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22This paper investigates empirically the effect of market regulation and renewable energy policies on innovation
23activity in different renewable energy technologies. For the EU countries and the years 1980 to 2007, we built a
24unique dataset containing information on patent production in eight different technologies, proxies of market
25regulation and technology-specific renewable energypolicies. Ourmainfinding is that, compared to privatisation
26and unbundling, reducing entry barriers is a more significant driver of renewable energy innovation, but that its
27effect varies across technologies and is stronger in technologies characterised by potential entry of small, inde-
28pendent power producers. In addition, the inducement effect of renewable energy policies is heterogeneous
29andmore pronounced forwind, which is the only technology that ismature and has high technological potential.
30Finally, ratification of the Kyoto protocol, which determined a more stable and less uncertain policy framework,
31amplifies the inducement effect of both energy policy and market liberalisation.
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44 1. Introduction

45 Innovation commonly is regarded as the best way to sustain current
46 standards of living while overcoming severe environmental concerns.
47 This is especially relevant in the case of energy, where increasing
48 resource scarcity calls for the rapid development of alternative energy
49 sources, notably Renewable Energy (RE). Although RE cannot currently
50 compete with fossil fuels in terms of production costs, impressive
51 technological progress is paving the way to promising new sources
52 such as biomass and solar energy, among others. Countries have also
53 developed areas of specialisation in specific types of RE sources. For
54 example, Denmark has established a strong technological advantage in
55 wind technologies, whereas Sweden and Germany have specialised in
56 bioenergy, Germany and Spain in solar, and Norway and Austria in
57 hydropower.

58In addressing the issue of how technological advantages have
59emerged for RE, the economic literature emphasises the key role of pub-
60lic policies in fostering environmental innovation. Moving from these
61premises, assessing the effects of targeted environmental policies and/
62or energy prices on environmental innovations has been the main goal
63of most empirical research (Jaffe et al., 2003). The seminal contribution
64of Johnstone et al. (2010) (henceforth JHP) emphasises how guaranteed
65price schemes and investment incentives appear to play a major role in
66the early phases of technological development, whereas for relatively
67more mature technologies, i.e. wind, obligations and quantity-based in-
68struments appear to bemore effective policy tools.More recently, Nesta
69et al. (2014) found a significant effect of energymarket liberalisation on
70innovation in RE technologies (RETs). This result implies that, given the
71characteristics of the energy market, in which the core competences of
72the incumbent are generally tied to fossil fuel plants whereas the pro-
73duction of RE is mainly decentralised in small-sized units, the entry of
74non-utility generators made possible by market liberalisation has in-
75creased the incentives to innovate for specialised suppliers of electric
76equipment, such as wind turbines or solar cells.
77However, much less attention has been paid to the heterogeneous
78effects that equal policy or equal market stimulus exerts on different
79RETs. A first step in this direction is the study by Lee and Lee (2013),
80who proposed a taxonomy of RETs according to a set of indicators
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81 derived from the innovation literature, and use it to study the similari-
82 ties and differences across technologies.1 This taxonomy identifies six
83 types of innovation patterns depending onmarket structure and degree
84 of technological maturity and potential. For instance, Lee and Lee show
85 that, with the exception of solar Photovoltaic (PV) and geothermal
86 energy, the market structure of innovators in RETs tends to be level
87 (innovators are close competitors, with similar shares of patents
88 granted), which means, among other things, that late entrants can still
89 gain technological leadership of the market (Lee and Lee, 2013). This
90 result suggests that the aggregate effect of deregulation found in Nesta
91 et al. (2014) could be heterogeneous across technologies. They show
92 also that RETs differ in terms of their technological potential, measured
93 here as growth in number of patents, which can influence the
94 magnitude of the inducement effect exerted by policy on different
95 technologies and, consequently, its overall profitability.
96 This paper extends the previous research in three directions. First,
97 building on the results of Lee and Lee (2013), we exploit their taxonomy
98 to study how the market and policy effects identified in the literature
99 differ across the eight different RETs. This analysis is important, first, be-
100 cause it disentangles the heterogeneous factors underlying aggregate
101 innovation dynamics in RE and, second, because it helps in designing
102 customised policy interventions for each specific technologies. In partic-
103 ular, we expect a different degree of technological maturity and techno-
104 logical potential to influence the inducement effect of renewable energy
105 policies (REPs). We expect also that the increase in competition due to
106 deregulation is expected to have a positive effect on the innovation
107 performance of ‘level’ manufacturing industries2 where firms tend to
108 innovate to escape competition and a negative effect on ‘un-level’
109 industries where stronger competition reduces the post-innovation
110 rents of laggard firms and decreases innovation (Aghion et al., 2005;
111 Sanyal and Ghosh, 2013). Moreover, we expect the effect of lower
112 entry barriers to be stronger in those renewable technologies that, by
113 nature, are more suited to small-scale generation and, consequently,
114 are characterised by the entry of small independent power producers
115 following liberalisation, such as in the cases of wind and solar energyQ10

116 (Jacobsson and Bergek, 2004; Lehtonen and Nye, 2009).
117 Second, our analysis extends JHP by testing the role of market
118 liberalisation and employing a dynamic specification which accounts
119 for the accumulated stock of knowledge. At the same time, we extend
120 Nesta et al. (2014) analysis by allowing for differences in the effects of
121 REPs across technologies and considering the effects of disaggregated
122 policy instruments (Renewable Energy Certificates (RECs), feed-in tar-
123 iffs, public Research and Development (R&D) expenditure and single
124 index summarising remaining REPs— see Section 3.2 for more details).
125 Wealso split the single ProductMarket Regulation (PMR) index used by
126 Nesta et al. (2014) into its three sub-components, namely, ownership,
127 entry barriers and vertical integration, and we test them separately.
128 Energy market liberalisation is a long and complex process, involving
129 myriad aspects that can exert opposite effects on the development of
130 RE (e.g. Pollitt, 2012). These effects can be captured best using these
131 three sub-indexes rather than a single indicator. In particular, we expect
132 that the increased competition derived from lowering entry barriers
133 and granting to independent power producers free access to the grid,
134 thus, favouring the development of decentralised energy production,
135 should act as a positive incentive for innovation especially in wind and
136 solar thermal energy. In contrast, privatisation and unbundling should
137 favour the emergence of large players and, thus, could have an ambigu-
138 ous effect on innovation in RETs since large players usually are tied to
139 large-scale plants using coal, nuclear or gas as the primary energy input.
140 Third, endogeneity is an unresolved issue. Nesta et al. (2014) show
141 empirically that historical successful innovation in clean energy

142increases the power of green lobbies towards policy makers. Since
143here we consider different REPs rather than a single REP index, finding
144good instruments for each endogenous policy is difficult. We hence
145rely on a different strategy and indirectly address the issue of policy
146endogeneity using the ratification of theKyotoprotocol as an exogenous
147shock for national-level policies in a difference-in-difference setting. To
148ensure that Kyoto effect has been incorporated into the national policy
149framework, we consider only countries that are members of the
150European Union, where ratification is enforced by all states. Although
151this strategy cannot provide a definitive quantification of the policy
152effect, it allows us to assess whether the results are qualitatively robust.
153To address the issues discussed above, we constructed a cross-
154country dataset covering eight RE technologies (geothermal, hydroelec-
155tric, marine, wind, solar thermal, solar PV, biofuel and waste) and 19
156European countries covering the period 1980–2007. The paper is
157organised as follows: Section 2 defines the main determinants of RE
158innovations; Section 3 describes the data used in the analysis;
159Section 4 presents the empirical strategy; and Section 5 discusses the
160main results. Section 6 concludes the paper.

1612. Heterogeneous determinants of renewable energy innovations

162Establishing comparative advantage in a given RE technology
163depends on a host of factors. Sub-section 2.1 is concernedwith the effect
164of environmental policy, Sub-section 2.2 describes the role of market
165structure and liberalisation and Sub-section 2.3 exploits Lee and Lee's
166(2013) taxonomy to discuss the rationale behind the expected hetero-
167geneous effect of policy and market factors on RE innovation.

1682.1. Environmental policies and innovation

169Early theoretical studies on the impact of environmental policies on
170firms' competitiveness emphasise the static trade-off between firm
171competitiveness and compliance with environmental regulation (for a
172review, see Jaffe and Stavins, 1995). This idea was criticised in the
173seminal study by Porter and van der Linde (1995), which considering
174the dynamic effect of regulation on the incentive to innovate, predicts
175a different effect of environmental regulation on firm competitiveness.
176In particular, the so-called Porter hypothesis, in its ‘weak’ version (as
177defined by Jaffe and Palmer, 1997), argues that environmental regula-
178tion fosters innovation, while no expectations can be formulated
179ex-ante on the effect of regulation on firm competitiveness.3

180The implications of these studies are of particular interest in the con-
181text of a growing, but still limited sector such as renewables, where, in
182the absence of a public intervention, production costs are generally
183higher compared to fossil fuel energy sources. In this case, the induce-
184ment effect of environmental policy is expected to act through several
185channels. First, both quota systems and demand subsidies, which in-
186crease the market for RE, are expected to stimulate innovation thanks
187to the higher expected return from R&D investments (Popp et al.,
1882009). Second, since innovative activities in RE sectors are characterised
189by a high degree of uncertainty in all phases of product life cycle, any
190policies able to reduce this uncertainty can be expected to spur innova-
191tion. More specifically, in the early phase of technological development,
192manufacturer producers may under-invest in emerging RETs if they are
193uncertain about outcomes and the economic relevance of their R&D
194activity. Technology-specific policy support, such as R&D subsidies,
195can reduce this source of uncertainty and sustain the development of
196a broader spectrum of RETs. In the mature phase, when the new green
197technologies are exposed to competition with established incumbent

1 This taxonomy has been created by applying a cluster analysis to energy-technology
patents filed at the USPTO over the years 1991–2010.

2 In linewith Aghion et al. (2005), by levelwemean an industry inwhich innovators are
close competitors which hold similar market share.

3 This effect operates through several channels. First, regulation reduces uncertainty in
environmental pollution activities; second, it signals to firms potential technological im-
provements and potential resources inefficiencies; third, it induces cost-saving innovation
in order tominimise compliance costs. The Porter hypothesis has been the focus of several
studies; a good review is Q11Ambec et al. (2013).
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198 technologies, energy producers may under-invest in renewables if they
199 are uncertain about their future costs, technical development or their
200 overall profitability. In this case, quota systems can be a good tool to de-
201 fend and support further market development of renewables (on this
202 point see Midttun and Gautesen, 2007).
203 Finally, in line with the theory, the development of green technolo-
204 gies is subject to two types of market failure: environmental externali-
205 ties and knowledge externalities due to the low appropriability of
206 innovation. In this context, environmental policies alone, although
207 necessary to internalise the social costs of Greenhouse Gases (GHG)
208 and other pollutants, are not sufficient. Consequently, an optimal policy
209 portfolio should include at least one instrument for each of the
210 abovementioned market failures, such as a tradable permit scheme
211 and R&D subsidies (Jaffe et al., 2005; Fischer and Newell, 2008;
212 Acemoglu et al., 2012). The effect of REPs on innovation is the precise
213 aim of the abovementioned work of JHP and Nesta et al. (2014), to
214 which we refer for further reference.

215 2.2. Market structure, liberalisation and renewable energy innovation

216 The relationship between innovation and competition has been thor-
217 oughly analysed in the vast economic literature on endogenous growth
218 (e.g., Boone, 2000, 2001; Aghion and Howitt, 1998). The argument pro-
219 posed by first-generation models, which claims imperfect competition
220 to enhance the appropriability of R&D investments, has been challenged
221 by a new strand of literature offering a more problematic view of this re-
222 lationship. Aghion et al. (2001, 2005) developmodels showing that an es-
223 caping competition effect counterbalances the standard appropriability
224 (or Schumpeterian) effect. In line with this logic, increased competition
225 can reduce the firm's pre-innovation rents more than its post-
226 innovation rents, thereby increasing the profit from innovation activities
227 and R&D expenditure aimed at escaping competition (Aghion et al.,
228 2005). In their view, whether the traditional Schumpeterian effect or
229 the escaping competition effect prevails depends mainly on the industry
230 structure of the innovators. Incumbents are induced to invest more in
231 R&D if the competitive pressure from new entrants is higher and if they
232 are operating in a level industry (where firms are neck-to-neck competi-
233 tors — Aghion et al., 2005), while the increased pressure from new en-
234 trants discourages R&D investments in unlevel markets where laggard
235 incumbents have competences that are too distant from those needed
236 to imitate the leading-edge technologies.
237 Sanyal and Ghosh (2013) investigate how the deregulation of the US
238 electricity market affected the patenting propensity of upstream equip-
239 ment manufacturers (i.e. General Electric), which are acknowledge to be
240 the key innovation actors in the electricity sector. They find a negative ef-
241 fect and, also, their rich dataset allows them to distinguish between a pos-
242 itive appropriation effect and a pure Schumpeterian effect. The former
243 occurs because stronger competition in wholesale market increases the
244 bargaining power of upstream specialised suppliers and, thus, their
245 innovative efforts. The appropriation effect tends to be stronger the
246 more non-utility generator actors enter the wholesale market. These
247 new actors (i.e. farmers, firms, small communities, municipalities, house-
248 holds, environmental activists) are generally specialised in decentralised
249 energy production such as combined generation, local heating systems
250 and renewable sources. Hence, the entry of non-utility generators and
251 the associated appropriation effect are expected to be significantly stron-
252 ger for RETs with respect to general electricity due to the high lock-in of
253 incumbents to fossil fuel technologies, and the orientation of entrants in
254 the energy market towards RE, generally produced by medium- and
255 small-sized firms (David and Wright, 2003; Lehtonen and Nye, 2009).
256 Among the three components of the PMR index used by Nesta et al.
257 (2014), in particular, we expect that lowering entry barriers will trigger
258 an increase in RE innovation. This prediction is supported by anecdotal
259 evidence for wind and solar technologies suggesting that the entry of
260 new actors contributed to the creation and diffusion of new knowledge
261 (Jacobsson and Bergek, 2004). In contrast, there is no consensus about

262the expected effect of unbundling, i.e. the separation of ownership be-
263tween energy generation and other segments of the industry. On the
264one hand, unbundling, which increases the competition in energy mar-
265kets, should spur innovation. On the other hand, the financial resources
266made available by the sale of vertically integrated assets might provide
267financial resources for mergers, acquisitions and horizontal integration,
268which can become a barrier to the diffusion of decentralised energy pro-
269duction and the entry of new players (Pollitt, 2008), thus, inhibiting RE
270innovation. Finally, privatisationmay not necessarily result in the devel-
271opment of RETs for several reasons. First, private companies might be
272less willing to internalise the pollution externalities stemming from tra-
273ditional energy sources through the development of RE. Second, private
274companies tend to be engaged in short-term research rather than in the
275fundamental research needed to develop RETs.4 As a result, we expect a
276market characterised by low entry barriers and a certain degree of pub-
277lic ownership to be amore fertile context for thedevelopment of renew-
278able energy technologies. On the role of vertical unbundlingwe have, on
279the contrary, no a priori expectations.

2802.3. Heterogeneous effects

281To better understand the evolution of renewable energy technolo-
282gies, we believe it is important to take a step forward and study how
283the two mechanisms highlighted above vary across different RETs. We
284draw on the taxonomy proposed by Lee and Lee (2013) and use the
285indicators employed in their analysis to propose a set of implications
286that are testable in a rigorous econometric setup.
287First, we expect the effect of lowering entry barriers to depend on
288the degree of concentration of innovation among firms, which in the
289work by Lee and Lee (2013) ismeasured using an index called ‘developer
290intensity’. Technically, this indicator is computed as the ratio of patents
291granted by the top five most active patenting firms, to all the patents in
292that technology. Thus, it can be regarded as a proxy for the structure of
293the upstream electric equipment manufacturer industry. A low level of
294the index means innovation activities are spread among firms and
295there are no technology leaders; a high level of the index means the in-
296dustry is not levelled and has a few leaders and several followers. Conse-
297quently, we expect an escaping competition effect to prevail in the first
298‘levelled’ case, and a Schumpeterian effect to prevail in the second case.
299According to Lee and Lee's (2013) taxonomy, technologies such as
300solar thermal, waste andwind are characterised by low developer inten-
301sity, geothermal and PV technology show high developer intensity, and
302the remaining technologies are between these two. Also, we expect the
303magnitude of the appropriation effect described in the previous section
304to differ across technologies and to be stronger in RETswhere renewable
305energy production is decentralised in small- or medium-sized units. This
306applies to wind and solar energy, which, in the 1980s, showed a high
307degree of distributed generation.5 In these cases, lowering entry barriers
308is more likely to induce the entry of independent power producers,
309which would increase the rents of upstream electricity equipment
310manufacturers. In contrast, we expect the appropriation effect to be
311weaker or absent for technologies such as hydro energy, which, being
312generally implemented by large utilities with large sized plants, are
313less likely to experience the entry of small-scale producers after
314liberalisation. This brings us to the first testable hypothesis:

315Hypothesis 1. The effect of lowering entry barriers on innovation activities
316is expected to be positive for wind, solar thermal and waste technologies,
317which are characterised by both lower developer intensity and the entry
318of many independent producers.

4 Jamasb and Pollitt (2008) is generally sceptical about the incentives of private compa-
nies to engage in R&D projects with long-term payback.

5
Q12Jacobsson and Johnson (2000), Jacobsson and Bergek (2004) and Nilsson et al. (2004)

provide anecdotal evidence of the sustained entry of new small producers of wind tur-
bines in Sweden, the Netherlands, Denmark and Germany in the 1970s and 1980s, before
the liberalisation process began.
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319 Note that the effect of lowering entry barriers on solar PV is mainly
320 an empirical issue. On the one hand, it should be negative or absent in
321 the presence of few well-established leaders. On the other hand, it
322 should be positive if PV generation is highly decentralised.
323 The second issue is related to the heterogeneous effect of REPs and
324 was investigated in the seminal paper of JHP. Standard economic theory
325 leads to the conclusion that economic instruments generally are more
326 efficient than regulatory mechanisms at promoting technical change
327 (Jaffe et al., 2003). Technical change allows firms to reduce the costs
328 of complying with emissions taxes or other economic instruments,
329 while regulation does not provide any incentive to reduce emissions
330 via technological change beyond the standards imposed. Also, different
331 instruments produce a different effect in terms of how the surplus is
332 distributed. For instance, feed-in tariffs, which increase the energy pro-
333 ducer surplus, stimulate demand for upstream innovation. Conversely,
334 quantity-based systems do not directly generate a surplus for pro-
335 ducers, which, consequently, are not encouraged to demandmore inno-
336 vations from upstream equipment manufacturers (Menanteau et al.,
337 2003). These results have been contested in some recent contributions.
338 Fischer et al. (2003) find a clear-cut and unique ranking of policy instru-
339 ments is infeasible because the inducement effect of different policies
340 depends on several industry-specific factors such as innovation cost,
341 innovator's ability to appropriate other firms' innovations and the num-
342 ber of firms in themarket. Bauman et al. (2008) show that under certain
343 circumstances, command and control policiesmay inducemore innova-
344 tion than market-based instruments. However, applied work, such as
345 JHP, stresses that in the case of RE, it is not just the distinction between
346 price and quota systems that matters but also the degree of the techno-
347 logical maturity of the different RETs.6 Quantity-based policies, e.g. RE
348 certificates, tend to promote more mature and cost-effective technolo-
349 gies, such as wind, geothermal and solar technologies, which guarantee
350 lower short-run compliance costs. Since firms are likely to choose
351 technologies that are close to the market or technologies in which
352 they already have a competitive advantage, the incentive for long-run
353 research in less cost-competitive and emerging technologies (such
354 as solar PV or ocean energy) will be fairly low. On the other hand,
355 technology-specific policies, such as public R&D, and technology-
356 specific price systems, e.g. feed-in tariffs, which allow differentiation
357 and the specific pricing of individual technologies, might be able to
358 support emerging technologies such as solar PV. Consequently, the
359 second hypothesis is:

360 Hypothesis 2. The effect of broad policies is stronger for mature
361 technologies, while emerging technologies are more responsive to
362 technology-specific instruments.

363 Themagnitude of these effects can depend on the intrinsic character-
364 istics of different RETs and, in particular, on their technical potential,
365 intended here as achievable energy generation given system perfor-
366 mance, environmental, land-use and physical constraints. It is reasonable
367 to assume that energy operators will tend to react more promptly to
368 policy and market stimuli directed at sustaining the development of
369 more promising technologies, in terms of both their natural availability
370 and expected technological growth. This is especially true for more ma-
371 ture technologies that have advanced beyond the initial experimentation

372and learning phases and are more consolidated in the market. For in-
373stance, some recent contributions on the optimal energy mix (Zubi,
3742011) show that a policy portfolio based on a high share of wind and
375solar energy (especially PV) seems to be a valid choice in order to meet
376European carbon emissions standards at an acceptable cost. This result
377depends on their specific resource availability7 and the rapid technolog-
378ical growth they experienced in the early stage of development. On the
379same point, Lee and Lee (2013) highlights that wind, solar, marine and
380biofuel have been characterised in the past by a rapid surge in patenting
381and, for this reason, they classify them as high technological potential
382RETs.8 Fromour reading of these contributions,we expect themagnitude
383of the policy inducement effect or the increasing size of the energy
384market more generally, to be stronger for technologies with high tech-
385nological potential — and particularly wind and solar. However, to our
386knowledge, a precise index of technological potential is currently un-
387available, making it difficult to imagine a formal test of this hypothesis.
388As a consequence, we take this into consideration as additional descrip-
389tive evidence of the heterogeneous effect of different factors on RET
390developments.

3913. Data, measurement issues and descriptive evidence

392The set of variables to be included in the empirical analysis concerns
393a potentially large host of factors, ranging from innovation measure-
394ment to policy type, in addition to themore traditional macroeconomic
395characteristics. Table 5 at the end of this section summarises the vari-
396ables used and presents the basic descriptive statistics.

3973.1. Innovative activity indicator

398We use patent counts to proxy for innovation performance. This
399choice is consistent with prior studies on RE innovations such as Popp
400et al. (2011), JHP and Nesta et al. (2014). We refer to patents filed at
401the European Patent Office (EPO) in the eight sub-fields: wind, marine,
402solar thermal, solar PV, biofuels, hydroelectric, fuels from waste, geo-
403thermal and marine.9 We aggregate these patents to form a pooled
404panel which varies across technologies, time and countries. The choice
405of adopting patents filed at the EPO is particularly attractive for studying
406innovative activity in European countries: first, it avoids home country
407bias issues10 (Dernis and Kahn, 2004); second, we expect patents filed
408at the EPO generally to be of high quality and to have homogeneous eco-
409nomic value,11 and third, it eliminates potential bias due to different
410legal and institutional contexts.12

411Figs. 1 and 2 present patent count trends for the eight RETs from
4121980 to 2007. All technologies experienced a visible surge in patenting
413after ratification of the Kyoto protocol in 1997, marked by a line on
414the graphs. This rise was particularly evident in technologies with
415high potential such as solar, wind and biofuel, which is coherent with
416our third research hypothesis. Prior to 1997, patenting activity in
417biofuels, wind, marine and geothermal energy appeared relatively flat

6 Note here that building a precise ranking of the degree of maturity of different RETs is
not straightforward, especially because the broad technological classification employed in
this paper may include several sub-categories at different levels of development (e.g. off-
shore wind energy is less mature than onshore, and in relation to biomass, ethanol pro-
duction from sugar and starch is more mature than liquid biofuel production from algae
— on this see Edenhofer et al., 2011). Generally, by technological maturity we refer to
the position of the considered RET in the product life cycle. An immature technology is
generally one at an early stage of development, characterised by a high level of R&D-
based experimentation, with huge potential for learning and improvement. These tech-
nologies often do not have a wide commercial deployment, are harder to integrate with
existing energy systems and are not cost effective compared to fossil fuel alternatives.
However, cost maturity does not necessarily imply cost competitiveness.

7 Zubi (2011) refers to European countries only.
8 In particular, the authors refer here to a specific index of technological potential, de-

fined in Holger (2003), which ismeasured as the average patent growth rate of a technol-
ogy. They believe this measure can be used to proxy for innovation potential.

9 These eight sub-fields have been chosen accordingly to the OECD classification of en-
vironmental related technologies (ENVTECH), which is based on IPC classes. Patent have
been assigned to country by “Applicant” in the year offirst priority. If a patent included ap-
plicants located in different countries we split the count accordingly.
10 This effect is due to the fact that inventors almost always file first for protection in
their home country, resulting in the majority of patents filed at national offices coming
from domestic inventors.
11 Inventors seeking protection abroad, which is more costly than patenting solely in
their home country, generally expect higher returns from their inventions.
12 E.g., up to 1988, the Japanese patent system required a single patent application for
each separate claim (Ordover, 1991), which resulted in a higher number of patent appli-
cations from a single invention with respect to the European and US systems.
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418 but slightly steeper for the other technologies, especially solar PV and
419 waste. The predominance of wind, solar PV and solar thermal technolo-
420 gies, which account for 24%, 25% and 18% of total patenting respectively,
421 is confirmed also in Table 1. Biofuel is ranked 4thwith a share of 12%. As
422 expected, the main innovators in Europe are Germany, France, the UK,
423 Denmark and theNetherlands,whichgenerally show similar technolog-
424 ical specialisation with respect to the European average (see Tables 1
425 and 2).13 Nevertheless, there are some remarkable differences, includ-
426 ing the lower share of wind patents in France with respect to the
427 average, lower share of solar patents in Denmark, and the relevant
428 role of patenting in fuel from waste technologies in eastern European
429 countries, Finland and Denmark.

430 3.2. Environmental policy

431 Concerning environmental policy data, we refer here to the database
432 on public policies for RE compiled by the International Energy Agency
433 (IEA) and used by JHP. This database and the related IEA (2004) publica-
434 tion contain detailed fact sheets at country level,whichmake it possible to
435 construct adoption dummies reflecting the chronology of policy imple-
436 mentation, for most OECD countries. One limitation of this dataset is
437 that it provides information on year of adoption, but does not specify
438 the degree of intensity of the policy adopted. We hence integrate this in-
439 formationwith other available data on policiesmeasured on a continuous
440 scale. This seems to be possible for the following three instruments: pub-
441 lic renewable R&D expenditures (R&D), feed-in tariff schemes (FEED-IN)
442 and RECs. Information on the first instrument is available from the IEA-
443 OECD dataset, while data on feed-in tariffs was collected from several
444 sources including two reports compiled by the IEA (2004) and Cerveny
445 and Resch (1998), and two websites on RE regulations.14 Finally, our
446 measure of the stringency of RECs is the variable constructed by JHP,
447 which reflects the share of electricity that must be generated by renew-
448 ables or covered by RECs.
449 In this work, we consider the following policy instruments:

450 1) government R&D expenditure on each specific RET;
451 2) incentive (feed-in) tariffs, i.e. prices above themarket tariffs for a cer-
452 tain number of years guaranteed by government. Tariffs vary across
453 technologies;
454 3) investment incentives, i.e. capital grants and all othermeasures aimed
455 at reducing the capital costs of adopting RETs, generally provided
456 from state budgets;

4574) tax measures used to either encourage production or discourage
458consumption (e.g. tax credits or property tax exemptions);
4595) voluntary programmes adopted at country level by different stake-
460holders, i.e. government, public utilities and energy suppliers,
461which agree to buy energy generated from renewable sources;
4626) obligations which place a requirement on suppliers to provide a
463share of their energy supply from renewables;
4647) renewable energy certificates, which are tradable certificates general-
465ly used to track or document compliance with the quota system.

466Our analysis includes continuous variables for policies for which in-
467formation is available (RECs, feed-in tariffs and public R&D support).15

468For all other policies, as in JHP, we set the variable “OTHER POL” equal
469to 1 if any of them is present in a given country in a given year. Finally,
470we construct a dummy variable equal to 1 after the signing of the Kyoto
471protocol in 1997 and zero before (KYOTO), which captures country
472expectations about both the future policy context for climate change
473mitigation and the size of themarket for renewables (Popp et al., 2011).
474Policy support for RE follows a similar path of development in all
475European countries. The first wave of policies began in the late 1970s
476and early 1980s and most likely was a response to the two oil crises.
477The main instruments developed at that time were public R&D and
478investment incentives (included in our OTHER POL variable) (see
479Table 3). In the 1990s, a second wave of policies emerged, composed
480mainly of feed-in tariffs and tax measures, while the following decade
481was characterised by the development of quota systems and RECs,
482which were reinforced by EU Directive 2001/77/EC.16 It should be
483noted that the stringency of policy support has increased (see
484Table 3), while the ranking across technologies has remained un-
485changed. Table 4 shows that for feed-in tariffs, the two solar technolo-
486gies and wind have received the strongest support, while public
487subsidies for R&D have always been higher for biofuels and solar
488technologies.

4893.3. Market liberalisation

490To measure market competition, we use the OECD index for Product
491Market Regulation (PMR AGGREGATE), which combines information on
492barriers to entrepreneurship and administrative regulation (e.g., licences
493and permits, administrative burdens and legal barriers), state control
494(e.g., price control and ownership), and barriers to trade and foreign

13 The shaded areas in Tables 1 and 2 represent the three main specialisations in each
country in terms of share of patents.
14 http://www.ren21.net/ and http://www.res-legal.de.

15 It must be noted that due to data constraints, the data on both feed-in tariffs and R&D
do not vary between solar PV and solar thermal. In both cases, the available data generally
refer to solar energy.
16 This directive established the first shared framework for the promotion of electricity
from renewable sources at the European level and encouraged the development of RECs.
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t1:1 Table 1
t1:2 Total count of patent by country and share of each technology on total Renewable Energy patenting. Solar PV, wind, solar thermal and biofuel. Shaded area represent the threemain coun-
t1:3 try specialisation (in terms of share of patents).

Country
Total 

patent

Solar photovoltaic Wind Solar thermal Biofuel

Count
Share of 

total patent
Count

Share of 

total 

patent

Count

Share of 

total 

patent

Count

Share of 

total 

patent

Germany 2985 912 0.31 745 0.25 602 0.20 205 0.07

France 767 244 0.32 89 0.12 147 0.19 103 0.13

United Kingdom 655 140 0.21 112 0.17 73 0.11 101 0.15

Denmark 503 6 0.01 299 0.59 26 0.05 112 0.22

Netherlands 459 157 0.34 68 0.15 69 0.15 69 0.15

Italy 383 88 0.23 59 0.15 90 0.24 56 0.15

Spain 307 43 0.14 135 0.44 73 0.24 16 0.05

Austria 266 42 0.16 25 0.09 64 0.24 26 0.10

Sweden 245 23 0.09 70 0.29 42 0.17 34 0.14

Belgium 197 63 0.32 38 0.19 22 0.11 36 0.18

Finland 134 20 0.15 21 0.16 10 0.07 41 0.31

Ireland 68 6 0.09 5 0.07 9 0.13 10 0.14

Greece 48 9 0.18 11 0.23 9 0.18 8 0.17

Luxembourg 40 6 0.14 7 0.18 14 0.34 3 0.08

Portugal 37 3 0.08 7 0.19 8 0.22 7 0.19

Hungary 32 2 0.06 3 0.09 12 0.37 3 0.08

Czech Republic 20 0 0.00 1 0.05 2 0.10 8 0.40

Poland 17 0 0.00 1 0.06 3 0.18 4 0.24

Slovak Republic 12 0 0.00 1 0.09 3 0.26 1 0.09

Total 7172 1762 0.25 1695 0.24 1276 0.18 839 0.12

t1:5t1:5

t2:1 Table 2
t2:2 Total count of patent by country and share of each technology on total Renewable Energy patenting. Waste, hydro, marine and geothermal. Shaded area represent the threemain country
t2:3 specialisation (in terms of share of patents).

Country
Total 

Patent

Waste Hydro Marine Geothermal

Count
Share of 

total patent
Count

Share of 

total 

patent

Count

Share of 

total 

patent

Count

Share of 

total 

patent

Germany 2985 303 0.10 135 0.05 19 0.01 65 0.02

France 767 94 0.12 70 0.09 16 0.02 6 0.01

United Kingdom 655 62 0.09 94 0.14 70 0.11 6 0.01

Denmark 503 33 0.07 12 0.02 16 0.03 0 0.00

Netherlands 459 55 0.12 25 0.05 8 0.02 10 0.02

Italy 383 36 0.09 29 0.08 17 0.04 9 0.02

Spain 307 9 0.03 12 0.04 18 0.06 2 0.01

Austria 266 37 0.14 58 0.22 3 0.01 11 0.04

Sweden 245 21 0.09 25 0.10 20 0.08 10 0.04

Belgium 197 20 0.10 13 0.07 1 0.01 5 0.03

Finland 134 26 0.19 7 0.05 7 0.05 2 0.01

Ireland 68 8 0.12 17 0.25 13 0.19 0 0.00

Greece 48 3 0.06 5 0.10 4 0.08 0 0.00

Luxembourg 40 8 0.19 3 0.08 0 0.00 0 0.00

Portugal 37 4 0.11 6 0.16 2 0.05 0 0.00

Hungary 32 4 0.12 2 0.06 2 0.06 5 0.15

Czech Republic 20 6 0.28 3 0.12 0 0.00 1 0.05

Poland 17 6 0.35 0 0.00 0 0.00 3 0.18

Slovak Republic 12 3 0.26 3 0.22 1 0.09 0 0.00

Total 7172 735 0.10 516 0.07 215 0.03 135 0.02

t2:5t2:5
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495 direct investment (e.g., tariffs and ownership barriers). In the present
496 paper, the main sectors of interest are electricity (ISIC 4010) and, to a
497 lesser extent, gas (ISIC 4020). The PMR indexes for electricity and gas
498 essentially combine three sub-indexes ranging from 0 to 6 (maximum
499 anticompetitive regulation). The first is ownership (PMR PUB OWN),
500 which takes five values: private (0), mostly private (1.5), mixed (3),
501 mostly public (4.5) and public (6). The second is an index for entry bar-
502 riers (PMR ENTRY), which combines information on third-party access
503 to the grid (regulated (0), negotiated (3), no access (6)) and minimum
504 consumer size to freely choose suppliers (from ‘no threshold’ (0) to ‘no
505 choice’ (6)). The third component is vertical integration (PMR VERT
506 INT), ranging from unbundling (0) to full integration (6).
507 Fig. 3 depicts PMR patterns for selected countries and shows the
508 widespread reduction of market regulation, especially in the 1990s.
509 Entry barriers almost disappeared in all countries at the end of the peri-
510 od analysed, but vertical unbundling is still not completed in the EU
511 countries. Privatisation is not a smooth process and shows important
512 cross-country differences. Fig. 3 highlights that in the 1970s, Germany
513 and Spain had a certain degree of privatisation, while in France and
514 Denmark, for instance, state ownership is still widespread (Pollitt,
515 2012).

5163.4. Other variables

517Popp (2002) emphasises the importance of accounting for the
518dynamics of knowledge stock in policy inducement studies. This result
519is reinforced by Aghion et al. (2012), who show that past knowledge,
520creating a lock-in effect, influences the choice between clean and dirty
521technologies and partially inhibits policy inducement. To account for
522this effect, we include in our specification a patent stock that varies
523across countries, technologies and time (K STOCK).17 We also test the
524robustness of our results to the use of a standardmeasure of knowledge
525stock varying over time, but not across countries (K STOCK GLOBAL).
526This secondmeasure captures the evolution of the global capacity to in-
527novate rather than the local country capacity.18 In addition to the core
528variables, we add a consolidated set of controls, which include per
529capita income levels (GDP_pc) and electricity consumption (ELECT
530CONS). The first is a proxy for thewillingness to pay for a clean environ-
531ment (Diekmann and Franzen, 1999),19 the second captures a simple
532market size effect (JHP).We expect both variables to have a positive ef-
533fect on innovation. We control also for electricity prices (ELECT PRICE),
534which, in line with the literature on induced innovation (Popp, 2002;
535Newell et al., 1999),we expectwill be positively correlatedwith innova-
536tion incentives.20 Finally, we introduce a dummy reflecting EU enlarge-
537ment history, which takes a value equal to 1 from the year when the
538country joined the EU (ENLARG), and controls for structural heteroge-
539neity and the different policy settings of new entrant countries.

17 Similarly to previous work on patent data (Popp et al., 2011; Lovely and Popp, 2011),
wemeasure the knowledge capital of country i at time t for each technology k based on the
following equation: K Stocki;k;t ¼ ∑∞

s¼0 e
�β1ðsÞð1� e�β2ðsþ1ÞÞPATi;k;t�s . We set the rate of

knowledge obsolescence to 0.1 (β1 = 0.1) and the rate of knowledge diffusion to 0.25
(β2 = 0.25). As a result, we obtain a knowledge stock that varies by country, year and
technology.
18 This second variable is constructed according to the following equation K Stockk;t ¼
∑∞

s¼0 e
�β1ðsÞð1� e�β2ðsþ1ÞÞPATk;t�s and is identical to the one used in Popp et al. (2011).

19 Recent micro-level empirical evidence suggests that the willingness to pay higher
prices for green energy would seem to be positively related to per capita income and ed-
ucation (Roe et al., 2001; Wiser, 2007).
20 Following JHP, we argue that because RE represents only a small portion of total elec-
tricity generation, the price of electricity can be considered exogenous.

t3:1 Table 3
t3:2 Average value (across technologies) of different REPs by Country in the three decades (In Log). Shaded areas highlight positive values.

Country
FEED-IN RECs R&D OTHER POL

80–89 90–91 00–07 80–89 90–91 00–07 80–89 90–91 00–07 80–89 90–91 00–07

Austria 0.00 0.02 0.13 0.00 0.00 1.92 0.58 0.63 0.87 0.00 0.80 1.00

Belgium 0.00 0.03 0.10 0.00 0.00 1.01 0.85 0.31 0.80 0.00 0.80 1.00

Czech Republic 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.90 1.00

Denmark 0.00 0.02 0.01 0.00 0.00 1.90 0.42 1.00 1.06 1.00 1.00 1.00

Finland 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.64 0.00 1.00 1.00

France 0.00 0.00 0.03 0.00 0.00 0.00 0.53 0.71 1.61 1.00 1.00 1.00

Germany 0.00 0.05 0.09 0.00 0.00 0.00 1.86 1.95 2.13 0.50 1.00 1.00

Greece 0.00 0.04 0.05 0.00 0.00 0.00 0.00 0.32 0.61 0.00 0.00 0.00

Hungary 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.02 0.37 0.00 0.40 1.00

Ireland 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.08 0.30 0.60 1.00 1.00

Italy 0.00 0.04 0.01 0.00 0.11 1.14 1.64 1.44 1.34 0.80 1.00 1.00

Luxembourg 0.00 0.04 0.05 0.00 0.00 0.00 0.00 0.03 0.13 0.00 0.60 1.00

Netherlands 0.00 0.00 0.03 0.00 0.43 1.44 1.32 1.49 1.67 0.00 1.00 1.00

Poland 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Portugal 0.01 0.07 0.18 0.00 0.00 0.00 0.58 0.31 0.18 0.00 0.50 1.00

Slovak Republic 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Spain 0.00 0.06 0.14 0.00 0.00 0.00 1.56 1.25 1.41 0.00 0.00 1.00

Sweden 0.00 0.00 0.01 0.00 0.00 1.76 1.46 0.84 1.21 0.00 0.60 1.00

United Kingdom 0.00 0.00 0.00 0.00 0.00 0.84 1.51 1.10 1.35 0.00 0.00 1.00

t3:4t3:4 Note: Values equal to zero mean that the given policy has not been enforced in the respective Country in the considered time period.

t4:1 Table 4
t4:2 Average value (across countries) of different REPs by technology in the three decades
t4:3 (In Log).

t4:4 Country Feed-in R&D

t4:5 80–89 90–91 00–07 80–89 90–91 00–07

t4:6 Biofuel 0.01 0.02 0.05 0.97 1.12 1.51
t4:7 Geothermal 0.01 0.02 0.03 0.63 0.29 0.37
t4:8 Hydro 0.01 0.02 0.03 0.01 0.10 0.18
t4:9 Marine 0.01 0.01 0.02 0.17 0.10 0.20
t4:10 Solar photovoltaic (PV) energy 0.01 0.03 0.11 1.23 1.23 1.49
t4:11 Solar thermal energy 0.01 0.03 0.11 1.23 1.23 1.49
t4:12 Waste 0.01 0.01 0.03 0.00 0.00 0.40
t4:13 Wind 0.01 0.03 0.05 0.94 0.95 1.01

t4:14 Note: Only technologies specific policies are considered.
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540 4. Empirical strategy

541 Our econometric analysis includes 19 EU countries21 over the years
542 1980–2007. The choice of referring to EU countries guarantees a highly
543 homogeneous political and institutional framework, reducing the possi-
544 bility of bias from unobservable institutional and political variables on
545 estimated effects. Our main analysis is based on specification 1 below,
546 which is applied to the eight different technologies. We take the loga-
547 rithmic transformations of all the variables in the analysis to mitigate
548 for potential outliers and provide coefficients that are easier to interpret.

549In contrast to JHP,22 we disaggregate patents into more subfields to
550better capture the specificity of each technology.
551The benchmark specification for each technology k is:

EPO PATit ¼ fðβ1K STOCKit‐1 þ β2PMR ENTRYit þ β3PMR VERT INTit
þ β4PMR PUB OWNit þ β5Log R&Dit þ β6 Log FEED‐INit

þ β7KYOTOit þ β8Log RECsit þ β9OTHER POLit
þ β10 LogELECT PRICEit þ β11 Log ELECT CONSit
þ β12Log GDP pcitþβ13ENLARGitþβiþβtÞ;

ð1Þ
21 Finland, Greece, Italy, Luxembourg, Sweden, the UK, Austria, the Czech Rep., France,
Hungary, the Netherlands, Portugal, Belgium, Denmark, Germany, Ireland, Spain, Poland,
and the Slovak Republic.

22 JHP considers only 5 technologies, pooling together biomass and waste and the two
solar technologies.

t5:1 Table 5
t5:2 Descriptive statistics.

t5:3 Acronim Description Obs Mean St. Dev. Min Max

t5:4 Patent at the EPO
t5:5 SOLAR_PV Solar photovoltaic 532 3.2 11.4 0 153
t5:6 SOLAR_TH Solar thermal 532 2.2 6.2 0 77
t5:7 WIND Wind 532 3.1 10.9 0 131
t5:8 HYDRO Hydroelectric 532 0.9 2.2 0 27
t5:9 GEOTHERMAL Geothermal 532 0.2 1.1 0 15
t5:10 MARINE Marine and Ocean 532 0.3 1.1 0 14
t5:11 BIOFUEL Biofuel 532 1.5 3.5 0 35
t5:12 WASTE Fuel from waste 532 1.3 3.3 0 39
t5:13 ELEC PRICE Average of Households and industrial energy end use price, USD ppp/unit. (Log). 520 0.09 0.03 0.03 0.18
t5:14 ELEC CONS Average of Households and industrial electricity consumption, GWh per capita. (Log) 532 1.5 0.4 0.77 2.6
t5:15 GDP Gross Domestic Product per capita. USD 2006 prices and PPP. (Log). 515 3.1 0.3 2.1 4.4
t5:16 PMR AGGREGATE Product Market Regulation, average electricity and gas Sector. 520 4.3 1.6 0 6
t5:17 PMR ENTRY Product Market Regulation, average electricity and gas Sector. Sub-index: Entry Barrier 520 4.1 2.1 0 6
t5:18 PMR VERT INT Product Market Regulation, average electricity and gas Sector. Sub-index: Vertical Integration 532 4.4 1.7 0 6
t5:19 PMR PUB OWN Product Market Regulation, average electricity and gas Sector. Sub-index: Public Ownership 532 4.3 1.6 0 6
t5:20
t5:21 Technology-specific public R&D expenditure. USD 2006 prices and PPP. (Log).
t5:22 R&D SOLAR_PV 532 1.3 1.4 0 5.1
t5:23 R&D SOLAR_TH 532 1.3 1.4 0 5
t5:24 R&D WIND 532 0.9 1.1 0 4.1
t5:25 R&D HYDRO 532 0.1 0.2 0 2.4
t5:26 R&D GEOTHERMAL 532 0.4 0.7 0 3.6
t5:27 R&D MARINE 532 0.1 0.4 0 3.1
t5:28 R&D BIOFUEL 532 1.1 1.1 0 4.2
t5:29 R&D WASTE 532 0.1 0.4 0 4.1
t5:30
t5:31 Technology-specific feed-in tariff. USD 2006 prices and PPP. (Log).
t5:32 FEED-IN SOLAR_PV 532 0.04 0.09 0 0.47
t5:33 FEED-IN SOLAR_TH 532 0.04 0.09 0 0.47
t5:34 FEED-IN WIND 532 0.02 0.04 0 0.15
t5:35 FEED-IN HYDRO 532 0.01 0.03 0 0.11
t5:36 FEED-IN GEOTHERMAL 532 0.01 0.03 0 0.17
t5:37 FEED-IN MARINE 532 0.01 0.04 0 0.44
t5:38 FEED-IN BIOFUEL 532 0.02 0.03 0 0.14
t5:39 FEED-IN WASTE 532 0.01 0.02 0 0.11
t5:40 KYOTO Kyoto Protocol dummy 532 0.39 0.48 0 1
t5:41 RECs Share of electricity covered by a tradable permit. (Log) 532 0.16 0.54 0 3.04
t5:42 OTHER POL Adoption dummy for other REPs 532 0.53 0.49 0 1
t5:43
t5:44 Lagged knowledge stock
t5:45 K STOCK SOLAR_PV 532 8.7 26.32 0 295.1
t5:46 K STOCK SOLAR_TH 532 8.2 18.8 0 164.7
t5:47 K STOCK WIND 532 7.5 22.7 0 91
t5:48 K STOCK HYDRO 532 3.1 5.1 0 38.4
t5:49 K STOCK GEO 532 0.7 1.6 0 17.8
t5:50 K STOCK MARINE 532 1.1 2.1 0 24.8
t5:51 K STOCK BIOFUEL 532 4.4 7.4 0 63.5
t5:52 K STOCK WASTE 532 4.9 9.9 0 91
t5:53 K STOCK GLOBAL SOLAR_PV 532 164.01 136.1 18.5 571.9
t5:54 K STOCK GLOBAL SOLAR_TH 532 156.31 60.9 42.6 348.5
t5:55 K STOCK GLOBAL WIND 532 142.5 142.1 13.6 579.8
t5:56 K STOCK GLOBAL HYDRO 532 58.7 33.2 9.9 154.2
t5:57 K STOCK GLOBAL GEO 532 14.3 6.5 5.1 38.2
t5:58 K STOCK GLOBAL MARINE 532 21.2 15.1 3.8 68.5
t5:59 K STOCK GLOBAL BIOFUEL 532 83.1 56.8 7.5 257.5
t5:60 K STOCK GLOBAL WASTE 532 93.7 44.3 9.7 205.3
t5:61 ENLARG Dummy for new entrant in the EU 532 0.2 0.4 0 1
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553553 where EPO_PATit is the number of patent applications filed at the EPO
by country i at time t in the eight RETs analysed. Fixed effects are calcu-

554 lated on the country unit i. Time-fixed effects are included in all the
555 specifications to control for common time shocks. As Popp et al.
556 (2011) highlight, time trends or year-fixed effects rule out the possibil-
557 ity that the knowledge stock (K STOCK), which, by construction, grows
558 through time, picks up only other tendencies for investment to increase
559 over time. Following Aghion et al. (2012), we lag knowledge stock by
560 one year to account for possible contemporaneous feedback and
561 delayed effects. Overall, this specification enriches previous work by
562 JHP, by accounting for the dynamics of past innovation stock and
563 reflecting the degree of market liberalisation through the inclusion of
564 the PMR variables.
565 The range of controls added to the main specifications, along with
566 country-fixed effects, should eliminate several time-varying sources of
567 unobservable heterogeneity that might bias the estimation of the effect
568 of PMR and REPs on innovation. However, reverse causality and
569 measurement error could induce a bias in the estimated coefficient.
570 First, there is a mutual reinforcement effect, initially recognised by
571 Downing and White (1986), which might generate reverse causality:
572 if innovation in environmental technologies follows the implementa-
573 tion of effective policy support and liberalisation of the energy market,

574progress in the generation of RE will, in its turn, reinforce the lobbying
575power of innovating firms and the associations of RE producers, calling
576for more policy support and greater liberalisation. In addition, a nega-
577tive feedback effect could emerge since policy-induced technological
578change can influence the dynamics of policy support via various
579channels. For instance, in the German case, the unexpectedly high rate
580of development of solar PV energy driven by a decrease in themarginal
581cost of production led policymakers to underestimate the social costs of
582the feed-in tariff scheme and to adapt the design of the policy accord-
583ingly (Hoppmann et al., 2014). Second, the specific design of REPs is het-
584erogeneous across countries and our variable, which mainly considers
585stringency, cannot fully account for these characteristics. Hence,
586omitted variables biasmight plague the estimated relationship between
587policy and innovation. Third, some renewable energy policies are mea-
588suredwith substantial error, which can generate a bias in the regression
589estimates (Wooldridge, 2003). For most policies, especially those in
590place since the 1970s and the 1980s (summarised in the variable
591OTHER POL), lack of detailed information allows only for policy
592dummies, which, at best, can be considered only rough proxies and sub-
593ject to measurement error.
594However, since the focus of this work is the heterogeneous effect of
595different REPs, an Instrumental Variables (IV) strategy is not feasible,

t6:1 Table 6
t6:2 Technological sub-sample.Q1

t6:3 Wind Solar_th Solar_PV Marine Hydro Biofuel Geothermal Waste

t6:4 K STOCK 0.0039*** 0.0092** −0.0036** −0.1115*** −0.0024 −0.0184* −0.1005 0.0195***
t6:5 (0.0013) (0.0040) (0.0018) (0.0390) (0.0181) (0.0103) (0.0921) (0.0059)
t6:6 PMR ENTRY −0.2405*** −0.1413* −0.0960 −0.0855 0.0959 −0.0751 −0.3270 0.0129
t6:7 (0.0705) (0.0726) (0.0606) (0.1373) (0.1014) (0.0766) (0.2425) (0.0854)
t6:8 PMR VERT INT 0.1082 −0.0934 0.1298* 0.1643 −0.1652 −0.0263 0.3428 −0.0810
t6:9 (0.0694) (0.0869) (0.0775) (0.1534) (0.1213) (0.0760) (0.2694) (0.0956)
t6:10 PMR PUB OWN 0.0600 0.0207 −0.0503 −0.2086 −0.0140 0.0063 0.1229 −0.0564
t6:11 (0.0707) (0.0646) (0.0602) (0.1373) (0.0898) (0.0751) (0.2144) (0.0814)
t6:12 R&D 0.3198*** 0.0054 0.0968 0.4111** 0.3600 0.1666** 0.1111 −0.0554
t6:13 (0.0742) (0.0766) (0.0708) (0.1980) (0.2741) (0.0768) (0.2600) (0.1050)
t6:14 FEED-IN −5.0025** −0.8592 1.5440*** −10.3654* 2.9548 −0.0210 −0.2011 2.8425
t6:15 (2.0575) (0.5869) (0.5780) (5.6795) (2.6000) (2.1857) (4.2731) (3.6925)
t6:16 KYOTO 1.0542** 0.1342 1.9649*** 1.5505* 0.7505 1.7038*** 2.4133 0.5473
t6:17 (0.4965) (0.4779) (0.4749) (0.9070) (0.6580) (0.5929) (1.7388) (0.5429)
t6:18 RECs 0.1100* 0.1938** −0.0886 −0.2727** −0.1796 −0.0589 −0.1430 0.0080
t6:19 (0.0662) (0.0847) (0.0845) (0.1366) (0.1121) (0.0774) (0.2827) (0.1012)
t6:20 OTHER POL 0.1791 0.2623 0.4142** 1.0488*** 0.1956 0.4505** 0.1990 0.1827
t6:21 (0.2116) (0.1843) (0.1863) (0.3991) (0.2514) (0.2053) (0.6746) (0.1910)
t6:22 ELEC PRICE −3.7448 9.1864** 14.3594*** 3.5062 4.4071 15.4684*** 9.1358 3.7185
t6:23 (4.4063) (4.2926) (3.8492) (9.4867) (6.2890) (4.7205) (13.0994) (4.8740)
t6:24 ELEC CONS 0.1998 2.0008*** 2.0909** 3.1956* −0.7365 1.1801 2.8881 1.6076*
t6:25 (0.6487) (0.6719) (0.8967) (1.8755) (1.4082) (1.0308) (2.4253) (0.8605)
t6:26 GDP_pc 1.7942 1.5128* −1.2488 0.8518 3.5998*** 0.2730 −0.9729 2.0857**
t6:27 (1.1472) (0.8581) (1.0836) (1.6638) (1.3068) (1.0664) (4.0254) (0.9636)
t6:28 ENLARG −0.4683* −0.4486* 0.2711 −0.6014 0.2461 −0.3641 −0.4113 0.2570
t6:29 (0.2585) (0.2421) (0.3834) (0.5255) (0.3619) (0.2662) (0.6531) (0.2626)
t6:30 Country FE Yes Yes Yes Yes Yes Yes Yes Yes
t6:31 Year FE Yes Yes Yes Yes Yes Yes Yes Yes
t6:32 N 495 495 448 429 475 495 346 495
t6:33

t6:34 Table 6 bis. Technological sub-sample. Estimations for PMR AGGREGATE and GLOBAL K STOCK only.

t6:35 Wind Solar_th Solar_PV Marine Hydro Biofuel Geothermal Waste

t6:36 PMR −0.2528⁎⁎⁎ −0.2391⁎⁎⁎ −0.0163 −0.0650 −0.0945 −0.1060 0.1262 −0.1313⁎

t6:37 AGGREGATE (0.0730) (0.0727) (0.0589) (0.1006) (0.0849) (0.0763) (0.1815) (0.0793)
t6:38 GLOBAL 0.0026 0.0067⁎ 0.0033⁎⁎ 0.0458⁎⁎⁎ 0.0132 0.0066 0.0713 0.0135
t6:39 K STOCK (0.0019) (0.0036) (0.0015) (0.0141) (0.0135) (0.0048) (0.0668) (0.0090)
t6:40 Country FE Yes Yes Yes Yes Yes Yes Yes Yes
t6:41 Year FE Yes Yes Yes Yes Yes Yes Yes Yes
t6:42 N 495 495 448 429 475 495 346 495

t6:43 Negative binomial estimations. Standard error in parenthesis. All regressions include year and country effects.
t6:44 ⁎ Indicate significance at 10% levelQ2 .
t6:45 ⁎⁎ Indicate significance at 5% level.
t6:46 ⁎⁎⁎ Indicate significance at 1% level.

9F. Nicolli, F. Vona / Energy Economics xxx (2016) xxx–xxx

Please cite this article as: Nicolli, F., Vona, F., Heterogeneous policies, heterogeneous technologies: The case of renewable energy, Energy Econ.
(2016), http://dx.doi.org/10.1016/j.eneco.2016.03.007

http://dx.doi.org/10.1016/j.eneco.2016.03.007


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

596 given the high number of potentially endogenous regressors. Therefore,
597 we test the robustness of our results to endogeneity indirectly using
598 Kyoto ratification as a quasi-natural experiment or exogenous policy
599 shock. The shortcut for giving a causal interpretation of the Kyoto
600 shock is that each individual country in Europe had some degree of

601influence on the ratification decision; obviously, this is only partially
602true, as large countries havemore influence over common EU decisions
603than smaller ones. Thus, we consider this additional exercise as a
604robustness check rather than an ideal specification. Technically, we aug-
605mented the pooled specification by including the interaction between

t7:1 Table 7
t7:2 Full sample & Kyoto interactions.

t7:3 (1) (2) (3) (4) (5) (6)

t7:4 K STOCK 0.0035*** 0.0035*** 0.0026*** 0.0035*** 0.0027*** 0.0057***
t7:5 (0.0008) (0.0008) (0.0008) (0.0008) (0.0009) (0.0009)
t7:6 PMR ENTRY −0.0918*** −0.0997*** −0.1054*** −0.0880*** −0.0762** −0.1197***
t7:7 (0.0312) (0.0325) (0.0312) (0.0318) (0.0317) (0.0277)
t7:8 PMR VERT INT 0.0022 0.0046 0.0016 −0.0020 −0.0131 −0.0645**
t7:9 (0.0346) (0.0346) (0.0346) (0.0353) (0.0351) (0.0311)
t7:10 PMR PUB OWN 0.0010 0.0084 0.0222 −0.0045 0.0165 0.0898***
t7:11 (0.0264) (0.0278) (0.0269) (0.0279) (0.0268) (0.0276)
t7:12 R&D 0.0708** 0.0715** 0.0859*** 0.0689** 0.0781*** 0.1753***
t7:13 (0.0290) (0.0290) (0.0293) (0.0292) (0.0291) (0.0300)
t7:14 FEED-IN −0.1801 −0.1871 −0.4205 −0.1738 −0.2093 −0.0253
t7:15 (0.3176) (0.3174) (0.3182) (0.3169) (0.3134) (0.3348)
t7:16 KYOTO 1.0449*** 1.0062*** 0.8128*** 0.9804*** 0.8040*** 0.5475***
t7:17 (0.2082) (0.2131) (0.2147) (0.2340) (0.2225) (0.1814)
t7:18 RECs −0.0001 0.0048 0.0195 −0.0003 −0.0011 0.0381
t7:19 (0.0342) (0.0345) (0.0350) (0.0342) (0.0343) (0.0348)
t7:20 OTHER POL 0.2950*** 0.3076*** 0.3162*** 0.3101*** 0.2679*** 0.0127
t7:21 (0.0825) (0.0839) (0.0825) (0.0864) (0.0827) (0.0840)
t7:22 ELEC PRICE 6.0912*** 6.6982*** 6.3398*** 5.8701*** 5.3447*** 11.0561***
t7:23 (1.9456) (2.0659) (1.9399) (1.9766) (1.9602) (1.6896)
t7:24 ELEC CONS 1.4987*** 1.4780*** 1.5725*** 1.4858*** 1.7606*** 0.6485**
t7:25 (0.3247) (0.3262) (0.3369) (0.3251) (0.3414) (0.2673)
t7:26 GDP_pc 1.1276*** 1.1794*** 1.2294*** 1.1728*** 1.1746*** 0.7048**
t7:27 (0.3921) (0.3973) (0.3900) (0.3984) (0.3797) (0.3171)
t7:28 ENLARG −0.2053** −0.2340** −0.1596 −0.1950* −0.1061 −0.3595***
t7:29 (0.1046) (0.1098) (0.1066) (0.1059) (0.1104) (0.1019)
t7:30 KYOTO∗RECs −0.8530
t7:31 (0.9976)
t7:32 KYOTO∗FEEDIN 10.1263***
t7:33 (2.3669)
t7:34 KYOTO∗OT POL 0.0797
t7:35 (0.1346)
t7:36 KYOTO∗R&D 0.2567***
t7:37 (0.0878)
t7:38 KYOTO∗PMR ENTRY −0.0604*
t7:39 (0.0334)
t7:40 Country∗tech FE Yes Yes Yes Yes Yes Yes
t7:41 Year FE Yes Yes Yes Yes Yes Yes
t7:42 N 3678 3678 3678 3678 3678 3678

t7:43 Negative binomial estimations. Standard error in parenthesis. All regressions include year and country effects.
t7:44 ⁎ Indicate significance at 10% level.
t7:45 ⁎⁎ Indicate significance at 5% level.
t7:46 ⁎⁎⁎ Indicate significance at 1% level.

t8:1 Table 8
t8:2 Average marginal effect.

t8:3 Wind Solar_th Solar_PV Marine Hydro Biofuel Geothermal Waste

t8:4 Mean 3.13 2.24 3.21 0.389 0.928 1.53 0.238 1.34
t8:5 PMR ENTRY 0.32 0.26 0.13 0.95 −0.44 0.21 6.05 −0.04
t8:6 PMR VERT INT −0.12 0.14 −0.13 −1.29 0.61 0.06 −5.06 0.21
t8:7 PMR PUB OWN −0.05 −0.02 0.05 1.77 0.04 −0.01 −1.70 0.11
t8:8 R&D 0.18 0.01 0.08 0.19 0.14 0.24 0.55 −0.02
t8:9 FEED-IN −0.11 −0.02 0.03 −0.24 0.02 0.01 −0.01 0.01
t8:10 KYOTO 0.15 0.24 0.18 2.16 0.29 1.10 −0.10 0.01
t8:11 RECs 0.05 0.12 −0.04 −1.01 −0.28 −0.06 −0.86 0.01
t8:12 OTHER POL 0.06 0.12 0.13 2.70 0.21 0.29 0.84 0.14
t8:13 ELEC PRICE −0.04 0.15 0.14 0.29 0.17 0.36 1.26 0.10
t8:14 ELEC CONS 0.03 0.38 0.28 3.15 −0.30 0.33 4.28 0.52

t8:15 Italics denote marginal effects derived from non-significant parameters at the 10% level. Each cell displays the change in the expected number of patents relative to the mean. All effects
t8:16 have been calculated based on the discrete changes in the expected number of patents in absolute terms resulting from a change in Xi from the 1st to 3rd quartiles of the distribution,
t8:17 holding all other variables at their observed values. For the three PMR variables, the change is computed from the 3rd to the 1st quartile. For RECs we calculated the marginal effect in
t8:18 the shorter period 1990–2005 given the high rate of zero in the first decade analysed.
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606 the Kyoto dummy and the pre-Kyoto mean (1990–1996) of the poten-
607 tial endogenous regressors (END_POL(it)), i.e., RECs, FEED-IN, OTHER
608 POL, R&D, and PMR. Specification 2 thus becomes:

EPO PATijt ¼ fðβ1K STOCKijt‐1 þ β2 PMR ENTRYit þ β3PMR VERT INTit
þ β4PMR PUB OWNit þ β5 Log R&Dijt þ β6 Log FEED‐INijt

þ β7KYOTOit þ β8Log RECsit þ β9OTHER POLit
þ β10 LogELECT PRICEit þ β11 Log ELECT CONSit
þ β12Log GDP pcit þ β13ENLARGit

þ β14KYOTO � Log END POLijtβiþβtÞ;
ð2Þ

610610

where all technologies j are pooled in a single panel in which fixed
611 effects are calculated on the country unit i and the technology unit j.
612 The term β14 is the coefficient of the interaction effect between
613 Kyoto and the 1990–1996 values of the selected possible endogenous
614 regressors.
615 As an alternative way to address endogeneity concerns, we tested
616 whether the coefficients estimated in Eq. (1) remain statistically signif-
617 icant if we use future rather than current policies as explanatory
618 variables.23 This exercise gives an idea of the existence of an estimation
619 bias due to reverse causality, but is not necessarily conclusive about the
620 direction of the bias. For example, a significant effect of future policies
621 might be the result simply of the high persistence in policy choices
622 rather than a sign of reverse causality. Therefore, these results should
623 be taken with caution and as mostly hinting at the potential presence
624 of a bias.

625 5. Results

626 Table 6 displays the regression results obtained using specification 1
627 for eight different RETs. For each technology, we present the results for
628 the PMR index split into its three subcomponents. Given the count
629 nature of the dependent variable, we employed a negative binomial
630 model to estimate the regression coefficients, as in JHP. The differences
631 in the total number of observations across specifications are due to
632 countries with zero outcomes for the dependent variable being
633 dropped. This applies particularly to marginal technologies such as

634marine and geothermal. Finally, it should be noted that, given the
635dynamic specification employed here, the results should be interpret
636as a short-term effect.
637Overall, policy support, stock of past knowledge, level of entry
638barriers and electricity prices would appear to be the main drivers of
639patenting in RETs, compared to energy market size and consumer
640preferences for green goods, proxied here by ELEC CONS and GDP_pc,
641respectively. The effect of the PMR AGGREGATE indicator (in Table 6
642bis),24 despite always showing the expected negative coefficient, is
643statistically significant only for wind, solar thermal and waste energy
644technologies. Interestingly, the low level of significance of deregulation
645in overall RE innovation found in Nesta et al. (2014) hides significant
646heterogeneity across RETs, as these results highlight.25 Table 6 provides
647a better understanding of the heterogeneous effects of different
648liberalisation reforms by showing that, among the three subcompo-
649nents of PMR, only PMR ENTRY drives the aggregate result, as it is statis-
650tically significant forwind and solar thermal. For the other technologies,
651the coefficient of PMR ENTRY has the expected negative coefficientwith
652the exception of hydro and waste, and it is nearly significant for
653geothermal and solar PV technologies. These results are consistent
654with the idea that liberalisation, favouring the entry of non-utility and
655independent power producers which, generally, are oriented towards
656green energy, increases the incentives of electric equipment manufac-
657turers to innovate. Consistent with Hypothesis 1, this result is driven
658by wind and solar thermal technologies, which are characterised by a
659low level of concentration in innovative activities across innovators,
660and by the entry of several independent power producers following
661liberalisation.
662In relation to the other components of market regulation, PMR PUB
663OWN has the expected positive sign for five of the eight technologies,
664but the respective coefficients are never statistically significant, suggest-
665ing a low impact of the type of ownership on RE innovation. Similarly,
666the contrasting effects on innovation exerted by unbundling, described
667in Section 2.2, are reflected in the insignificance of the coefficient of PMR
668VERT INT in most specifications (except SOLAR_PV where unbundling

23 We thank an anonymous referee for this suggestion.

24 For brevity, we present only the coefficient of PMR AGGREGATE in Table 6 bis. Other
covariate coefficients remain substantially unchanged using the PMR AGGREGATE in the
analysis rather than its three sub-components.
25 We refer in particular to the results inNesta et al. (2014)where the analysis is restrict-
ed to high-quality patents only (as in our case).

t9:1 Table 9
t9:2 Lagged policy — PMR ENTRY.Q3

t9:3 PMR ENTRY Nr. lags Effect Cumulative effect Av marginal effect Av marginal effect (Cumulative) AIC baseline specification AIC with maximum lags

t9:4 Wind 4 −0.2405*** −0.1905** 0.32 0.26 1198.41 1147.95
t9:5 Solar Thermal 4 −0.1413* −0.1083* 0.26 0.21 1175.13 1119.09
t9:6 Solar PV 4 −0.096 −0.0637 0.13 0.09 1064.96 1030.56
t9:7 Marine 4 −0.0855 −0.0351 0.95 0.39 520.916 498.5621
t9:8 Hydro 4 0.0959 0.1921* −0.44 −0.89 906.403 871.03
t9:9 Biofuel 4 −0.0751 −0.0969 0.21 0.27 1101.09 1074.87
t9:10 Geothermal 4 −0.327 −0.5561** 6.05 1.06 363.036 304.11
t9:11 Waste 4 0.0129 −0.1619* −0.04 0.52 1026.83 986.99

t10:1 Table 10
t10:2 Lagged policy — R&D.Q4

t10:3 R&D Nr. lags Effect Cumulative effect Av marginal effect Av marginal effect (Cumulative) AIC baseline specification AIC with maximum lags

t10:4 Wind 5 0.3198*** 0.6371*** 0.18 0.37 1198.41 1100.61
t10:5 Solar Thermal 5 0.0054 0.1331 0.01 0.14 1175.13 1071.06
t10:6 Solar PV 5 0.0968 0.0081 0.08 0.01 1064.96 1004.31
t10:7 Marine 5 0.4111** 0.7256* 0.19 0.34 520.916 479.74
t10:8 Hydro 5 0.3600 0.3849 0.14 0.03 906.403 860.95
t10:9 Biofuel 5 0.1666** 0.1501 0.24 0.21 1101.09 1044.52
t10:10 Geothermal 5 0.1111 0.3297*** 0.55 1.4 363.036 307.63
t10:11 Waste 5 −0.0554 0.7575 −0.02 0.00 1026.83 967.67
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669 has a negative effect on innovation, but is significant at the 10% level
670 only).
671 Moving to the policy variables, in line with Hypothesis 2,
672 technology-specific policies, such as FEED-IN and R&D, appear to play
673 a major role in the early phases of technological developments, such
674 in the case of solar PV andmarine energy, while for relatively more ma-
675 ture technologies, e.g.wind and solar thermal, quota systems are amore
676 effective policy tool. In particular, R&D is a significant determinant of in-
677 novation for several RETs including wind, marine, biofuel and geother-
678 mal. This confirms the results in JHP, which remain robust even in our
679 dynamic specification which accounts for the stock of past knowledge.
680 The only real difference is the insignificance of the coefficient of R&D
681 for the two solar technologies analysed in our study. Empirically, this
682 difference is due in part to our choice to split solar energy into two cat-
683 egories and in part to the fact that our analysis does not include the US
684 and Japan. The results in JHPmight be driven in part by these two coun-
685 tries being positive outliers in the distribution of R&D. The insignificant
686 effect of R&D on solar PV is counterbalanced by a positive effect of FEED-
687 IN, the policy instrument designed to promote decentralised energy
688 production directly.26 Note that, as in JHP, FEED-IN does not have a
689 significant effect on other technologies when controlling for other
690 policies. In contrast, RECs have a significant effect on patenting in
691 wind energy, which being close to competitive with fossil fuels, is able
692 to capitalise on a quota system in order to strengthen its role in the
693 market. Similarly, tradable certificates show a significant and positive
694 effect on the less competitive technology solar thermal, a result which
695 probably is driven by the overall potential of this technology across
696 European countries. The small significance of tradable certificates in all
697 other cases reinforces the idea that when policy allows the firm to
698 choose how to meet renewables targets, it will tend to select the least
699 costly option. Future policy expectations, proxied by the KYOTO proto-
700 col dummy, exert a significant and positive effect for wind, solar PV,
701 marine and biofuel technologies; OTHER POL, controlling for all those
702 policy instruments for which continuous information is not available,
703 shows the expected positive and significant effect for solar PV, marine

704and biofuels. It is interesting that, in line with the discussion in
705Section 2.3, this last set of policy instruments exerts a positive effect
706only on technologies with high potential such as solar energy and
707wind power.
708Before discussing the economic relevance of the results for our
709variables of interest, we comment briefly on the effects of the two
710basic controls — electricity prices and knowledge stock. Similarly to
711the results in JHP, ELEC PRICE has a positive effect on the two solar tech-
712nologies and biofuel.27 Less straightforward is the result for K STOCK,
713which is positive and statistically significant only forwind, solar thermal
714and waste energy. The stronger persistence of past innovation in the
715case of more mature RE sources is the simplest explanation of this
716anomaly. Specifically, innovation in emerging RETs is more likely to be
717driven by serendipity than innovation in well-established technologies.
718Another explanation might be that the impact of knowledge stock is
719conditional on the presence of time effects (dummies), which tend to
720absorb past levels of technological development. As a robustness
721check, Table 6-bis present the results of an additional set of estimations
722that include global knowledge stock, which does not vary across
723countries and represents the global frontier for each specific RET
724in any given year. The coefficients of global knowledge stock are always
725positive and often significant, which is in line with our previous
726expectations.
727To have a proper quantifications of different effects, Table 8 presents
728the short-term marginal effects, computed as the change in the
729expected number of patents relative to the mean resulting from an
730inter-quartile change in a certain variable, holding all variables at their
731observed value (as in Nesta et al., 2014). The caveat here is that, due
732to reverse causality, the effects should be interpreted as the upper
733bound. PMR ENTRY exerts a sizeable effect on bothwind and solar ther-
734mal energy, being associatedwith an increase in patents filed at the EPO
735of respectively 32% and 26%. The size of the effect is in line with Nesta
736et al. (2014). Moving to the policy variables, the quantification confirms
737our expectations about heterogeneous effects, showing a stronger effect
738of policy and market factors on technologies with high potential

26 The negative coefficient of FEED-IN for wind is an unexpected result but is in linewith
JHP. Like them, we believe it is an empirical issue due to the potential presence of
endogeneity and collinearity with other policy variables. When we run specification 2
for wind patents only, to mitigate the potential endogeneity, the results change and the
marginal effect of FEED-IN becomes positive.

27 Concerning the two proxies for demand, energymarket size, proxied by ELEC CONS, is
significant only for the two solar energy technologies, while GDP_pc (reflecting consumer
preferences for clean energy not captured by REPs) shows the expected positive sign for 4
of the 8 technologies. The effect of ENLARG is significant and negative for wind and solar
thermal, suggesting a generally lower level of patenting in new EU member countries.

t12:1 Table 12
t12:2 Lagged policy — RECs.Q6

t12:3 RECs Nr. lags Effect Cumulative effect Av marginal effect Av marginal effect (Cumulative) AIC baseline specification AIC with maximum lags

t12:4 Wind 4 0.1100* 0.0963 0.05 0.04 1198.41 1156.12
t12:5 Solar Thermal 4 0.1938** 0.3355** 0.12 0.12 1175.13 1122.35
t12:6 Solar PV 4 −0.0886 −0.3431** −0.04 −0.15 1064.96 1028.19
t12:7 Marine 4 −0.2727** 0.0381 −1.01 0.14 520.916 499.06
t12:8 Hydro 4 −0.1796 −0.4031* −0.28 −0.62 906.403 877.29
t12:9 Biofuel 4 −0.0589 −0.2867** −0.06 −0.27 1101.09 1062.56
t12:10 Geothermal 4 −0.143 −0.0319 −0.86 −0.19 363.036 347.71
t12:11 Waste 4 0.008 −0.2003 0.01 −0.21 1026.83 982.31

t11:1 Table 11
t11:2 Lagged policy — FEED-IN.Q5

t11:3 FEED-IN Nr. lags Effect Cumulative effect Av marginal effect Av marginal effect (Cumulative) AIC baseline specification AIC with maximum lags

t11:4 Wind 4 −5.0025** −3.7647* −0.11 −0.08 1198.41 1152.97
t11:5 Solar Thermal 4 −0.8592 −0.0282 −0.02 −0.01 1175.13 1117.98
t11:6 Solar PV 4 1.5440*** 2.7412*** 0.03 0.06 1064.96 1027.19
t11:7 Marine 4 −10.3654* −5.2046 −0.24 0.00 520.916 502.6041
t11:8 Hydro 4 2.9548 1.9711 0.02 0.00 906.403 502.6041
t11:9 Biofuel 4 −0.021 5.5035** 0.01 0.22 1101.09 1058.887
t11:10 Geothermal 4 −0.2011 −9.9897 −0.01 0.00 363.036 344.52
t11:11 Waste 4 2.8425 6.9329 0.01 0.00 1026.83 988.05
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739 (especially wind and solar and, to a lesser extent, marine). The effects of
740 KYOTO and OTHER POL are particularly striking in the case of marine
741 energy (resp. 216% and 270%), and biofuel (resp. 110% and 29%).
742 However, the effect of R&D is stronger for wind and biofuel energy.
743 Note that the policy variables are never significant for hydro and waste,
744 two technologies not accounted for directly in JHP. In the case of hydro-
745 power, this result is duemost likely to its being amature and consolidat-
746 ed technology with few opportunities for technological improvement
747 (Popp et al., 2011) and close to full capacity in several EU countries
748 (IEA, 2010). Forwaste energy, this result is not surprising for several rea-
749 sons. Firstly, as shown inNicolli (2012),waste energy is strictly related to
750 waste policies, which are not accounted directly in thiswork. Secondly, it
751 is probably still too early to judge its response to policy stimulus, as it is a
752 new and emerging technologywith low technological potential (Lee and

753Lee, 2013) representing only a small portion of the renewable electricity
754portfolio. Finally, also market stimulus given by an increase in the ELEC
755PRICE have a stronger effect on solar thermal, PV and marine energy
756(resp. 15%, 14%, and 29%); ELEC CONS is a significant exception and has
757a large effect on waste energy (52%), and a relatively strong effect also
758on the two solar technologies (resp. 38% and 28%).
759For simplicity, in our main specification of Eq. (1) we use only the
760contemporaneous policy effect, under the assumption that past policies
761are captured by the knowledge stock. However, recent research by Popp
762(2015)would question this assumption by showing that the time lags in
763the effect of certain policies, especially R&D, can be substantial even
764when conditioning for past knowledge stock. Also, a misspecification
765of the lag structure can lead to incorrect quantification of the effects of
766interest since policy can have a cumulative effect over time. In a complex
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Fig. 3. Trend in PMR in Selected Countries (respectively: Entry, Vertical Integration and Public Ownership). Years 1974–2007.
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767 system, such as the energy sector, where renewable energy policies often
768 target downstream distributors, which consequently indirectly demand
769 more upstream ‘green innovation’, it is reasonable to assume that the ef-
770 fect of the policy stimulus on patenting could take several years to be
771 realised. Similarly, a FEED-IN tariff scheme can take several years before
772 it is internalised by manufacturers' cost functions. Tables 9–12 present
773 the results for the cumulative effect of the main variables analysed in
774 this work, i.e. PMR ENTRY, R&D, FEED-IN and RECs. As in Popp (2015),
775 in order to define the optimal lag structure we choose the specification
776 that minimises the AIC statistic across a range of models and, in the case
777 of conflicts, we prefer the lag length at which the cumulative effect of
778 the lagged policies levels out, which suggest that all appropriate lags
779 have been considered. The results mainly confirm the previous findings
780 with some small but interesting differences, showing that accounting
781 for past effects can uncover some dynamic linkages that otherwise are
782 underestimated. The differences are in the coefficients of PMR ENTRY
783 and R&D for geothermal technology, which now are statistically signifi-
784 cant and have the expected sign. Similarly, the cumulative effect of PMR
785 ENTRY is also statistically significant for waste while FEED-IN becomes
786 significant for biofuel. Finally, if we compare the contemporaneous and
787 cumulative average marginal effects quantifications we see that, as ex-
788 pected, the latter are generally higher. Specifically, the marginal effect of
789 R&D on wind energy doubles if we consider the dynamic of past R&D;
790 the results are similar for FEED-IN in relation to solar PV technologies.
791 As discussed in the empirical strategy section, the quantification of
792 our effects of interest is not accurate due to endogeneity problems. In
793 particular, reverse causality is likely to upward bias our estimations.
794 Table 7 presents the results of the Kyoto quasi-experiment to check
795 whether qualitatively the results do not changewhenwe try tomitigate
796 these concerns. Table 7 column 1 presents the benchmark results for a
797 pooled specification with country- and technology-specific fixed effects
798 inwhich the coefficients represent an average effect and are not allowed
799 to vary across technologies. These averaged results confirm the previous
800 evidence. The controls and the K STOCK are associated with the expect-
801 ed coefficients, while, among the three components of PMR, only entry
802 barriers constitute a statistically significant driver of innovation. It
803 should be noted that the aggregate results are driven mainly by wind
804 and solar technologies, which represent approximately 70% of total
805 patenting in RE. The effect of FEED-IN is never significant in the pooled
806 specification (Table 7 column 1) while KYOTO and R&D have the
807 expected positive coefficients. RECs are not statistically significant, a
808 result that reflects their heterogeneous effect across technologies (see
809 Table 6). The more homogeneous results for PMR ENTRY, R&D, KYOTO
810 andOTHER POL are reflected here by statistically significant coefficients,
811 which are in line with our expectations. Table 7 columns 2–6 present
812 the robustness checks where Kyoto protocol is interacted with the
813 1990–1996 levels of the five policy variables. The regression results
814 mainly confirm the previousfindings,while the interaction is significant
815 for FEED-IN, R&D and PMR ENTRY. An exogenous policy shock such as
816 the ratification of the Kyoto protocol, on aggregate, amplifies the in-
817 ducement effect of FEED-IN and R&D subsidies. In particular FEED-IN,
818 which were never significant except in the case of solar PV and wind,
819 becomes significant after Kyoto, most likely due to the less uncertain
820 policy environment induced by the ratification of the international pro-
821 tocol. Table 7, column6, also shows the amplifying effect of energymar-
822 ket liberalisation after KYOTO, corroborating Nesta et al. (2014) result
823 that the effect of REPs is stronger in more competitive markets. Howev-
824 er, the insignificant effect of RECs, which are strongly supported by the
825 Kyoto protocol, is somewhat surprising. This result is probably due by
826 the heterogeneous effect that quota systems exert on different technol-
827 ogies, as shown in Table 6.28

828Table A1 in the Appendix presents the results for the alternative ap-
829proach to endogeneity, i.e. the inclusion of forward policies. More spe-
830cifically, it presents only the statistically significant forward policy
831coefficients. The coefficients of future policy become insignificant for
832FEED-IN tariff and, to a lesser extent, for OTHER POL and RECs. However,
833for wind, future RECs appears to have a much stronger effect than cur-
834rent ones. This may reflect the fact that large utilities lobbied actively
835in favour of the Emissions Trading Scheme, which allows RECs to be
836traded, and, thus, to anticipate future policies by seeking to protect
837their intellectual property rights in the most promising technology, i.e.
838wind. Finally, the effect of future R&D on current innovation remains
839statistically significant with a lead of five years. This may be due to the
840complex lag structure of R&D effects, which were explored briefly in
841this paper and are analysed in depth in Popp (2015).

8426. Conclusions

843This paper contributes to the growing literature on environmental
844innovation in several ways. First, we test the qualitative implications
845in Lee and Lee (2013) and use them to disentangle the aggregate
846evidence from previous studies of the determinants of RE innovation,
847accounting for the intrinsic characteristics of eight different renewable
848technologies and for dynamics in the innovation equation. As a result,
849we find that the aggregate effect of market liberalisation found in the
850previous literature is driven by technologies with a lower developer in-
851tensity (i.e., with less concentrated patenting activity across firms) and
852more subjected to the entry of independent power producers, such as
853wind and solar thermal energy. Similarly, the effect of REPs is heteroge-
854neous across technologies and depends on their degree of maturity. In
855line with previous work (JHP), mature technologies are more respon-
856sive to quota systems, which ensure lower compliance costs for pro-
857ducers, while emerging technologies benefit mostly from demand
858subsidies and public support for R&D. Contrary to our expectations,
859FEED-IN is statistically significant and is associated with a positive coef-
860ficient only in the case of solar PV, but the aggregate effect turns strongly
861significant after ratification of the Kyoto protocol when the policy
862framework becomes more stable and less uncertain. We tried to recon-
863cile previous contradictory empirical evidence. For example, JHP finds a
864significant effect for several policies while Nesta et al. (2014) find an in-
865significant effect of their aggregate REP indicators when controlling for
866potential endogeneity and the dynamics of past knowledge. However,
867it is difficult to compare these studies given their completely different
868empirical settings. In the present work we fill this gap, showing as
869even partially accounting for endogeneity thanks to the KYOTO interac-
870tions and including a K STOCK, REPs still have a relevant inducement
871effect. This result goes some way towards reconciling the previous
872evidence and stresses the importance of accounting for the intrinsic
873heterogeneity of both policy support and RET.
874Second, the analysis in this paper shows that themagnitude of these
875effects depends also on the overall potential of different RETs and,
876consequently, is stronger forwind, solar and, although to a lesser extent,
877marine energy. This suggests that additional specific policy support for
878these technologies might be beneficial for countries with appropriate
879natural conditions.
880Third, we further develop the idea proposed in Nesta et al. (2014) by
881providing a careful evaluation of the impact of energy market
882liberalisation on RET. In particular, we have shown that lowering entry
883barriers has a significant positive impact on renewable energy technol-
884ogies, while degree of vertical integration and type of ownership are not
885influential. We found also that KYOTO amplifies this effect, confirming
886the complementarity hypothesis put forward in Nesta et al. (2014),
887that environmental policies are more effective in competitive markets.
888In the future, a major concern will be the recent trend towards market
889integration in EU countries, which has resulted in a few large players,
890e.g. EDF, ENI, E-ON, and Vattenfall, dominating the market. This process

28 A potential issue with this approach is that since Kyoto ratification is itself a policy
choice, this exercise could be biased if large countries have a bigger say in guiding EU pol-
icy formation. In some additional regressions, available upon request, we excluded
Germany from the sample and the results remained qualitatively unchanged.
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891 could undermine the entry of new innovative players and the
892 development of the Distributed Generation paradigm.
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