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Abstract

Policy mixes may play a crucial role in redirecting and accelerating innovation towards
low-carbon solutions, thus addressing a key societal challenge. Towards this end, the
characteristics of such policy mixes have been argued to be of great relevance, yet
with little empirical evidence backing up such claims. In this paper we explore this link
between policy mix characteristics and low-carbon innovation, using the research case
of the transition of the German electricity system towards renewable energy. Our em-
pirical insights are based on an innovation survey among German manufacturers of
renewable power generation technologies which builds on the Community Innovation
Survey, but which we adjusted to better capture companies’ perceptions of the policy
mix. Employing a bivariate Tobit model we find that companies’ perceptions regarding
the consistency and credibility of the policy mix are positively associated with the level
of their innovation expenditures for renewable energies, and this positive link intensifies
when considering the mutual interdependence of these policy mix characteristics. In
contrast, we find no support for such a direct link for the comprehensiveness of the
instrument mix or the coherence of policy processes. These findings suggests that fu-
ture research on low-carbon and eco-innovation more broadly should pay greater at-
tention to the characteristics of policy mixes, rather than focusing on policy instruments
only. It also implies a need to rethink the consideration of policy in innovation surveys
to enable better informed policy advice regarding the greening of innovation.

Keywords: policy mix, credibility, consistency, coherence, comprehensiveness, eco-
innovation, renewable energy, sustainability transition, decarbonization



1 Introduction

Achieving the ambitious decarbonization targets of the Paris Agreement agreed upon
at COP21 in December 2015 requires the redirection and acceleration of innovation
towards low-carbon solutions. As recognized by the OECD this implies “we need to
ensure that we are talking about making all innovation green! To do that requires wide-
spread adoption of the right support frameworks combined with clear and credible gov-
ernment commitments so that green considerations are incorporated into innovation
policy settings from the outset.” (Guerria, 2016, p. 36). Similarly, the sustainability tran-
sitions literature calls for policy mixes which address the various market, structural and
transformational system failures hindering the aspired decarbonization of the economy
(Jacobsson and Bergek, 2011; Weber and Rohracher, 2012; OECD, 2015;
OECD/IEA/NEA/ITF, 2015; Rogge and Reichardt, 2016). However, there remain large
discrepancies between these acknowledgements of the importance of greening innova-
tion and the need for policy mixes, and the mainstreaming of such thinking into innova-
tion policy and research.

For such an endeavour, much can be learned from the literature on eco-innovation
which has long recognized the important role of policy in spurring green innovation
(Rennings, 2000; Jaffe et al., 2002; OECD, 2011; Bergek and Berggren, 2014; Diaz-
Garcia et al., 2015). Building on the notion of “double externalities” over the past two
decades both quantitative and qualitative studies have provided important insights into
the measurement and determinants of eco-innovation (del Rio Gonzélez, Pablo, 2009;
OECD, 2009; Kemp and Pontoglio, 2011; Bergek and Berggren, 2014). One of the key
policy insights of this literature is that rather than the instrument type it is the design of
the policy instrument that is decisive for eco-innovation, with stringency standing out as
particularly relevant design feature (Frondel et al., 2008; Ghisetti and Pontoni, 2015). In
addition, it has been acknowledged that eco-innovation benefits from the combination
of demand pull and technology push instruments (Peters et al., 2012; Costantini et al.,
2015, Schleich et al.,, 2017) as well as systemic instruments (Smits and Kuhlmann,
2004; Taylor, 2008; Wieczorek and Hekkert, 2012; Cantner et al., 2016). However,
broader policy mix aspects and in particular characteristics such as credibility, con-
sistency or comprehensiveness have so far only rarely been addressed, with some
notable recent advances using case studies and patent data (Reichardt and Rogge,
2016; Costantini et al., 2017).

Studies utilizing survey data have to the best of our knowledge not yet included such a
broader policy mix thinking into their questionnaire design and analysis, despite the
methodological advantage of gathering more detailed policy data alongside other inno-
vation measures. Yet, a recent review of econometric survey analysis shows that regu-



lation is one of the few generally statistically significant determinants of eco-innovation
(del Rio et al., 2016). Because of limited data availability, however, the econometric
models may capture the effect of a particular policy instrument by including a dummy
variable only (del Rio et al., 2016). In contrast, some specialized eco-innovation sur-
veys have provided more in-depth insights on the link between policy and green inno-
vation, such as through the inclusion of environmental policy stringency as a policy
variable (Johnstone, 2007; Kammerer, 2009) or the simultaneous consideration of
long-term targets and several climate, energy and innovation policy instruments
(Schmidt et al., 2012b). In contrast, large-scale innovation surveys, such as the Com-
munity Innovation Survey (CIS) conducted within the European Union, tend to have a
very limited coverage of policy, and often only focus on public support for research and
development (R&D), appropriation methods or obstacles to innovation. Similarly, the
Oslo Manual, which provides guidelines for innovation surveys, puts little emphasis on
the measurement of policy as a determinant for innovation, despite stressing the im-
portance of innovation survey data for guiding policy (OECD, 2005).

A notable exception to this apparent neglect of policy in mainstream innovation surveys
is a question block on eco-innovation which was introduced as supplement to the 2008
CIS wave, following suggestions of the ‘Measuring Eco-Innovation’ (MEI) project
(Kemp and Pearson, 2007). Since then, for participating countries, such as Germany,
Spain, ltaly or France, information on eco-innovation and its drivers has been collected
and analysed in these large-scale surveys, with (environmental) policy being explicitly
included. As key data source this has enabled a better understanding of the determi-
nants of eco-innovation in general, and the role of policy in particular (Rennings and
Rammer, 2011; Horbach et al., 2013; Borghesi et al., 2015). However, these studies
have not been able to address wider policy mix concerns, which is unlikely to change
with the 2014 CIS wave, as the policy-related questions in the revamped eco-
innovation block have largely remained unchanged (Rammer et al., 2016). Yet, given
the urgency of the climate change and other sustainability challenges we argue that the
time has come to rethink how to better capture the link between policy and green inno-
vation in innovation surveys.

In this paper, we take a first step in addressing this current shortcoming in mainstream
innovation surveys by using the example of the decarbonization of the energy system
for which renewable energies play a key role (Jacobsson and Bergek, 2004; Gallagher
et al., 2012; Negro et al., 2012). Given the supplier dominated innovation pattern of the
energy sector we focus on manufacturers of renewable power generation technologies
(Pavitt, 1984; Rogge and Hoffmann, 2010). We limit the scope of our explorative study
to the German Energiewende because of its ambitious targets and rich policy mix, as
well as its pioneering role in renewable energy innovation (Bruns et al., 2011; Pegels



and Lutkenhorst, 2014; Strunz, 2014, Quitzow et al., 2016). Building on recent qualita-
tive insights on the impact of policy mix characteristics for innovation in the case of
offshore wind (Reichardt and Rogge, 2016) the aim of our paper is to quantitatively
explore this link using survey data. In particular, we are interested in answering the
research question whether policy mix characteristics indeed matter for innovation, and
focus here on the four characteristics proposed by Rogge and Reichardt (2016), name-
ly consistency, credibility, comprehensiveness and coherence (4Cs). For this, we build
on the CIS questionnaire but redesign it to explicitly capture the policy mix and low-
carbon innovation. The resulting unique data set collected in 2014 allows us to econo-
metrically analyze the link between policy mix characteristics and green innovation,
thereby supplementing patent-based evidence of Costantini et al. (2017) suggesting a
key role of the comprehensiveness and balance of instrument mixes for patenting activ-
ity in energy efficiency. While our study concerns Germany, its insights provide re-
search and policy implications also of relevance for other regions and countries inter-
ested in harnessing the low-carbon market opportunities arising from the Paris Agree-
ment, such as China, California, or the UK (Cai and Zhou, 2014; Diaz Anadon et al.,
2014; Uyarra et al., 2016).

The remainder of the paper is structured as follows. In section 2 we develop our analyt-
ical framework from the literature and derive propositions regarding the link between
policy mix characteristics and innovation. Section 3 presents the research case of the
German Energiewende. This is followed by section 4 which introduces our methodolog-
ical approach in terms of sampling, survey design, data collection and data analysis. In
section 5 we present our results which we then discuss in section 6. We conclude with
policy and research implications in section 7.

2 Literature background and propositions

Our interdisciplinary framework draws on environmental economics, innovation studies
and policy analysis and follows the typical differentiation between firm-external and
firm-internal determinants of eco-innovation (del Rio Gonzalez, Pablo, 2009). Regard-
ing firm-external determinants we focus on the influence of the policy mix, thereby ex-
tending earlier work which has highlighted the role of environmental regulation for eco-
innovation (del Rio et al., 2016). In particular, we are interested in answering the re-
search question whether policy mix characteristics matter for low-carbon innovation,
and focus here on the four proposed by Rogge and Reichardt (2016), namely con-
sistency, credibility, comprehensiveness and coherence (4Cs). Such characteristics
describe the nature of policy mixes and have been argued to impact the performance



of policy mixes regarding standard assessment criteria, such as effectiveness and effi-
ciency. As different bodies of literatures have used these terms quite differently, here
we follow the definitions suggested by Rogge and Reichardt (2016) within their inter-
disciplinary policy mix framework (see Table 1).

Table 1: Definitions of the policy mix characteristics analyzed in this study

Characteristic Definition

Consistency “.:.captures how well the eler_nen_ts of the polic_y mix are align_ed
with each over, thereby contributing to the achievement of policy
objectives. It may range from the absence of contradictions [weak
consistency] to the existence of synergies [strong consistency] with-
in and between the elements of the policy mix.” (p. 1626)

Credibility “... the extent to which the policy mix is believable and reliable [..],
both overall and regarding its elements and processes.” (p. 1627)

Comprehensive- “...captures how extensive and exhaustive its elements are [of the
policy mix] and the degree to which its processes are based on

NEsS extensive decision-making” (p. 1627)

Coherence “...referring to synergistic and systematic policy making and imple-

mentation processes contributing — either directly or indirectly —
towards the achievement of policy objective.” (p. 1626)

Source: Rogge and Reichardt (2016)

First, regarding the consistency of the elements of the policy mix we distinguish three
different levels (Rogge and Reichardt, 2016). The first level concerns the consistency
of the policy strategy and assesses the alignment of policy objectives, such as cost-
effective deployment of renewables or the establishment of domestic manufacturing
capacity, thereby capturing if these can be achieved simultaneously without significant
trade-offs. Second, the consistency of the instrument mix captures whether instruments
reinforce or instead undermine each other (Kern and Howlett, 2009). Third, the overall
policy mix consistency captures the consistency of the instrument mix with the policy
strategy, implying that they work together in a unidirectional or mutually supportive
fashion (Howlett and Rayner, 2013).1 The literature suggests that a higher degree of
consistency makes policy mixes more effective, but also acknowledges that there are

1 The first and third level of policy mix consistency relates to what the policy design literature
is referring to as goal ‘coherence’ and ‘congruence’ of goals and instruments (Howlett and
Rayner (2013), Kern and Howlett (2009)).




limits to policy mix consistency, particularly in transition processes (Quitzow, 2015a;
Rogge and Reichardt, 2016). The role of consistency for innovation has so far been
mainly empirically explored through qualitative studies. For the case of low-carbon in-
novation in the UK, Uyarra et al. (2016) find that the complexity and inconsistency of
the UK innovation policy mix creates uncertainty among companies, thereby hampering
private sector investment. Similarly, for the case of offshore wind in Germany Reichardt
and Rogge (2016) identify consistency as a key policy mix characteristic explaining
innovation activities of companies in the sector. They find that the consistency of the
instrument mix, e.g. between feed-in tariffs and grid access regulation, is particularly
important for adoption decisions. In contrast, the overall consistency of the policy mix,
i.e. that the long-term target is substantiated by corresponding instruments, appears as
particularly crucial for research, development and demonstration (RD&D). This leads
us to postulate a positive link between consistency and innovation.

Proposition 1: The higher the consistency of the policy mix, the higher the level of inno-
vation.

Proposition 1.1: The higher the consistency of the policy strategy (first level policy mix
consistency), the higher the level of innovation.

Proposition 1.2: The higher the consistency of the instrument mix (second level policy
mix consistency), the higher the level of innovation.

Proposition 1.3: The higher the consistency of the policy strategy with the instrument
mix (third level policy mix consistency), the higher the level of innovation.

A second key characteristic of policy mixes is their credibility which also may be key for
innovation and can be influenced in a number of ways (Rogge and Reichardt, 2016).
For the case of energy evidence suggests that the perception of the credibility of politi-
cal commitments can influence investment and social outcomes (Nemet et al., 2014).
Indeed, the role of the credibility of climate policy has seen growing interest in climate
economics, building on related work in monetary, fiscal and trade policy (Helm, 2003;
Bosetti and Victor, 2011; Kang and Létourneau, 2016; Nemet et al., 2017). For exam-
ple, in a model based assessment Bosetti and Victor (2011) show that the lack of regu-
latory credibility has massive implications on costs because “firms and other agents
become short-sighted and unable to make optimal investments in research and devel-
opment as well as long-lived technologies” (p. 1). Similarly, employing real options the-
ory to model electric power plant investments, Kang and Létourneau (2016) find that
the risk of government credibility may lead to more investment in “less green” plants.
Broadening this out to the overarching policy mix the qualitative study of Reichardt and
Rogge (2016) on offshore wind in Germany delivers further insights into the effect cred-



ibility may have on investment and innovation decisions. They find that the credible
policy strategy with ambitious, stable and technology-specific long-term targets stimu-
lated firms’ RD&D, and that the credibility of the overall policy mix facilitated adoption
decisions. Similarly, a study of the corresponding technological innovation system of
offshore wind finds that policy mix credibility has a positive effect on guidance of the
search, thereby stimulating innovation activities and overall system development
(Reichardt et al., 2016). These insights lead us to postulate a positive link between
policy mix credibility and innovation.

Proposition 2: The higher the credibility of the policy mix, the higher the level of innova-
tion.

Recent qualitative research has also pointed to a link between credibility and other pol-
icy mix characteristics, in particular consistency. For example, company case studies of
German power generators, technology providers and project developers showed that
the credibility of long-term climate targets was significantly increased by being imple-
mented through the EU emissions trading system, thereby increasing policy mix con-
sistency which together contributed to corporate vision changes (Rogge et al., 2011). In
addition, for the case of Ontario and Norway White et al. (2013) found that through ab-
rupt changes in energy policy governments lost political credibility which had negative
impacts on low-carbon investments. White et al. stress that it is not temporal incon-
sistency per se which matters, but rather that the manner in which policies are changed
is the issue. Another example is provided by Uyarra et al. (2016) which for the case of
the UK revealed the importance of credibility as well as stability and communication for
stimulating innovation activities. Given the various policy changes the policy environ-
ment was found to lack consistency and strong signals about priorities, thereby ham-
pering private investments. Finally, for offshore wind in Germany Reichardt and Rogge
(2016) find that a high level of policy mix credibility alleviates some of the negative ef-
fects of inconsistencies in the mix. We therefore hypothesize that there is some interac-
tion effect between policy mix credibility and consistency, where higher levels of credi-
bility seem to be able to offset inconsistencies in the mix.

Proposition 3: The innovation impact of policy mix credibility is higher for lower levels of
policy mix consistency, and vice versa.

Third, regarding the comprehensiveness of the instrument mix it has been argued that
the elimination of multiple barriers facing renewable energy and energy efficiency re-
quires the implementation of several policy instruments in a synergistic manner (Sova-
cool, 2009). Based on expert interviews Sovacool argues that only through comple-
mentary instrument mixes the full potential of renewables and energy efficiency can be



realized. Similarly, but focusing on invention, the patent-based analysis of energy effi-
cient technologies for the residential sector covering 23 OECD countries by Costantini
et al. (2017) shows that the comprehensiveness of the instrument mix enhances inno-
vation performance. However, they also find evidence for a threshold of the number of
policy instruments included in the mix beyond which negative interaction effects may
reduce the effectiveness of the policy mix in stimulating eco-innovation. In sum, we
hypothesize a positive link between comprehensiveness of the instrument mix and in-
novation.

Proposition 4: The higher the comprehensiveness of the instrument mix, the higher the
level of innovation.

Finally, by including the coherence of policy processes we aim to investigate the link
between synergistic and systematic policy processes and innovation. The underlying
assumption is that designing effective policy mixes requires systematic capabilities of
policy makers as basis for more coherent policy making and implementation (Jacob-
sson and Bergek, 2011). For example, Quitzow (2015a) argues that governments re-
quire advanced organizational capacities, such as the ability to manage interfaces,
assemble knowledge from diverse sources and establish constructive dialogues with all
relevant stakeholder groups. This need for strategic intelligence required for facilitating
change has also been discussed in the context of systemic instruments (Smits and
Kuhlmann, 2004). In addition, studies have identified multiple structural and procedural
mechanisms which can strengthen policy coherence, such as strategic planning, com-
munication and coordination (OECD, 1996, 2001; Ashoff, 2005; Den Hertog and Strof3,
2011). Of these, policy coordination has increasingly been discussed in the context of
policy mixes (Magro et al., 2014), both giving its potential to align tasks and efforts of
the public sector (Bouckaert et al., 2010) but also recognizing its limits (Flanagan et al.,
2011). However, the direct link between the coherence of policy processes and innova-
tion has received little attention in empirical work. Qualitative evidence for the case of
offshore wind in Germany suggests a positive effect of stakeholder participation and a
negative effect of muddling through and uncertainties arising from adaptive policy pro-
cesses for innovation system functioning and performance (Reichardt et al., 2017).
Janicke et al. (2000) have previously highlighted this importance of the policy style for
innovation. They identified features such as dialogue and consensus, reliability and
continuity, or openness and flexibility as innovation-friendly. Henceforth, we postulate
that more synergistic and systematic policy processes positively contribute to innova-
tion.

Proposition 5: The higher the coherence of policy processes, the higher the level of
innovation.



Figure 1: Analytical framework combining firm-external and firm-internal factors
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Beyond policy mix characteristics we also include technology push and demand pull as
classical determinants of innovation in our analytical framework (Di Stefano et al.,
2012). Given the strong relevance of policy in the context of low-carbon innovation we
focus on policy-driven technology push and demand pull, similarly to what has been
referred to as regulatory push and pull in the eco-innovation literature (Horbach, 2008).
The extant empirical analyses typically find that both types of instruments matter for
green innovation and work best in tandem (Schmidt et al., 2012b; Veugelers, 2012;
Costantini et al., 2015; Schleich et al., 2017). However, while the demand pull effect for
export-oriented industries seems to be resulting as a combination of demand at home
and abroad, for technology push this positive effect seems to arise from public R&D
support from the home market only (Peters et al., 2012; Dechezleprétre and Glachant,
2014).

Turning to the firm-internal determinants of innovation we draw on insights from evolu-
tionary economics and the resource based view of the firm (Nelson and Winter, 1982;
Wernerfelt, 1984; Barney, 2001). Since firm resources, capabilities and competences
matter for innovation, we include three key firm characteristics in our analytical frame-
work (Teece et al., 1997; Helfat et al., 2007; del Rio et al., 2015). The first concerns
firm size which has typically been found to positively impact eco-innovation (Kesidou
and Demirel, 2012; del Rio et al., 2016). We also include experience of the firm with
green technologies in our framework to provide an aggregated factor capturing accu-
mulated firm resources as well as technological and organizational capabilities in the



respective technology (Kammerer, 2009; Horbach et al., 2012).2 Finally, our framework
considers the firm’s technology portfolio to control for differences between renewable
energy technologies (Schmidt et al., 2012a; Huenteler et al., 2016).

3 Research Case

We have chosen to focus on innovation in renewable energy in Germany for three main
reasons. First, we focus on renewable energy innovation as it is widely acknowledged
that renewable energies, whose costs have come down massively through green inno-
vation, will play a key role in decarbonizing the global energy system (IRENA, 2013;
IEA and IRENA, 2017). Second, we use the case of the Energiewende as Germany
has implemented a rich policy mix with an ambitious policy strategy, including the long-
term target of a share of at least 80% of electricity generated from renewable energies
and reduction of greenhouse gas emissions by 80% by 2050. These targets are im-
plemented through various instruments, such as the German Renewable Energy
Sources Act (EEG) introduced in 2000 or dedicated public support for R&D facilitating
the decarbonization of the energy system (BMWi and BMU, 2010; BMWi, 2015,
2016b). Finally, given that innovation in the power sector has been dominated by sup-
pliers we focus on innovation activities of manufacturers of renewable power genera-
tion technologies, with Germany having a strong and export-oriented manufacturing
base (Pavitt, 1984; Rogge and Hoffmann, 2010).

The German Energiewende has been subject to substantive research with a variety of
different disciplinary, methodological approaches and analytical perspectives (Gawel et
al., 2013; Smith Stegen and Seel, 2013; Strunz, 2014; Kungl, 2015; Geels et al., 2016;
Hermwille, 2016; Quitzow et al., 2016; Schmid et al., 2016; Kuzemko et al., 2017; Mat-
thes, 2017; Schmid et al., 2017). Several studies have previously explored the link be-
tween policy and innovation, typically focusing on the role of the EEG as core instru-
ment in Germany’s instrument mix, and specifically analyzing its design and co-
evolution with technological and wider socio-technical change (Grau, 2014; Hoppmann
et al., 2014; Lauber and Jacobsson, 2016). Attention has also been devoted to tech-
nology-specific analyses, such as for solar PV (Hoppmann et al., 2013; Richter, 2013b;
Quitzow, 2015b) or wind (Richter, 2013a; Reichardt et al., 2017; Schleich et al., 2017).
In particular, for the case of offshore wind, Reichardt et al. have addressed the role of

2 We refrain from using firm age as a factor reflecting the accumulation of internal capabili-
ties as firm age would not capture the diversification of incumbent firms into green technol-
ogies. Arguably, this is one reason for the inconclusive empirical findings on the influence
of firm age on green innovation (del Rio et al. (2016).
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the broader policy mix for green innovation, and highlighted the relevance of policy mix
characteristics (Reichardt et al., 2016; Reichardt and Rogge, 2016). Yet, to our
knowledge, no quantitative study has yet explicitly addressed the role of the broader
policy mix and its characteristics for innovation activities of firms by means of survey
data.

While analysis of German CIS data on eco-innovation is abundant (Horbach, 2008),
dedicated company surveys addressing the link between policy and low-carbon innova-
tion in the German energy sector tend to be rare, and to the best of our knowledge
mainly concern two studies. First, our work is related to a study by Schmidt et al.
(2012b) whose cross-country online survey (conducted in 2009) included, among oth-
ers, German manufactures of power generation technologies (in total, responses from
136 of 1086 contacted technology providers in 7 EU Member States, with 38% of re-
sponses from Germany). However, while the survey included technology specific sup-
port instruments as policy mix components, it mainly focused on the role of the EU
emission trading system (EU ETS) and long-term climate targets for promoting green
innovation and did not follow a conventional innovation survey questionnaire. Compari-
son of findings with our study is further limited, since the analysis by Schmidt et al. in-
cludes 65 power generators (49% of these from Germany). For non-emitting technolo-
gies the study finds that firms’ perceptions of long-term climate targets, technology pol-
icies and expectations for the third phase of the EU ETS are relevant for firms’ R&D
decisions. Second, in terms of the sample our survey most closely resembles the work
of Doblinger et al. (2015), which relies on responses of 140 out of 1208 contacted
CEOs of manufacturers and project developers active in renewable energies in Ger-
many in 2012. The study focuses on policy in terms of the perceived relevance of de-
mand-pull policies (EEG, financial support, renewable energy goals) and regulatory
uncertainty for firm behavior, but its analysis covers a different aspect of corporate in-
novation than our study. Their findings indicate a negative link with innovativeness and
partly with risk taking, implying that stronger demand pull instruments were found to
reduce firm’s execution of high risk R&D projects in favor of smaller improvements,
which was reinforced by perceived higher levels of regulatory uncertainty.

The year before we fielded our survey was marked with a relatively high level of regula-
tory uncertainty regarding the further development of the EEG which was due to be
amended in 2014. After the Fukushima accident and the resulting reinstatement of the
nuclear phase-out until 2022 in 2011 (Hermwille, 2016) and with declining technology
costs, particularly for solar PV (Hoppmann et al., 2014), the expansion of renewable
energies in the German electricity system had accelerated in 2012 (BMWi, 2015). The
resulting increases in the levy for the EEG surcharge led to debates about the retro-
spective adjustment of previously guaranteed feed-in tariffs (set for 20 years) which
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prior to that had been unthinkable. While the suggestions of the Federal Ministers of
the Environment (Altmaier) and Economics (Rdsler) were not implemented, they may
still have left some marks on the perceived predictability and associated investment
security of the EEG as core demand pull instrument. In addition, given the federal elec-
tions in the fall of 2013 the next regular reform of the EEG was postponed until a new
government coalition had been formed, leading to considerable uncertainty about the
future of the EEG and the ambition of the Energiewende and thus the broader policy
mix more generally. Eventually, the new Grand Coalition government of CDU/CSU and
SPD under Angela Merkel merged all Energiewende related activities under the roof of
the Economics Ministry, leading to institutional reorientation and initial uncertainty. This
new Federal Ministry of Economics and Energy (led by Gabriel, the former Minister of
the Environment) published first pillars of the revision of the EEG (also dubbed as EEG
2.0) in the beginning of 2014. However, the uncertainty about the design features re-
mained fairly high until the Federal Cabinet adopted the amended EEG on April 8,
2014, and was fully resolved after the decision of the Federal Parliament (Bundestag)
on July 4, 2014. Furthermore, by 2014 federal public R&D support for green innovation
had risen to above 800 Million Euro per year, with a good third of this going to renewa-
ble energy and another third to energy efficiency (BMWi, 2016b). In addition the BMWi
also published a 10-point-energy agenda providing a roadmap of the planned policy
changes within the Energiewende due under the 18" legislative term covering the peri-
od from May 2014 until December 2016, including policy mix relevant items such as the
EU ETS reform, electricity market reform, transmission and distribution grids and moni-
toring (BMWi, 2016a). In the context of these policy mix developments the share of
renewables in the German electricity system had reached 27.4% by the end of 2014,
and was on track to meet the target of 40-45% by 2025 (BMWi, 2014).

4 Methodology

For our explorative study we generated a novel data set based on a survey of German
manufacturers of renewable power generation technologies (see section 4.1). For this,
we first compiled a company data base (see section 4.1.1), designed a questionnaire
which draws upon and extends the Community Innovation Survey (see section 4.1.2)
and collected company responses through a computer assisted telephone survey
(CATI, see section 4.1.3). Finally, section 4.2 describes the econometric model and the
variables used.
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4.1 Innovation Survey

4.1.1 Construction of company data base

Given the lack of a comprehensive database of companies producing components,
final products and production equipment for electricity generation based on renewable
energies, we drew on multiple data sources to compile such a database of all German
manufacturers active in on- and offshore wind power, solar PV, hydro, bioenergy, wave
and tidal energy, geothermal energy and concentrated solar power — regardless if they
have performed innovation activities in renewable energies or not. Since we focus on
companies active in manufacturing this implies that our target group excludes compa-
nies solely involved in service provision, such as project management, finance, invest-
ment, installation, operation, maintenance, or sales.3 Also, since our research question
focuses on exploring the impact of the policy mix on innovation in renewable energies,
we only include companies in our sample that offer products for this market.4

For compiling this data base we followed six steps. 5 First, we searched for manufac-
tures in four German business directories using their predefined, technology-specific
search words reflecting the main components of each technology.6 Second, we com-
plemented the resulting list of companies by including member companies of the Ger-
man Engineering Federation (VDMA) and technology-specific associations. Third, we
further supplemented this list by searching for additional manufacturers in other publicly
available sources, such as manufactures listed in business fair catalogues and profes-
sional journals. Fourth, as a quality check we read companies’ descriptions of activities
and searched their web page to eliminate companies not fitting with our target group.

3 In contrast, the sample compiled by Doblinger et al. (2015) not only includes suppliers and
manufacturers but also project managers.

4 QOur sample includes manufacturers which only sell renewables and manufacturers with a
more diversified portfolio (for some manufacturers renewables only account for 1% of total
turnover). Note that the impact of the policy mix on other innovation activities is beyond the
scope of this paper.

5  To allow for a broader scope of companies, we decided not to use patents to identify the
population. In addition, because of the time lag in patent statistics, companies which re-
cently entered the renewable energy business would not have been included. This decision
was confirmed by the answers of the companies participating in our sample. When asked
how they protect intellectual property, only 43.8% indicated that they use patents, whereas
other strategies such as confidentiality (71.2%) and lead-time advantages over competitors
(60.4%) appeared to be more important (based on 386 responses; multiple answers were
possible).

6  The four directories utilized were: ,Wer liefert was“ (WLW), businessdeutschland.de (BD),
diedeutscheindustrie.de (DDI), and Hoppenstedt (HS).

13



Fifth, the resulting list was matched with sector-specific firm data bases available to the
SOKO research institute conducting the survey (see 4.1.3). Finally, we used a screen-
ing question at the beginning of the survey to ensure that interviewed companies fit our
search profile, otherwise they were deleted from the sample.

This way, we identified 1,092 manufacturers active in producing components, equip-
ment and final products for renewable power generation technologies in Germany (as
of 2014). These companies were invited to participate in a computer assisted tele-
phone interview, as detailed in 4.1.3.

4.1.2 Questionnaire design

The questionnaire for our CATI survey is based on the Community Innovation Survey
(CIS), as it represents an established tool for measuring corporate innovation activities.
However, the CIS includes only few items on policy and does not capture policy mix
thinking. Since our research focus is on the link between policy mix characteristics and
innovation we designed novel questions on the policy mix and its consistency, credibil-
ity, coherence and comprehensiveness. In doing so, we first analyzed how the link be-
tween policy and innovation has been captured in past studies, particularly in the spe-
cific question block on eco-innovation in the 2008 CIS wave. We then designed sup-
plementary questions building on the policy mix concept proposed by Rogge and
Reichardt (2016). These questions ask for subjective perceptions rather than objective
facts as perceptions are typically assumed to govern agents’ behavior (Kaplan and
Tripsas, 2008; Nooteboom, 2009; Schmidt et al., 2012b). Prior to finalizing the ques-
tionnaire, three industry experts — one each in the field of solar PV, wind power and
renewable energies more generally — provided feedback on our draft question design.

The challenge for defining questions on the perceptions of companies regarding the
policy mix was not only the concrete wording and establishment of items for new terms,
such as coherence and credibility (see Table 2), but also the general way of how to
capture the link between policy and innovation. Notwithstanding the limitations of cross-
sectional data, two main options exist for exploring this link in a one-off survey. First,
guestions can ask directly for the relevance of political factors for past innovations, as
done, for example, in the eco-innovation module of the CIS. In this case, only innova-
tors can be analyzed (e.g. Ziegler, 2013). In addition, as innovations are typically asked
for the past 3 years this assumes that respondents remember the policy mix of the past
and how it has influenced past innovation decisions. Such an assumption seems unre-
alistic, with perceptions likely being influenced by more recent developments in the
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policy mix. The second and methodologically preferable option is to separately ask
companies for their perception of the current policy mix. In a distinct question block,
companies are asked about their current (and expected) innovation activities and/or
expenditures, as it is these efforts which today’s policy mix may influence and which
will be largely known at the time of the survey. 7 In this paper, we pursue the second
option and employ multivariate regression analysis to explore the correlations between
innovation efforts and the policy mix.

Aside from the extension of the questionnaire regarding the measurement of the policy
mix, our questionnaire reflects two further changes compared to the CIS. First, we tai-
lored the questionnaire to our research case of renewable energies. For example, we
asked companies for their product portfolio regarding renewable power generation
technologies and their technology-specific innovation expenditures and turnover. And
second, we adjusted the written language to the context of a phone interview situation.
For example, we repeated the question in the middle of a long list of items to remind
respondents of the original question and provided definitions for what is meant by cer-
tain terms, such as innovation.

The resulting questionnaire consists of six parts.8 It starts with a section on general
information about the company. This section draws upon the CIS but also includes
questions on the firm’s product portfolio regarding renewable power generation tech-
nologies and the selection of their main renewable energy technology, for which they
are asked to answer the remainder of the survey to gather technology-specific infor-
mation. The second part represents the novel block of questions on the policy mix
which addresses companies’ perception of political targets and their consistency, the
consistency and comprehensiveness of the instrument mix and perceived support by
various policy instruments and particular assessment of selected design features of the
core demand pull instrument EEG (Renewable Energy Sources Act) and technology
push support. In addition, the policy mix block includes questions about the policy mak-
ing process to capture its coherence, and closes with questions on the perceived cred-
ibility of the policy mix. In line with the CIS the third part of the questionnaire asks about
innovation, innovation activities and innovation expenditures — again with a focus on
the main renewable power generation technology — and also includes extended ques-

7 In contrast, resulting innovations will still be uncertain at the time of the survey, as not all of
the inputs into the innovation process will lead to innovation outputs in terms of new or sig-
nificantly improved products or processes.

8  Note that the following is a summary of the full innovation questionnaire. Only part of the
collected information is needed for our analysis.
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tions on innovation objectives and political factors for innovating or not innovating. In its
fourth part, the questionnaire collects information on the market environment regarding
the main renewable energy technology, such as geographic markets, input and sales
price developments, and further characteristics of the competitive environment, which
againlargely draw upon the CIS. The same is true for the fifth part, which captures
general economic information, such as the number of employees, turnover and ex-
ports, but also addresses the expansion of production facilities. The questionnaire
closes with a final section asking about the interviewees position, an open question
regarding recommendations for the German government, and respondents’ willingness
to be approached in a follow-up survey. 9

4.1.3 Survey implementation

The survey was implemented by an experienced research institute, SOKO.10 After pro-
gramming the questionnaire as a CATI it was tested in SOKOQO'’s facilities with two re-
searchers being present. This live test lasted one day and covered interviews with
companies active in different technologies. These pre-tests confirmed the survey de-
sign and resulted in only minor adjustments in the wording and sequence of questions
and explanatory notes for interviewers.

All companies in our data base of manufactures were first contacted by a postal letter
explaining the rationale and sponsor of the study. This letter also included a flyer
providing further background information and a link to the overarching project website.
Companies with an email address also received this information via email. After this,
each company was contacted via phone to arrange for an interview appointment with
the CEO or a top level manager responsible for the company’s strategy, R&D or sales
and with an overview of products, innovation and corporate policy. The survey was
fielded from April 9, 2014 until July 22, 2014 and was answered by 390 companies,
yielding a response rate of 35.7% of all German manufacturers of renewable power
generation technologies.1l On average, these phone interviews took 30 minutes.

9  The original questionnaire (and its translation into English) is available upon request.
10  nhttp://www.soko-institut.de/

11 To test for sampling bias, the data allowed us to examine regional representativeness of
our sample. The shares of participants per federal state in the sample are very close to the
share of all companies per federal state in the population. Based on a y? test we find no in-
dication that our sample may suffer from a sampling bias (p>0.99).
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SOKO anonymized all data for further processing. The descriptive results of the survey
were compiled in a report which was sent to participating companies.

The results show that approx. 70% of respondents are small and medium sized enter-
prises (SMEs). More than half of the responses concerned solar PV (37.2%), biogas
(22.3%) and onshore wind (17.4%). In addition, 71% of respondents produce compo-
nents for renewable power generation technologies (see Appendix A and B). In 2013,
only 11.1% of companies operated exclusively on the German market; on average
39.5% of sales were exports. Most companies were innovative, with 82% of respond-
ents engaging in innovation activities in the last three years (2011-13). In addition,
three quarters of the companies introduced product innovations in this period (75%)
and two-thirds process innovations (66%) for the selected renewable power generation
technology. About a quarter of the respondents received public R&D funding (from
Germany or the EU) to pursue innovation activities in the main renewable power gen-
eration technology in the period 2011-13. Finally, regarding the competitive environ-
ment the most decisive characteristic was the dependence on the political framework
conditions.

4.2 Econometric model

4.2.1 Dependent Variable

For our dependent variable we employ innovation expenditures as input measure of
innovation. The survey asked respondents to provide estimates for innovation expendi-
tures for the company’s main renewable power generation technology in 2014 and in
2015. 12 About 25.6% (n=348) reported innovation expenditures of zero for 2014. For
2015 this share was 31.3% (n=272). Thus, for a substantial part of companies in our
survey, stated innovation expenditures in one or both years is zero. We therefore em-
ploy the “corner solution” Tobit model to specify the regression equation for innovation
expenditure in a particular year (y). Relying on the “latent variable” approach, trunca-
tion (from below) is motivated by

12 Respondents were asked about their expenditures for their innovation activities (including
intramural (in-house) and extramural R&D, acquisition of machinery, equipment and soft-
ware, acquisition of other external knowledge, and other preparation).
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y,* = B, + B.(TechPush,) + 5,(DemandPull;) + 5, (PolicyMix;) + S, (Controls,) + u;;

1

@) u ~ N(0,0%)
y=y*if y*>0
y=0if y*<0

where Yy, * stands for the latent (i.e. desired) level of innovation expenditures of firm i

in a given year. To test our propositions and account for other factors related to firms’
innovation expenditures, we include four groups of explanatory variables capturing: (i)
the effects of market demand, and in particular global demand pull effects (Demand-
Pull); (ii) public funding for technology push (TechPush); (iii) the effects of policy mix
characteristics (PolicyMix); (iv) and the effect of control variables to reflect company-
and technology-specific effects (Controls). Thus, positive values for innovation expendi-
tures are observed if the latent variable y* exceeds the threshold level of zero13; other-
wise companies chose not to spend money on innovation.

Rather than estimating (1) separately for 2014 and 2015 via univariate Tobit models,
we employ a bivariate Tobit model to estimate innovation expenditure equations, where
the error terms capture possible correlations between innovation expenditures in differ-
ent years. That is, the use of univariate Tobit models could lead to biased and incon-
sistent parameter estimations (Greene, 2012). The simulated maximum likelihood es-
timations are carried out with Stata 13, relying on Barslund (2009).

4.2.2 Explanatory variables

The set of explanatory variables consists of variables reflecting demand pull and tech-
nology push, policy mix characteristics, and firm-internal factors.

For demand pull we relied on a dummy variable (DemandPull), which takes on the val-
ue of one, if the respondent expected the sum of domestic sales and exports of the
main technology in 2014 to be higher than in 2013, and zero otherwise. This variable
can be interpreted as a proxy for the effect of global demand pull instruments because
of the strong dependence of market demand for renewable power generation technolo-
gies on such instruments (Peters et al., 2012; Hoppmann et al., 2013; Dechezleprétre
and Glachant, 2014).

13 Note that the threshold level is arbitrary since it is always possible to normalize. For exam-
ple, a negative parameter estimate for £, would indicate a positive threshold level.
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For technology push, we focus on public R&D funding in the home market (Peters et
al., 2012) which arguably for most of the companies in our sample is Germany (n=360)
and Europe (n=333). Therefore, we use the amount (in Euros) of public subsidies for
R&D the company had received between 2011 and 2013 from German or EU funding
bodies for the main technology (TechPush).

For the variables employed for policy mix characteristics we distinguish between con-
sistency, credibility, coherence and comprehensiveness (Rogge and Reichardt, 2016).
For consistency of the policy mix we differentiate between three levels of consistency:
Our explanatory variable for the first level consistency of the policy strategy (PS) is
constructed by first calculating the median value of the responses to the statement pre-
sented in Table 2. Consistencyl PS is coded as one, if the response category was at
least as high as the median value, and zero otherwise. In the same way we calculate
indicators for the second level consistency of the instrument mix (IM) (consisten-
cy2_IM) and third level consistency of the overarching policy mix (PM), i.e. of the in-
strument mix with the policy strategy (consistency3_PM). Thus, higher values of the
consistency variables indicate higher consistency of the policy strategy, of the instru-
ment mix, and of the instrument mix with the policy strategy.

To construct our explanatory variables capturing credibility (and to allow for a parsimo-
nious model specification) we first conducted a standard principal component factor
analysis (using varimax rotation) on the items shown in Table 2 under the subheading
credibility (Cronbach’s alpha = 0.81, indicating good scale reliability). As a result of the
factor analysis, two factors were kept (with eigenvalues exceeding 0.9) — with policy
mix credibility at national level explaining 50% of the total variance and policy mix cred-
ibility at subnational level (i.e. Federal states and municipalities) explaining 17%, re-
spectively. Based on the factor loadings, we then construct two indicators named Cred-
ibility national and Credibility _subnational by taking the means of the binary variables
of the individual items. These binary variables were coded as one, if the response cat-
egory was at least as high as the median value, and zero otherwise.

Our explanatory variables for the coherence of policy processes were constructed in a
similar way as for credibility. Based on the results of a standard principal component
factor analysis (using varimax rotation) on the items shown in Table 2 under the sub-
heading coherence we keep two factors, explaining 47% (informational coherence) and
14% (procedural coherence) of the total variance, respectively (Cronbach’s alpha =
0.82). We then construct two indicators named Coherence_informational and Coher-
ence_procedural. To do so we again take the mean of the binary variables of the indi-
vidual items. Again, binary variables were coded as one, if the response category was
at least as high as the median value, and zero otherwise.
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Finally, our explanatory variable reflecting the comprehensiveness of the instrument
mix was constructed in the same manner as the consistency variables. That is, we first
calculated the median value of respondents’ responses to the respective statement
presented in Table 2 under the subheading comprehensiveness. Comprehensiveness
is then coded as one, if the response category was at least as high as the median val-
ue, and zero otherwise. Thus, all coefficients capturing the characteristics of the policy
mix are expected to exhibit a positive sign.
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Table 2: Operationalization of variables for policy mix characteristics

Policy mix
characteristics

Statement (translated from German to English)

(response categories ranging from 1 (do not
agree at all) to 6 (fully agree)

Variable name

Consistency

1%t level: consistency of
the policy strategy

The planned expansion target for renewable
energies in Germany up to 2025 is a good match
with other energy and climate policy targets of
the German government.

Consistencyl_PS

2" level: consistency of
the instrument mix

The existing policy instruments reinforce each
other in their positive effect on supporting the
expansion of renewable energies.

Consistency2_IM

3 Jevel: consistency of
the instrument mix with the
policy strategy

The planned expansion target for renewable
energies in Germany up to 2025 can be
achieved with the help of existing policy instru-
ments and measures.

Consistency3_PM

Credibility

Concerning the increase of electricity generation
from renewable energies in Germany, there is ...

Policy mix credibility at
national level

...a broad consensus across all political parties

...a clear political vision

...a firm political will

...unambiguous political signals

...strong support from the German government

Credibility_national

Policy mix credibility at
sub-national level

...strong support from Federal States

...strong support from municipalities

Credibility_subnational

Coherence

Informational
coherence

There is a continuous exchange of information
between policymakers and manufacturers.

Policymakers are well informed about develop-
ments in the branch.

Emerging problems are spotted early on by
policymakers.

Policymakers always strive to remove obstacles.

The search for solutions to problems takes place
in a constructive exchange between policymak-
ers and representatives of the RE branch.

Coherence_informational

Procedural
coherence

The last amendments of the EEG (2012 and
today) were made in a transparent procedure.

The responsibilities for the branch are clearly
regulated in the relevant Federal ministries.

National and Federal State governments are
pulling in the same direction.

Coherence_procedural

Comprehensiveness

Important flanking policy regulations are missing
that push the expansion of renewables (e.g. on
power market design or for grid expansion)

Comprehensiveness

21




Our explanatory variables for firm-internal factors include size, which is measured by
the total sales of the firm in 2013 in domestic and foreign markets (i.e. for diversified
firms this includes business fields other than the main renewable energy technology),
and experience, which is measured as the number of years the firm had been offering
products for the main renewable power generation technology (measured against
2014). The final explanatory variable wind takes on the value of one if the firm’s re-
sponses referred to either onshore or offshore wind, and zero otherwise.14 Table 3
shows the descriptive statistics of the variables used in the econometric analysis.

Table 3: Descriptive statistics of dependent and explanatory variables

Number of Standard

Variables Unit observations | M€an deviation Minimum | Maximum
Innovation expenditures in 1,000
2014* EUros 315 2,023 15,600 0 250,000
Innovation expenditures in 1,000
2015+ Euros 244 1,587 7,958 0 75,000
DemandPull dummy 376 0.40 0.49 0 1
TechPush* n 1000 387 46,600 | 245,000 0 2,000,000
uros
Consistencyl_PS dummy 375 0.73 0.45 0 1
Consistency2_IM dummy 380 0.72 0.45 0 1
Consistency3_PM dummy 382 0.68 0.47 0 1
Credibility_national score 387 0.75 0.33 0 1
Credibility_subnational score 369 0.70 0.38 0 1
Coherence_informational score 385 0.70 0.34 0 1
Coherence_procedural score 384 0.64 0.36 0 1
Comprehensiveness dummy 384 0.69 0.46 0 1
Size (sales)* '”Ellj’r%go 314 239,000 | 901,000 0 10,000,000
Experience* years 380 14.11 11.36 0 64
Wind dummy 387 0.24 0.43 0 1

*  The natural logarithm is used in the econometric estimation.

5 Results

Our econometric analysis involves estimating several model specifications, reflecting
the propositions derived in section 2. The results appear in Table 4. Heteroskedasticity-
robust p-values are shown in parentheses below the parameter estimates. For lack of

14 Including dummies for other renewable technologies produced coefficients which were far
from statistical significance. To save degrees of freedom, we only incorporated wind.
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degrees of freedom we do not start with a model which includes all explanatory varia-
bles in the same specification.

51 Base model

As a first step, we estimated a base model, which includes DemandPull, TechPush,
and Controls as explanatory variables, thus abstracting from any policy mix character-
istics. Table 4 presents the results of this base model in the first set of columns. We
find that the correlation is positive between the two equations (p = 0.918), and statisti-

cally significant. 15 .

In general, all coefficients in the base model exhibit the expected signs and are statisti-
cally significant. 16 In particular, the findings confirm the positive relation of global de-
mand pull and European technology push effects with innovation expenditures in 2014
and 2015. 17 The point estimate of 0.29 for the coefficient of TechPush in the R&D
2014 equation implies that on average an increase by one percent in public subsidies
for R&D received for a manufacturer’s main renewable power generation technology
between 2011 and 2013, increases firm-level innovation expenditure in the subsequent
year 2014 by 0.29 percent.

Larger firms (in terms of sales) and more experienced firms (in terms of years active in
the main renewable power generation technology) are related with higher innovation
expenditures in 2014 and 2015. For example, a one percent increase in sales or tech-
nology experience is associated with an increase in inovation expenditure in 2014 by
0.64 percent and 1.1 percent, respectively. Finally, firms active in wind technologies
are associated with about 2.8 times higher innovation expenditures in 2014 compared
to firms focusing on other renewable electricity technologies, indicating strong differ-
ences across technologies.

15 Based on a Likelihood-Ratio test, the Null Hypothesis (p = 0) can be rejected at p<0.01
(x3(1) = 320.061).

16 We calculated variance inflation factors (VIF) to explore whether collinearity may be a prob-
lem. Using all explanatory variables employed in this and subsequent specifications, the
average VIF is 1.33. The highest VIF of any explanatory variable is 2.30 for credibil-
ity _national. Thus, our parameter estimates do not appear to suffer from collinearity.

17 We ran an additional base model allowing TechPush and DemandPull to interact. While the
coefficient of this interaction term took on the expected positive sign, the p-values were
quite high (0.60 and 0.72). Otherwise, the findings were virtually the same as those of the
base model, but the AIC and BIC values were noticeably higher, i.e. 2025 for AIC and 2082
for BIC.
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Next, we employ several models to test the effects of policy mix characteristics on in-
novation expenditures. We first note that for these models the coefficients of the varia-
bles included in the base model are very similar to those of the base model, i.e. they
are barely affected by including the additional policy mix variables; however, the model
quality tends to improve, as indicated by smaller AIC and BIC values.

5.2 Consistency models

We start by testing the effects of consistency of the policy mix on innovation expendi-
tures. To do so we first extend the base model to include our variables for the three
levels of consistency individually, and then combined. The estimation results for the
individual models suggest that Consistencyl PS (consistency of the policy strategy)
exhibits the expected positive sign but is not statistically significant, leading us to reject
proposition 1.1. In comparison, the coefficients for Consistency2_IM (consistency of the
instrument mix) and Consistency3_PM (consistency of the instrument mix with the poli-
cy strategy, i.e. the overarching policy mix) are, as expected, positive in both equa-
tions, and are also statistically significant — except for the 2014 innovation expenditure
equation, where Consistency_level2 is only significant at p<0.142 (i.e. at a significance
level which slightly exceeds conventional levels). However, when the variables for all
three consistency levels are included simultaneously, only Consistency3 PM turns out
to be statistically significant, and only for innovation expenditures in 2015 (for 2014
Consistency3_PM becomes significant at p<0.142). Most likely, this loss in significance
is due to the loss in degrees of freedom. In summary, these findings provide weak sup-
port for proposition 1.2 and fairly strong support for proposition 1.3.

5.3 Credibility models

To explore the impact of the credibility of the policy mix on innovation expenditures we
included our two indicators derived from the factor analysis in the base model. We find
Credibility_national (policy mix credibility at national level) to be positively related to
innovation expenditures and also statistically significant in both equations. In contrast,
innovation expenditures do not appear to be related with Credibility _subnational (policy
mix credibility at sub-national level). Thus, our results support proposition 2, albeit only
at a national level.

In addition, we allowed for a possible interaction of consistency and credibility. More
specifically, we included an interaction term for third level consistency of the overarch-
ing policy mix (i.e. the consistency between instrument mix and policy strategy) and
national credibility (Cons3 X Cred_nat) together with Consistency3_PM and Credibil-
ity_national. The interaction term turns out to be negative and statistically significant for
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innovation expenditures in 2015 (for 2014, p = 0.129, hence just above conventional
levels). At the same time, the coefficients for Consistency3 PM and Credibility _national
remain positive and exhibit lower p-values for innovation expenditures in 2014 and in
2015 than in the model without such interaction. Thus, an increase in Credibil-
ity_national is associated with a larger positive effect on R&D if consistency3_PM is
low. Likewise, an increase in Consistency3 PM is associated with a larger positive
effect on innovation expenditures if Credibility national is low.18 This confirms our third
proposition.

5.4 Coherence model

In our model capturing the coherence of policy processes the coefficients of the indica-
tors capturing informational and procedural coherence both exhibit the expected posi-
tive sign for innovation expenditures in 2014 and 2015. However, the coefficients are
not statistically significant. We therefore reject proposition 4.

5.5 Comprehensiveness model

Similarly, our model addressing the comprehensiveness of the instrument mix shows
that the coefficient of comprehensiveness is positive for innovation expenditures in
2014 and 2015, but lacks statistical significance, leading us to reject proposition 5.

5.6 Overall model

Finally, we estimate the full model which includes all explanatory variables. The results
are very similar to those for the individual models, but significance levels for the coeffi-
cients tend to be inferior, most likely due to lack of power. In particular, unlike in the
individual model, Credibility_national is no longer statistically significant at conventional
levels, yet the p-value is quite low (p = 0.128). In general though, the findings of the full
model and the individual models are very consistent, suggesting that a potential omit-
ted variable bias is negligible. In summary, the findings of the overall model, which has
the lowest AIC and BIC values of all examined models, provide solid support for propo-
sitions 1.3 and 3, and offer weak support for proposition 2.

18 In a separate model, we also allowed Consistency2_IM (i.e. the consistency of the instru-
ment mix) and Credibility_national to interact. The coefficient was negative in both equa-
tions, but not statistically significant (p-values > 0.2 in both equations).
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Table 4: Regression results for base model and nine models including policy mix characteristics

Base model Consistencyl_PS Consistency2_IM Consistency3_PM Consistency_all Credibility Cons3 X Cred_nat Coherence Comprehensiveness Full model
Variable| 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015

DemandPull | 2.399%%  4.396% | 2.305%* 4.331%* | 2438 4318 | 2.152%  4.025%* | 2.287* 4.165%* | 2550 4.524% | 2106%  4.090%% | 2228  4.115%% | 2.431%%  4.429%% | 3.040%* 4,971
(0.006)  (0.000) | (0.010)  (0.000) | (0.006)  (0.000) | (0.012)  (0.000) | (0.010)  (0.000) | (0.007)  (0.000) | (0.019)  (0.000) | (0.015)  (0.000) | (0.005)  (0.000) | (0.002)  (0.000)

TechPush| 0.200%* 0270 | 0.303%* 0.283* | 0.309%* 0.306"* | 0.273**  0.238" | 0.288** 0.263" | 0.300%* 0.327* | 0.298%* 0270 | 0.202%*  0.271** | 0.286"* 0.259* | 0.268~*  0.272*
(0.002)  (0.012) | (0.001)  (0.009) | (0.002)  (0.008) | (0.002)  (0.019) | (0.004)  (0.020) | (0.001)  (0.005) | (0.001)  (0.009) | (0.002)  (0.011) | (0.002)  (0.014) | (0.009)  (0.034)

Size| 0.637%+  0.693%* | 0.616%* 0.672* | 0.640%* 0.678"* | 0.615%* 0.647+* | 0.628"* 0.659%* | 0.604%+ 0738+ | 0.624%*  0.664** | 0.607++  0.644%* | 0.636*  0.694%+ | 0.642%* 0,731+
(0.001)  (0.002) | (0.001)  (0.002) | (0.001)  (0.003) | (0.001)  (0.002) | (0.001)  (0.002) | (0.001)  (0.002) | (0.001)  (0.001) | (0.001)  (0.003) | (0.001)  (0.002) | (0.001)  (0.003)

Experience| 1.088*  1.347* | 1.044* 1298 | 1.030*  1.305* | 1.179*  1513* | 1.044* 1385 | 1.024*  1.600" | 1.065*  1.362* | 1.294* 1625 | 1.099*  1.382* | 1.008*  1.803**
(0.065)  (0.053) | (0.081)  (0.067) | (0.077)  (0.054) | (0.045)  (0.026) | (0.075)  (0.041) | (0.086)  (0.040) | (0.066)  (0.038) | (0.028)  (0.016) | (0.063)  (0.046) | (0.096)  (0.017)

Wind | 2.804% 2306 | 2.686"*  2.196* | 2.356*  1.647 | 2.172%  1.310 | 1.962%  1.065 | 2.039%  1.652 | 2.094%  1.233 | 2.752%%  2.243* | 2,797+ 2277 | 1.839%*  1.140
(0.003)  (0.045) | (0.005)  (0.066) | (0.012)  (0.147) | (0.019)  (0.234) | (0.038)  (0.345) | (0.038)  (0.203) | (0.023)  (0.262) | (0.004)  (0.055) | (0.003)  (0.047) | (0.071)  (0.391)

Consistencyl_PS 0.974 0.967 0.377 -0.039 -0.166 -0.795
(0.373) (0.455) (0.728) (0.975) (0.883) (0.586)

Consistency2_IM 1.664 2.745%* 0.731 1.460 -0.522 0.878
(0.142)  (0.046) (0.568)  (0.338) (0.714)  (0.633)

Consistency3_PM 2.119* 3.618*** 1.790 3.103** 4.669** 8.305%+* 4.691* 8.179**
(0.053)  (0.006) | (0.142)  (0.032) (0.049)  (0.004) (0.079)  (0.022)

Credibility_national 2.611* 3.832* 4.706* 7.015% 5.005 5.253
(0.098)  (0.070) | (0.078)  (0.032) (0.128)  (0.233)

Credibility_subnational 1.247 1.716 0.677 0.488
(0.345) (0.327) (0.621) (0.787)

Cons3 X Cred_nat -4.797 -8.105** -5.540 -7.942*
(0.129)  (0.033) (0.111) _ (0.087)

Coherence_informational 0.987 1.609 -0.639 0.395
(0.556)  (0.419) (0.755)  (0.881)

Coherence_procedural 1.838 2.599 1.984 2.735
(0.268) (0.193) (0.312) (0.285)

Comprehensiveness 0.434 1.168 0.293 0.942

(0.667)  (0.342) | (0.789)  (0.518)

Constant| -7.428*  -10.637** | -7.697** -10.913"*| -8.429% -12.070**| -8.369" -12.220**| -8.860** -12.813**| -9.472% .16.710*|-10.734** -15.986" | -9.300** -13.281%*| -7.745% 11523+ |-12,041%* -21.018"*
(0.033)  (0.012) | (0.025)  (0.009) | (0.020)  (0.005) | (0.013)  (0.002) | (0.011)  (0.002) | (0.010)  (0.001) | (0.004)  (0.000) | (0.007)  (0.001) | (0.030)  (0.007) | (0.003)  (0.000)

(Pseudo)loglikelihood

(Chi-Squared)| -995.691 (63.85"*) -975.705 (63.67) -985.113 (72.11) -988.341 (78.95) -960.156 (82.24) -921.181 (69.89) -984.231 (84.87) -981.870 (72.61) | -994.63696 (65.93) -873.423 (93.72)
Rho (Chi-Squared)| 0.918 (320.061%) | 0.918 (312.664"*) | 0.915 (309.794"%) | 0.917 (313.363**) | 0.915 (299.624**) | 0.938 (329.754 **) | 0.917 (311.903 **) 0.916 (311.193) 0.918 (320.867) 0.942 (319.397)
AlC 2021,382 1985,411 2004,227 2010,681 1962,310 1880,363 2010,462 2001, 741 2023,274 1812,846
BIC 2071,942 2042,392 2061,369 2067,903 2032,398 1943,407 2081,147 2065,605 2080,575 1921,024
Obsenvations 215 211 213 214 208 204 214 213 215 196

Legend: PS=policy strategy, IM=instrument mix, PM=policy mix, Cons3= third level consistency, Cred_nat=credibility at national level; Robust pval in parentheses, *** p<0.01, ** p<0.05, * p<0.1
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6 Discussion

Keeping in mind the explorative character of our study we find evidence that for the
case of renewable power generation technologies in Germany policy mix characteris-
tics matter for innovation. In particular, by incorporating a distinct block of questions on
companies’ perceptions of the current policy mix our econometric analysis suggests a
positive link between the consistency and credibility of the policy mix and corporate
innovation expenditures on low carbon innovation. In our case, this finding implies that
technology providers which consider the instrument mix to be fairly well aligned with
the expansion targets for renewable electricity and which perceive a high level of gov-
ernmental commitment spend more on low carbon innovation. Perhaps most strikingly,
we find a negative interaction effect between the consistency of the overall policy mix
and policy mix credibility at a national level, indicating that both characteristics influ-
ence each other. The effect of policy mix credibility on innovation expenditures is larger
when policy mix consistency is low. Similarly, the effect of consistency of the policy mix
on innovation expenditures is larger when credibility is low. This finding is in line with
the results of qualitative case study work by Reichardt and Rogge (2016) for offshore
wind in Germany. Accordingly, inconsistencies in the policy mix were partly offset by a
high level of credibility, thereby reducing negative impacts on innovation. This finding
may also be reassuring to policy makers which may not be able to align at once the
entire policy mix with novel green targets. For example, conflicting policy objectives or
political resistance from incumbent, more polluting companies may slow down the nec-
essary changes. Indeed, such inconsistencies may be partly unavoidable and inherent
to sustainability transitions (Quitzow, 2015a; Rogge and Reichardt, 2016), but their
detrimental impact on green innovation may be reduced if innovators perceive a strong
political commitment and thus high policy mix credibility.

In contrast, our study does not support earlier findings on a positive effect of instrument
mix comprehensiveness on innovation (Costantini et al., 2017). This may be explained,
for example, by differences in technologies (energy efficiency versus renewable tech-
nologies), indicators of innovation (patents versus innovation expenditures), estimation
methodology (panel versus cross-section analysis), regional scope (OECD countries
versus Germany) or data sources (secondary versus primary data from survey). How-
ever, it could also be that comprehensiveness may be more important for adoption of
renewable energies, and less for innovation decisions (Sovacool, 2009; Reichardt and
Rogge, 2016).

Regarding the coherence of policy processes as the fourth policy mix characteristic
included in our study, we do not find sufficient evidence for a direct link with innovation.
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However, it is noteworthy that respondents were well able to answer our various items
on the coherence of policy making and implementation, and that based on their an-
swers we arrived at two distinct factors capturing procedural and informational coher-
ence. Also, the relatively low p-value for procedural coherence indicates that it may be
worthwhile to investigate this phenomenon further. This is also backed up by qualitative
work which has shown a clear impact of the policy making style on green innovation, at
least for the case of offshore wind in Germany (Reichardt et al., 2017). We argue that
studies with a larger sample size can be expected to shed more light on the relation-
ship between the coherence of policy processes and innovation (and other policy mix
characteristics, for that matter). Similarly, studies involving several countries could not
only improve statistical power, but also exploit variation across countries. Of course, an
alternative explanation for our results may be the potential omission of key items need-
ed to capture policy mix coherence. Finally, it could also be the case that coherence
rather unfolds its role for innovation more indirectly, for example by influencing the
credibility of a policy mix.

Turning to technology push instruments we find that public financial support for innova-
tion projects is linked with higher private innovation expenditures in the future. This is in
line with the literature finding that public R&D support stimulates green innovation, al-
beit with some variation across technologies (Johnstone et al., 2010; Costantini et al.,
2015). Yet, perhaps more importantly, our study adds to existing evidence suggesting
that the locus of public technology push funding matters, but qualifies this for Europe
where companies have access to both national and EU R&D funding which jointly mat-
ter.

Regarding demand pull effects our study supports earlier findings that market growth —
which in the case of renewable energies at the time of our survey has still mainly been
policy-induced — is positively associated with green innovation (Horbach, 2008;
Hoppmann et al., 2013; Schleich et al., 2017). In our case, technology providers who
expect their green sales to increase compared to the previous year tend to spend more
on low-carbon innovation. Of course, this growth expectation measured at the firm-level
rather than through national or global capacity additions is not only dependent on poli-
cy-induced market growth but also on the international competiveness of firms, where,
for example, in the case of solar PV German companies have been particularly chal-
lenged by Chinese competitors (Quitzow, 2015b). To sum up, global market expecta-
tions matter which in the case of green innovation are driven by policy mixes, with de-
mand pull instruments as well as targets playing a key role (Rogge et al.,, 2011,
Schmidt et al., 2012b).
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In terms of our control variables we find strong support for size of the firm (measured in
total sales in 2013) positively impacting on low carbon innovation expenditures. This
result is in line with the eco-innovation literature (Kammerer, 2009; Kesidou and Demi-
rel, 2012; del Rio et al., 2016). In addition, we also find evidence that experience with
the main renewable power generation technology (measured in years) positively corre-
lates with green innovation expenditures, suggesting that early movers spend more on
innovation. This underlines the importance of green technological and organizational
capabilities found in the eco-innovation literature (Kammerer, 2009; Demirel and Kesi-
dou, 2011; Horbach et al., 2012). Finally, regarding the technology portfolio our findings
hint at possible differences across technologies (Huenteler et al., 2016), with compa-
nies active in on- and offshore wind having higher innovation expenditures than the
rest. Finally, the high significance of our error term hints at path dependency of green
innovation expenditures between 2014 and 2015, although this correlation may also be
due to factors other than green innovation breeding green innovation (Horbach, 2008).

Overall, we argue that our explorative study provides empirical support for drawing on
the broader policy mix concept introduced by Rogge and Reichardt (2016). In particu-
lar, we find strong evidence for a positive relation between innovation expenditures in
renewable power technologies and the overall consistency of the policy mix, i.e. how
well aligned the instrument mix is with policy targets. Our findings also suggest that
policy mix credibility plays a key role, although the mechanisms through which credibil-
ity — and in particular its link with consistency — matters for innovation remain to be bet-
ter understood.

7 Conclusion

In this paper we presented new insights on the link between policy and innovation.
More specifically, operationalizing policy mix consistency, comprehensiveness, credibil-
ity and coherence in an innovation survey enabled us to perform the first survey-based
guantitative analysis on the relevance of these policy mix characteristics for green in-
novation. Our findings for the research case of manufacturers of renewable power
generation technologies in Germany suggest that policy mix consistency and credibility
matter for innovation, and that this positive link intensifies when considering their mutu-
al interdependence. In addition, our findings point to the potential relevance of the pro-
cedural coherence of policy processes, but do not support earlier claims that the com-
prehensiveness of the instrument mix is key for innovation. These findings also speak
to innovation studies more broadly, confirming the relevance of paying greater attention
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to policy mixes (Guerzoni and Raiteri, 2015; Cantner et al., 2016) but suggesting a
broader scope of future policy mix research.

Clearly, our novel empirical research is not free from limitations. Rather, it should be
seen as a first step in analyzing the impact of policy mix characteristics on green inno-
vation. First, for such an exploratory study choosing the German Energiewende allows
drawing lessons from one of the most advanced cases of a low-carbon transition, but
the focus on one country and one sector implies that our results may not readily be
transferable to other contexts. Second, while operationalizing policy mix characteristics
proved feasible within an innovation survey, and the correlations found between R&D
and the policy mix variables build upon and support earlier qualitative findings, we also
recognize the caveats inherent with survey-based research such as recall-bias, social
desirability bias or common method bias. In addition, to establish causality, panel data
would be preferable. Third, our operationalizations for the measurement of perceptions
on the policy mix should only be seen as first attempt. For example, future studies can
include strong instrument mix consistency characterized by the existence of synergies
between different instruments rather than just capturing the absence of contradictions,
or could test multiple alternative items for comprehensivenes. Also, future work can
cover more than just energy and climate policy strategies, and therefore examine con-
sistency between environmental and other policy objectives, such as competitiveness
or distributional concerns. Similarly, based on our in-depth study for the German policy
mix future analysis should extend the scope, so as to include, for example, the Paris
Climate Agreement or EU climate and renewable energy targets since such interna-
tional long-term targets may also influence innovation strategies (Schmidt et al., 2012b;
Schleich et al., 2017). In light of the increasingly global nature of the market for renew-
able power generation technologies studying the differential effects of domestic and
global policy mix characteristics seems also promising.

Despite these caveats we argue that our findings do not only hold relevant implications
for German policy makers but also provide important indications for transformative in-
novation policy more generally (Schot and Steinmueller, 2016). First, our results sug-
gest that policy makers interested in stimulating green innovation are well advised to
think more holistically in terms of the consistency of the overarching policy mix, that is,
striving for instrument mixes which are mutually supportive and well aligned with long-
term targets. Second, since policy mix credibility seems to stimulate green innovation,
policy makers need to recognize this importance and better understand the formation
(and loss) of such credibility. Third, our study provides some indications that policy
makers interested in redirecting and accelerating innovation towards green solutions
should pay greater attention to the coherence of policy processes. This concerns, for
example, policy makers problem solving capabilities and the mode of interaction with
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innovators. Finally, the decarbonization of the economy requires dedicated efforts to
better monitor the greening of innovation and drivers thereof. For example, standard
monitoring tools, such as the Community Innovation Survey, should be adjusted to pro-
vide a better base for evidencing the role of policy mixes for the steering of such a
transition.

Based on the results of our exploratory study we foresee three main areas for future
research, all intended to deepen empirical insights into the innovation impact of policy
mixes for sustainability transitions. First, conducting a periodic innovation survey
among manufacturers of technologies relevant for the low-carbon energy transition
may help in investigating the causality of policy mixes and innovation. Such a panel
should not only include technology providers active in the field of renewable energy,
but capture the ongoing system innovation more broadly, e.g. by also including com-
plementary or enabling technologies, such as storage or grid technologies. Second, to
better understand the relevance of the characteristics of policy mixes, such as con-
sistency and credibility, cross-country innovation surveys should be conducted. For
example, a comparative study of countries with a similar industry structure but different
governance approaches regarding the transition of the energy system, such as the US,
France, Japan or Italy, could enable important insights into the link between policy and
low-carbon innovation. Finally, analyzing the relevance of policy mixes for green inno-
vation should be extended beyond the energy domain to capture its role for the green-
ing of the economy more generally. For example, the CIS or similar surveys could in-
clude policy mix questions to allow for cross-sectoral comparisons. If implemented in
more than one country, this would also allow for cross-country comparisons. Ultimately,
our findings may initiate a critical assessment of how policy is measured in innovation
surveys and beyond. Future research may help establishing new standards in innova-
tion surveys, where items on policy are not limited to an optional eco-innovation mod-
ule but where both policy mixes and green innovation are integrated more holistically.
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Appendix A: Size and product type of participating companies

Size (n=381) Product type (n=386)
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Il Medium-sized companies w for generating power
[ Big companies [ production plants

Appendix B: Technologies for which survey was completed
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