 17 % per year when the growth rate is 
above or below the long-run development path. In the short run, our 
results provide statistically significant evidence of negative causality 
between the past and present values of log_FCVpatents. In contrast, the 
coefficients of Δlog_EVpatents(− 1) and Δlog_ICEVpatents(− 1) are signif-
icant and positive, implying a positive short-run impact of these vari-
ables on present log_FCVpatents growth. In the second log_EVpatents 
equation, we find no statistical evidence of a long-run causality as an 
adjustment of log_EVpatents when the growth rate of log_FCVpatents de-
viates from its long-run development path. However, we find a signifi-
cantly positive ECT for log_FCVpatents when estimating the VECM with 
log_EVpatents as the dependent variable (see Table B.1). In the short run, 
the past values of log_FCVpatents (Δlog_FCVpatents(− 1)) have a signifi-
cantly positive effect on present log_EVpatents growth. The third log_I-
CEVpatents equation yields an insignificant ECT. However, the ECT for 
log_FCVpatents is significant and positive when estimating the VECM 

3 The results of the VECM specification tests are available upon reasonable 
request. 

4 The results of the VECM estimations with EV and ICEV as dependent vari-
ables are available upon reasonable request. 
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with log_ICEVpatents as the dependent variable (see Table B.1). In the 
short run, we find no evidence of any causality. 

Overall, our results provide statistically significant evidence of 
bidirectional and positive short-run causality between log_FCVpatents 
and log_EVpatents. In the long-run FCV-EV relation, we find a unidirec-
tional positive effect of log_EVpatents on log_FCVpatents. In addition, our 
results point to a unidirectional positive short-run effect of log_I-
CEVpatents on log_FCVpatents. In the long-run FCV-ICEV relation, we find 
a unidirectional positive effect of log_ICEVpatents on log_FCVpatents. 

Finally, we report the results of our third VECM of standards in 
Table 6. From our information criteria, the SBIQ recommends the 
smallest lag order of one. However, we add an extra lag to capture 
possible short-run causalities between our standard variables. The 
resulting two-lag model shows no significant signs of autocorrelation or 
non-stationarity. 

In the first FCV_standards equation, we observe a significantly 
negative ECT, indicating a relatively fast adjustment of FCV_standards to 
the long-term development path with about 0.4 standards per year when 
FCV_standards are above or below their growth path. In addition, we find 
a weakly significant but positive short-run effect of a past increase in 
ICEV_standards (ΔICEV_standards(− 1)) on the present growth of 
FCV_standards. In the second EV_standards equation, we observe no sig-
nificant ECT, although we find a significant positive ECT for FCV_stan-
dards when using EV_standards as the dependent variable (Table B.1) and 
a significantly positive effect of FCV_standards on EV_standards in the 
short run. In the second equation of Table 6, we observe a weakly sig-
nificant negative short-run effect of a past increase in EV_standards 
(ΔEV_standards(− 1)) on present EV_standards growth. In the third ICE-
V_standards equation, we find a significantly negative ECT, suggesting a 
fast downward adjustment by 0.72 ICEV_standards per year when 
FCV_standards are above (or below) the long-term development path. 
Similarly, we find a significantly negative ECT for FCV_standards when 

Table 2 
Unit root test results.  

Variable ADF stat: H0 = no stationarity KPSS stat: H0 = stationarity P-P stat: H0 = no stationarity  
I(0) Lags I(1) Lags I(0) Lags I(1) Lags I(0) Lags I(1) Lags 

log_FCVpubl  − 2.040 2  − 2.835 1  0.254*** 2  0.101 1  − 0.786 3  − 7.716*** 3 
log_EVpubl  − 1.999 2  − 3.710** 1  0.227*** 2  0.077 1  − 0.969 3  − 3.885*** 3 
log_ICEVpubl  − 2.135 1  − 3.626** 1  0.277*** 1  0.067 1  − 0.814 3  − 5.529*** 3 
log_FCVpatents  − 1.233 2  − 5.350*** 1  0.265*** 2  0.0665 1  − 1.585 3  − 9.973*** 3 
log_EVpatents  − 2.437 1  − 4.164*** 1  0.261*** 1  0.0480 1  − 1.370 3  − 5.236*** 3 
log_ICEVpatents  − 0.705 1  − 4.177*** 1  0.372*** 1  0.0656 1  − 2.375 3  − 5.660*** 3 
FCV_standards  − 2.692 1  − 3.157* 1  0.085 1  0.0603 1  − 1.517 2  − 4.197*** 2 
EV_standards  − 1.474 1  − 2.312 1  0.189** 1  0.056 1  − 1.015 2  − 10.961*** 3 
ICEV_standards  − 1.340 2  − 5.061*** 1  0.158** 2  0.0625 1  − 2.898* 2  − 9.181*** 2 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

Table 3 
Johansen test for cointegration.  

Model Observations Parameters Trend Rank Lag trace statistic 

Log(Publications)  39 3 Unrestricted constant 0 1  28.09** 
39 9 Restricted trend 1 1  12.72**  
39 6 Restricted constant 1 1  14.81** 

Log(Patents)  39 3 Unrestricted constant 0 1  28.94** 
39 3 Restricted trend 0 1  37.68**  
39 6 Restricted constant 1 1  17.61** 

Standards  20 8 Unrestricted constant 1 1  8.24** 
20 9 Restricted trend 0 1  36.42**  
20 0 Restricted constant 0 1  32.78** 

** p < 0.05. 

Table 4 
VECM causality results – publications.  

Sample: 1982–2019 
Log likelihood = 25.451 

Number of obs 38 
AIC − 0.392 
HQIC − 0.116   
SBIC 0.384 

Equation Variable Lags Coef. Std. Err. 

(1) log_FCVpubl ECT   − 0.0607  0.0647  
Δlog_FCVpubl(− 1) LD  − 0.408**  0.165  
Δlog_EVpubl(− 1) LD  0.812***  0.163  
Δlog_ICEVpubl(− 1) LD  − 0.268  0.205  
_cons   0.197***  0.0447 

(2) log_EVpubl ECT   0.338***  0.0960  
Δlog_FCVpubl(− 1) LD  − 0.145  0.245  
Δlog_EVpubl(− 1) LD  − 0.144  0.242  
Δlog_ICEVpubl(− 1) LD  0.609**  0.304  
_cons   − 0.0139  0.0662 

(3) log_ICEVpubl ECT   0.206***  0.0746  
Δlog_FCVpubl(− 1) LD  − 0.560***  0.191  
Δlog_EVpubl(− 1) LD  0.512***  0.188  
Δlog_ICEVpubl(− 1) LD  0.161  0.237  
_cons   0.0810  0.0515 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

Table 5 
VECM causality results – patents.  

Sample: 1982–2019  

Log likelihood = 51.333 

Number of obs 38 
AIC − 1.912 
HQIC − 1.682   
SBIC − 1.266 

Equation Variable Lags Coef. Std. Err. 

(1) log_FCVpatents ECT   − 0.169*  0.0961  
Δlog_FCVpatents(− 1) LD  − 0.462***  0.122  
Δlog_EVpatents(− 1) LD  0.728**  0.302  
Δlog_ICEVpatents(− 1) LD  1.131***  0.306 

(2) log_EVpatents ECT   0.105  0.0523  
Δlog_FCVpatents(− 1) LD  0.0141**  0.0664  
Δlog_EVpatents(− 1) LD  0.222  0.164  
Δlog_ICEVpatents(− 1) LD  0.107  0.166 

(3) log_ICEVpatents ECT   0.0553  0.0559  
Δlog_FCVpatents(− 1) LD  − 0.0243  0.0710  
Δlog_EVpatents(− 1) LD  0.178  0.176  
Δlog_ICEVpatents(− 1) LD  0.0931  0.178 

*** p < 0.01, ** p < 0.05, * p < 0.1. 
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using ICEV_standards as the dependent variable (Table B.1) and a 
significantly negative effect of FCV_standards on ICEV_standards in the 
short run. In the third equation of Table 6, we find a weakly significant 
and negative short-run relation of past EV_standards (ΔEV_standards 
(− 1)) to present ICEV_standards. In sum, our results point to unidirec-
tional long-run positive causality of EVs on FCVs and bidirectional long- 
run causality between FCVs and ICEVs. In the short run, we find a 
weakly significant unidirectional short-run causality of ICEVs on FCVs. 

For a better overview, we further summarized the results of our 
VECM causality analysis in Table 7, relating the effects on FCV as our 
dependent variable to the modes of technology interaction by Sandén 
and Hillman (2011) in the short and long run. 

5. Discussion 

5.1. Modes of technology interaction 

Regarding RQ1, our analysis demonstrates that the modes of tech-
nology interaction by Sandén and Hillman (2011) can be integrated 
empirically into the TIS life-cycle framework (Markard, 2020) based on 
publications, patents, and standards (PPS) as quantitative indicators. As 
described above, only qualitative research has been previously applied 
to explore the interplay between the focal TIS and its context structures 
in the TIS life-cycle framework (Markard et al., 2020). However, 
quantitative TIS indicators can complement these previous approaches 
by offering straightforward replicability and operationalization of the 
TIS-context relations (Weiss, 2022). Moreover, the framework by 
Sandén and Hillman (2011) offers a more comprehensive conceptional 

basis for the TIS-TIS relations in the TIS life-cycle framework by dis-
tinguishing six modes of technology interaction and three dimensions 
constituting the respective interaction relations. 

Empirical evidence from interactions between the focal FCV-TIS and 
the EV-TIS and ICEV-TIS as context structures (RQ2) indicates rather 
heterogenous ’multi-modal’ interactions, highlighting differences across 
PPS as indicators and time horizons. For the FCV-EV relation, our pub-
lication model results in short-run commensalism in favor of FCVs and 
long-run commensalism of FCVs on EVs (Table 7). For the FCV-ICEV 
relation, the results suggest short-run amensalism to the detriment of 
ICEVs and long-run commensalism in favor of ICEVs. Considering pat-
ents, we observe short-run symbiosis between FCVs and EVs and long- 
run commensalism of EVs on FCVs. In the case of FCV vs. ICEV patent-
ing, our analysis revealed short- and long-run commensalism in favor of 
FCVs. Our standards model results in short-run neutralism between FCVs 
and EVs but long-run commensalism in favor of FCVs. For the FCV-ICEV 
relation, we find short-run commensalism in favor of FCVs but a 
competition relation in the long run. 

Regarding the FCV-EV relation, the publishing, patenting, and 
standardization dynamics suggest that the technology relations of these 
powertrain technologies are characterized by complementarity, with 
both either positively influencing each other (patents in the short run) or 
one technology unidirectionally benefiting the other, e.g., the positive 
long-run effect of EVs on FCVs in standards. Potential reasons for this 
could be that both technologies share similar or complementary raw 
materials and intermediate products as input factors (Mäkitie et al., 
2022; Markard & Hoffmann, 2016). FCVs are a subtype of EVs in which 
the battery is powered by electricity generated from the fuel cell, while 
EVs use direct battery propulsion (Chan, 2007). Furthermore, both 
technologies share a demand for renewable energy as value-chain input 
to directly propel the vehicle (EV) or to produce green hydrogen as a fuel 
(FCV). 

Our standards model supports the assumption of spillovers in terms 
of common institutionalization and legitimacy-building processes be-
tween both technologies. These processes foster positive expectations in 
the sense that FCV benefits from accelerating EV adoption (Markard & 
Hoffmann, 2016; Sandén & Hillman, 2011). From a market perspective, 
these spillover effects appear to create differentiation into different 
market segments, combining the benefits of each technology instead of 
complementarity in the same road-vehicle segment, e.g., battery-electric 
passenger vehicles vs. fuel-cell electric heavy-duty vehicles (Aguilar & 
Groß, 2022; Bohnsack et al., 2015; Borgstedt et al., 2017; IEA, 2022; 
Oltra & Saint Jean, 2009; Van De Kaa et al., 2017). 

However, recent data released by the International Energy Agency 
(IEA) reveal that such differentiation has not yet taken place and that 
vehicle stocks differ greatly across both technologies. The total stock of 
FCVs amounted to approximately 80,000 as of 2023 (IEA, 2023a) 
compared to 26 million EVs as of 2022 (IEA, 2023b). These figures 
highlight that both power technologies have been commercialized to 
significantly differing degrees. This observation is further amplified by 

Table 6 
VECM causality results – standards.  

Sample: 2000–2019 
Log likelihood = -117.4623 

Number of obs 20 
AIC 13.446 
HQIC 13.611   
SBIC 14.293 

Equation Variable Coef. Std. Err. 

(1) FCV_standards ECT − 0.406 *** 0.148  
ΔFCV_standards(− 1) LD 0.159 0.242  
ΔEV_standards(− 1) LD − 0.0807 0.160  
ΔICEV_standards(− 1) LD 0.158* 0.0975  
_cons − 0.0769 0.265 

(2) EV_standards ECT 0.0976 0.378  
ΔFCV_standards(− 1) LD − 0.6995 0.619  
ΔEV_standards(− 1) LD − 0.666* 0.408  
ΔICEV_standards(− 1) LD − 0.0069 0.250  
_cons 1.252** 0.679 

(3) ICEV_standards ECT − 0.729* 0.385  
ΔFCV_standards(− 1) LD 0.128 0.631  
ΔEV_standards(− 1) LD − 0.777* 0.417  
ΔICEV_standards(− 1) LD − 0.251 0.255  
_cons 0.210 0.693 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

Table 7 
VECM causality results – overview.  

Relation Data Short run Mode of technology 
interaction 

Long run Mode of technology 
interaction 

FCV-EV Publications  Unidirectional positive effect of EVs on FCVs Commensalism Positive unidirectional effect of FCVs on EVs Commensalism 

Patents  Bidirectional effect, positive of EVs on FCVs, 
positive of FCVs on EVs 

Symbiosis Positive unidirectional effect of EVs on FCVs Commensalism 

Standards  No significant effects  Neutralism Positive unidirectional effect of EVs on FCVs Commensalism 

FCV- 
ICEV 

Publications  Unidirectional negative effect of FCVs on 
ICEVs 

Amensalism Positive unidirectional effect of FCVs on ICEVs Commensalism 

Patents  Unidirectional positive effect of ICEVs on 
FCVs 

Commensalism Positive unidirectional effect of ICEVs on FCVs Commensalism 

Standards  Unidirectional positive effect of ICEV on 
FCV 

Commensalism Bidirectional effect, negative of ICEVs on FCVs, 
negative of FCVs on ICEVs 

Competition  
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the differing availabilities of refueling and charging infrastructures, 
with 1,100 hydrogen refueling stations (HRSs) vs. 2.7 million public 
charging points for EVs (IEA, 2023a, 2023b). The cost aspect is another 
factor hampering the increased adoption of FCVs compared to EVs 
(Wang et al., 2021). While the average price for small EVs stands at USD 
30,000 in Europe and the USA, and even as low as USD 10,000 in China 
(IEA, 2023b), the purchase price for the best-selling FCV worldwide, the 
Hyundai Nexo, starts at USD 66,000 in the USA and USD 82,700 in 
Germany (Hyundai Motor America, 2024; Hyundai Motor Deutschland 
GmbH, 2024). Nonetheless, both powertrain technologies involve 
different environmental impacts, with EVs particularly burdening nat-
ural resources and causing pollution, e.g., due to their dependence on 
rare earth elements and the high energy consumption in battery pro-
duction (Yang et al., 2020). Against this backdrop, the complementarity 
of both technologies gains even greater importance, as FCVs can reduce 
dependence on specific input factors and tackle the environmental 
burden posed by an ’all-electric’ approach. 

In the FCV-ICEV relation, we observe co-dependence in the form of 
common value-chain artifacts and schemata, such as expectations about 
the future development of e-fuels and the associated mutual dependence 
on hydrogen production (Mirzadeh Phirouzabadi et al., 2020a; Sandén 
& Hillman, 2011; Song & Aaldering, 2019). As Andersen and Gul-
brandsen (2020) and Dolata (2009) explain, the interplay between 
emerging and established technology can be beneficial in sectors with 
high adaptability, such as the automobile industry. The respective in-
terrelations may merge based on recombination or diversification of 
established technologies, e.g., hydrogen-based e-fuels for ICEVs, or 
overlaps in the fueling infrastructure. Notably, such co-dependence 
between the established technology regime and emerging niche tech-
nologies has also been recognized in the case of hybrid vehicles. The 
latter did not only provide more efficient ICEV-based vehicles but also 
fostered the acceptance of EVs and recharging among customers (e.g., 
Dijk et al., 2013; Oltra & Saint Jean, 2009; Weiss & Scherer, 2023). 

On the other hand, there are also conflicting interests between FCVs 
and ICEVs, such as stranded assets in oil refineries and necessary mod-
ifications of fueling and manufacturing infrastructure to accommodate 
the increasing hydrogen demand (Farla et al., 2010). This conflict is also 
reflected in the long-run FCV-ICEV relationship in standardization. Such 
competitive dynamics between technological niches and trajectories 
have been repeatedly explored in the automobile sector (Bakker et al., 
2012; Haley, 2015; Lin & Sovacool, 2020; Mirzadeh Phirouzabadi et al., 
2020a; Weiss & Scherer, 2023), highlighting the high complexity and 
heterogeneity within the mobility paradigm (Banister, 2008). 

5.2. Life cycle of the FCV technological innovation system (TIS) 

Regarding RQ3, our descriptive results have shown that FCV publi-
cations are below those of EVs but ahead of ICEV publications (Fig. 1), 
while FCV patenting (Fig. 2) and standardization (Fig. 3) lag behind EVs 
and ICEVs. The empirical results of the VECM estimations illustrate that 
EVs primarily dominate FCVs regarding the direction of influence. 
However, FCVs also influence EVs positively in the short-run patenting 
and the long-run standards relation. In contrast, FCVs unidirectionally 
impact ICEVs in publications, while ICEVs dominate in the commercially 
more relevant patents and standards despite the declining nature of the 
ICEV-TIS (Weiss & Scherer, 2021, 2023). 

Following Markard (2020), the context and TIS-context relationships 
are primarily characterized by a dependence of the focal FCV-TIS on its 
context structures. Therefore, compared with the competing EV-TIS and 
ICEV-TIS, the FCV-TIS shows properties of the formative TIS life-cycle 
phase. Especially for commercially relevant patents and standards, the 
context structures primarily dominate the focal FCV-TIS and not vice 
versa. This finding is in line with the bibliometric analysis of Asna Ashari 
et al. (2023), showing that hydrogen-related publishing is in its growth 
phase, while patenting and standardization show properties of the 
formative phase. Therefore, our results further support the findings of 

Asna Ashari et al. (2023) by comparing FCVs with EVs and ICEVs as 
powertrain technologies in the TIS context. At the same time, e.g., the 
descriptive publication results or the short-run FCV-ICEV relationship 
point to the existing and growing importance of the FCV-TIS within the 
mobility paradigm. Therefore, the primarily formative FCV-TIS also 
shows elements of the growth phase (Fig. 4). Much of the future life 
cycle of the FCV-TIS will depend substantially on the development of the 
EV-TIS. As the decline of the ICEV-TIS has already been recognized in 
previous research (e.g., Weiss & Scherer, 2021, 2023), the relationship 
between FCVs and EVs is likely to reinforce and shape the mobility 
paradigm toward decarbonizing the ICEV-dominated and currently 
fossil-fuel-based mobility sector in the future (Ahmadi, 2019). 

Thus far, EVs and EV charging infrastructure have received sub-
stantial policy support and funding (Baumgarte et al., 2021; Wu et al., 
2021). However, hydrogen technologies, including FCVs, have also been 
subject to increased policy support. As such, 42 countries worldwide 
have either adopted or committed to adopting a hydrogen strategy since 
2020 (Albrecht et al., 2020; Asna Ashari et al., 2023; IEA, 2022). Of 
these hydrogen strategies, some countries, e.g., South Korea in 2019 and 
Japan in 2017, have codified the development of hydrogen technologies 
for mobility, including FCVs (Albrecht et al., 2020; IEA, 2021). Conse-
quently, South Korea’s Hyundai Nexo and Japan’s Toyota Mirai 
accounted for 95 % of worldwide FCV sales in 2019 (Wang et al., 2020). 
With the vast policy support for FCVs received in both countries, other 
countries with FCVs as target applications of their national hydrogen 
strategies, e.g., Germany and France (Albrecht et al., 2020; IEA, 2021), 
may further contribute to the development of the FCV-TIS in the future. 
However, our dataset does not cover the increasing policy support for 
hydrogen technologies since 2020, including FCVs. Therefore, sup-
portive framework conditions could positively influence the develop-
ment of the FCV-TIS in the future. Accordingly, commercially relevant 
patents and standards, in particular, could experience further growth. 
We thus regard the life-cycle phase of the FCV-TIS as dynamic with the 
potential to gain maturity and dominance in relation to EVs and ICEVs. 

6. Conclusion 

In this study, we analyzed the relationship between the FCV- and EV- 
and FCV- and ICEV-TIS in the short and long run to derive implications 
for the modes of technology interaction within the mobility paradigm. 
Furthermore, we determined the life-cycle phase of the FCV-TIS based 
on the comparative descriptive analysis of publications, patents, and 
standards (PPS) over time, as well as the underlying technology in-
teractions measured by our VECM. 

This study makes several contributions to previous research: First, 
we have contributed to the further conceptualization of the TIS life-cycle 

Fig. 4. Life-cycle phase of the FC-TIS based on Hekkert et al. (2011) and 
Markard (2020). 
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framework proposed by Markard (2020), using PPS as indicators. In 
addition, integrating the modes of technology interaction following 
Sandén and Hillman (2011), including their empirical validation, con-
tributes to a broader perspective of TIS-context relations. Second, we 
have proposed a data-driven VECM approach to capture the TIS-TIS 
relations that can be applied to various research cases. Unlike previ-
ous quantitative TIS studies, such as Mirzadeh Phirouzabadi et al., 
(2020a) and Li et al. (2022), the VECM does not require the formulation 
of ex-ante structural equations. Moreover, the VECM differentiates 
short- and long-run technology relations, allowing for more time- 
sensitive policy approaches to governing competing or complementary 
TISs in transition processes (Dreher et al., 2016; Noailly & Shestalova, 
2017). Compared with Mirzadeh Phirouzabadi et al., (2020a), Li et al. 
(2022), and Noailly and Shestalova (2017), our results also illustrate 
that technology relations and associated spillovers have to be analyzed 
in a more differentiated way by using a variety of indicators and time 
horizons. Third, we have shown empirically that the transition of the 
mobility paradigm is governed by multi-modal interactions, which we 
capture by considering multiple indicators. Thus, our research aligns 
with the recent study by Mirzadeh Phirouzabadi et al. (2022), empha-
sizing that, in contrast to the initial quantitative studies on this topic (e. 
g., Noailly and Shestalova, 2017; Mirzadeh Phirouzabadi et al., 2020a; 
Li et al., 2022), technology interactions should be considered using a 
diverse set of indicators to capture their multidimensional nature and to 
derive effective policy recommendations. 

Notably, our PPS-based approach further allows for a comprehensive 
TIS life-cycle assessment using quantitative methods and complements 
the previous functional perspective on TIS-TIS interactions (Mirzadeh 
Phirouzabadi et al., 2020a, 2020b, 2020c; 2020d, 2022). Arguably, 
echoing the insights from a recent in-depth conceptual review of TIS by 
Andersson et al. (2023), this represents the initial step toward an inte-
grated structural–functional approach to TIS-TIS interactions, which 
encompasses the structures of TISs, their life-cycle stages, and their 
functional dynamics all within a comprehensive analytical framework. 

Furthermore, our quantitative approach distinguishes our study from 
previous TIS life-cycle studies, which rely only on descriptive analyses of 
qualitative and quantitative indicators (Asna Ashari et al., 2023, 2024; 
Markard, 2020; Markard et al., 2020), and opens up opportunities for 
extensive policy analyses involving multiple TISs across countries or 
sectors (Weiss, 2022). 

This study has important implications for policymakers toward the 
sustainability transition of the road-vehicle sector. With FCVs and EVs as 
two emerging technologies, the need to significantly reduce greenhouse 
gas emissions has put the ICEV-TIS (Weiss & Scherer, 2021, 2023) under 
increasing pressure and facing a potential decline. Currently, discussions 
about the potential decline of the ICEV-TIS have resurfaced with the 
European Commission’s decision to ban the sales of new ICEVs after 
2035 and the subsequent debate about e-fuels and biofuels as potential 
future pathways for the survival of ICEVs as a mass-transport solution. 
This development could reshape the relationship between FCVs and EVs 
in the sustainable mobility paradigm (e.g., Ravi et al., 2023; Sacchi 
et al., 2022; Skov & Schneider, 2022). Following the results of our 
analysis, policymakers aiming to scale up electromobility adaptation 
should further exploit the complementarities of both technologies 
(Mäkitie et al., 2022; Markard & Hoffmann, 2016). Therefore, successful 
policy responses to climate change in mobility necessitate technology- 
neutral approaches that do not exclude potentially more appropriate 
technology options. 

Analogous to the notion of ’place-sensitive policy solutions’ (Rohe & 
Chlebna, 2021), we recommend that policymakers implement ’appli-
cation-sensitive’ technology policies in the mobility sector. Against the 
backdrop of the e-fuel debate, policy mixes should consider sustainable 

pathways for the ICEV in hardly-electrifiable applications, such as 
aviation, heavy-duty vehicles, or shipping. At the same time, policies 
should scale up electromobility in the form of FCVs and EVs to establish 
consistent and technology-open policy support for a transition toward 
sustainable mobility (Kivimaa & Kern, 2016; Schot & Geels, 2008). 

Despite the contributions and implications, this study is not without 
limitations: First, our data cover only a limited number of annual ob-
servations per knowledge and technology indicator. Second, despite 
careful cross-checking, using solely Boolean search terms for collecting 
publication data yields the risk of including irrelevant documents in our 
dataset. Third, following our global TIS analysis, we focus only on in-
ternational ISO and IEC standards, although standards at the regional or 
national level may also be relevant to the TIS life-cycle progression. 
Fourth, following Sandén and Hillman (2011), our analysis does not 
cover all dimensions of technology interaction. Instead, we abstracted 
the technology interactions only quantitatively from selected indicators. 
Thus, we ignore factors such as value-chain overlaps, common actor 
networks, political institutions and regulations, or public discourses and 
expectations. Furthermore, we do not capture actual cause-and-effect 
relationships but rather predictive causality, i.e., one variable provides 
useful information about the development of another (Granger, 1988). 

Future research may address some of the limitations of this study. For 
instance, more sophisticated analyses of TIS-context relations at the 
national level, combined with in-depth qualitative analyses in a mixed- 
method design, including the role of regulations and technology pol-
icies, could methodologically and theoretically extend this study (Weiss, 
2022). In this way, the shortcomings of our purely quantitative approach 
could be elaborated and extended with complementary insights to 
capture actual cause-and-effect relations (Weiss, 2022). Furthermore, 
similar to Li et al. (2022) and Mirzadeh Phirouzabadi et al., (2020a), 
citation analyses of PPS would allow for analyzing not only the TIS- 
context relations within each indicator but also the links between 
different channels across technologies in the form of spillovers. Finally, 
future research should verify or extend our results using different da-
tabases and search strategies. 
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Appendix A:. Data collection 

This section describes the data collection approach for the variables in our vector error correction model (VECM). Our VECM comprises three time 
series per FCV, EV, and ICEV technology: publications, patents, and standards (PPS). 

Publication data were retrieved from Clarivate Analytics’s Web of Science (WoS) Core Collection (Clarivate Analytics, 2022). We selected this 
database as it is a comprehensive and high-quality database commonly used for publication analyses (Asna Ashari et al., 2023; Birkle et al., 2020). For 
each technology, we used Boolean search terms based on previous research (Asna Ashari et al., 2023; Borgstedt et al., 2017; Mirzadeh Phirouzabadi 
et al., 2020a), which we entered in the ’Topic’ field of the WoS, covering title, abstract, and keywords (Table A.1). Furthermore, we limited the queries 
to English-language research and review articles and proceeding papers published between 1980 and 2019.  

Table A.1 
Search queries for publication data.  

Technology Boolean search terms Total records 
(1980–2019) 

Fuel-cell vehicles TS=(Fuel cell OR Fuel cell electric) AND TS=(vehicle* OR motor vehicle* OR automobile* OR car* OR truck* OR mobilit*) 44,669 
Electric vehicles TS=(Electric OR battery-electric OR battery electric OR electrically propelled) AND TS=(vehicle* OR motor vehicle* OR automobile* OR 

car* OR truck* OR mobilit*) NOT TS=(fuel cell*) 
91,041 

Internal combustion 
engine vehicles 

TS=(internal combustion engine OR IC engine OR gasoline OR diesel) AND TS=(vehicle* OR motor vehicle* OR automobile* OR car* OR 
truck* OR mobilit*) 

30,467  

For patent data, we used the open-source Espacenet (EPO, 2023) patent database of the European Patent Office (EPO). For the purpose of this study, we 
collected patent application data related to FCVs, EVs, and ICEVs between 1980 and 2019 by their earliest priority date. The earliest priority date 
refers to the earliest date on which the novelty of the invention is established (Borgstedt et al., 2017; The Lens, 2022). Due to the lack of harmonized 
patent application procedures across various patent offices and difficulties in drawing comparisons (Callaert et al., 2006), we only consider patents 
filed at the EPO as a globally relevant patent office (Asna Ashari et al., 2023; Ha et al., 2015). 

Our data collection approach combines selected IPC (International Patent Classification) classes and Boolean search terms (Table A.2) based on 
previous research to limit the data to relevant mobility-related patent applications (Aghion et al., 2016; Borgstedt et al., 2017; Mirzadeh Phirouzabadi 
et al., 2020a; Sinigaglia et al., 2019; Weiss & Scherer, 2021). However, since these previous studies use other databases, replicating their keywords 
does not produce similar document counts. Therefore, we slightly modified our keywords but used the same IPC codes as previous research for data 
consistency.  

Table A.2 
Search queries for patent data.  

Technology Search query (IPC codes & Boolean search terms)  Total records 
(1980–2019) 

Fuel-cell vehicles IPC=(B60* OR H01M*) AND TS=(fuel cell* OR fuel cell electric* OR hydrogen*) AND TS=(vehicle* OR motor vehicle OR automobile* OR 
car* OR truck* OR mobilit*) 

2,366 

Electric vehicles IPC=(B60* OR H01M* OR H02K*) AND TS=(electric* OR battery electric* OR electrically propelled*) AND TS=(vehicle* OR motor 
vehicle* OR automobile* OR car* OR truck* OR mobilit*) NOT TS=(fuel cell*) 

14,694 

Internal combustion 
engine vehicles 

IPC=(F01* OR F02B* OR F02D* OR F02F* OR F02M* OR F02N* OR F02P*) AND TS=(vehicle* OR motor vehicle* OR automobile* OR car* 
OR truck* OR mobilit*) 

27,615  

We collected data on international standards published under the relevant ICS (International Classification for Standards) codes specific to each 
technology. We used the PERINORM database (PERINORM, 2022) for standards published by the International Organization for Standardization (ISO) 
and the VDE Standards Library (VDE, 2022), and the IEC Webstore (International Electrotechnical Commission, 2022) for standards published by the 
International Electrotechnical Commission (IEC) as databases. 

Although the ICS classes are well-defined for all three powertrain technologies, we cross-checked all standards under each ICS code to exclude 
irrelevant standards. Subsequently, we conducted a simple keyword search to verify that relevant standards published under other ICS codes were also 
included. Finally, we included withdrawn or revised standards replaced by later standard versions to account for the standardization history more 
accurately. Table A.3 gives an overview of the data collection approach. Notably, we truncated the period for standards to the years 2000 to 2019 
because no standards were published for FCVs and EVs before 2000, and thus, we cannot assume meaningful technology interactions.  

Table A.3 
Search queries for standard data.  

Technology Main ICS code Search terms Total records 
(2000–2019) 

Fuel-cell vehicles 27.070 – Fuel cells Fuel cell 33 
Electric vehicles 43.120 – Electric road vehicles Electric vehicle 69 
Internal combustion engine vehicles 27.020 – Internal combustion engines Internal combustion engine 110  
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Appendix B  

Table B.1 
ECT for FCV with respect to EV and ICEV context developments.  

Data  Dependent variable in VECM  ECT for FCV equation 
Coef. Std. 

Publications  Log_EVpubl  − 0.0802  0.0855 
Log_ICEVpubl  0.181  0.193 

Patents  Log_EVpatents  0.0607*  0.0346 
Log_ICEVpatents  0.306*  0.174 

Standards  EV_standards  0.444***  0.161 
ICEV_standards  − 0.356***  0.129 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

Appendix C 

In this section of the Appendix, we report the cointegration results for our three VECMs. Table C.1 reports the normalized cointegration results for 
the publication model.  

Table C.1 
Cointegration relation with Johansen normalization restriction 
imposed − publications.  

Variable Coef. Std. Err. 

log_FCVpubl 1 . 
log_EVpubl 1.323*** 0.456 
log_ICEVpubl − 2.986*** 0.626 
_trend 0.0902** 0.0419 
_cons 0.734 . 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

The resulting equation for the development of FC publications is: 

log FCVpubl= − 0.73 − 0.09 − 1.32*log EVpubl+2.99*log ICEVpubl (C.1)  

Given the high significance of the respective coefficients in Eq. (C.1), the cointegration suggests a positive long-run relationship between FCVs and 
ICEVs and a relatively weaker negative relation to EVs. In particular, a 1 % increase in FCV publications growth is associated with a 1.32 % decrease in 
EV publications growth and a 2.99 % increase in ICEV publication growth. The cointegration relation suggests the presence of at least one unidi-
rectional Granger causality between these variables (Granger, 1988). Notably, the included trend coefficient is highly significant, too, supporting our 
unrestricted trend model specification (Table 3). 

Looking at our patent data, we observe a positive long-run relationship between log_FCVpatents and log_ICEVpatents, with a 1 % increase in FCV 
patent growth being associated with a 1.82 % increase in ICEV patent growth (Eq. (C.2). Notably, we find no evidence of a significant effect of 
log_FCVpatents on log_EVpatents (Table C.2).  

Table C.2 
Cointegration relation with Johansen normalization restriction 
imposed – patents.  

Variable Coef. Std. Err. 

log_FCVpatents 1 . 
log_EVpatents − 0.360 0.455 
log_ICEVpatents − 1.816*** 0.650 
_cons 10.217*** 2.380 

*** p < 0.01, ** p < 0.05, * p < 0.1 
The resulting equation for the development of log_FCVpatents is: 

log FCVpatents = − 10.22 − 0.36*log EVpatents+ 1.82*log ICEVpatents (C.2) 

Finally, we report the cointegration relation of our standards model in Table C.3. We observe a significantly positive long-run relationship between 
FCVs and EVs and a negative relationship between FCV and ICEV development. Accordingly, an increase in FCV standards by one is associated with a 
significant increase in the absolute number of EV standards by 1.09 and a decrease in ICEV standards by 0.88 (Eq. (C.3). 
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Table C.3 
Cointegration relation with Johansen normalization restriction 
imposed – standards.  

Variable Coef. Std. Err. 

FCV_standards 1 . 
EV_standards − 1.093*** 0.198 
ICEV_standards 0.875*** 0.204 
_cons − 3.813 . 

*** p < 0.01, ** p < 0.05, * p < 0.1. 

The resulting equation for the development of FCV_standards is: 

FCV standards = 3.813+1.093*EV standards − 0.875*ICEV standards (C.3)  
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