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Abstract 

 

This thesis examines the effects of different environmental policies on renewable energy 

technology innovation. Previous empirical and theoretical studies done on the field of 

environmental and innovation economics agree that the presence of environmental 

regulations positively affect innovation. This paper uses patent applications to the EPO in 

order to measure the effectiveness of the different policy measures to induce innovation in 

renewable energy technologies. Patent data from 20 European countries was used for the 

period 1977-2013. The empirical model was estimated using the Poisson fixed-effects 

model. The results indicate that tax measures are necessary for renewable energy innovation 

but is unlikely that taxes alone are sufficient to induce innovation without other policy 

support to tackle the market inefficiencies. The price of electricity and the growth of the 

electricity consumption were also found to be significant determinants of innovation to 

renewable energy technologies, suggesting that the conditions of the energy market play an 

important role in energy innovation. 
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1. INTRODUCTION 

 

Ever since the effects of climate change have begun to have a noticeable negative 

impact on the natural environment and the society, scientists from various academic 

backgrounds make efforts to address this problem. Especially since the 1990s, the matter of 

environmental protection and energy production in a cleaner way has drawn increased 

attention from scholars and policy makers alike. The need for production of energy from 

renewable energy sources and the diffusion of renewable energies in countries’ Total 

Primary Energy Supply (TPES) has become a very common topic of discussion among 

researchers and environmental policy makers. 

In 2015, the contribution of renewable energy in TPES was at 12,5% in the world, a 

percentage that is more or less stable in the last 40 years according to the International 

Energy Agency (IEA, 2015a). Biofuels are the largest renewable energy source available 

(fuel wood). In the recent years, however, wind and solar energy had a steep growth and 

have overcome the biofuels mainly because of the policy support they receive, according to 

the IEA. In 2004, 48 countries were reported to have at least a policy aimed towards 

renewables and the worldwide net investment in renewables was around 45 billion dollars 

(REN21, 2015). In 2014 the number of countries that have implemented policies towards 

renewables has significantly increased to 164 and the net investment in renewables 

worldwide was approximately 270 billion dollars, making clear the increased attention that 

renewables received the last decade (REN21, 2015). China and the United States are 

currently the two countries with the most annual investment to renewable energy sources 

and also the countries with the highest capacity of installed generators of renewable energy. 

In Europe, it is worthy to mention that Iceland has 100 percent of its energy production, 

including electricity, coming from renewable energy (geothermal specifically) and 90 

percent of the country’s TPES is also from renewables. Another example is Norway, that 

although only 38 percent of its TPES comes from renewable energy sources, 98 percent of 

the electricity generated comes from renewables, mainly hydropower (IEA, 2015a).  

In order to increase the penetration of renewable energies to the countries’ TPES 

and overcome market failures that impede this process, various policies have been 

implemented in national and international level, especially in the last decade as mentioned 

earlier. One good example of these policies is the Europe 2020 targets. In 2007 the EU heads 
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of state set a target of 20 percent of the EU’s total energy needs been covered by renewable 

energy sources by 2020, among other policy targets. Feed-in tariffs and tax incentives are 

other popularly used measures to promote the use of renewable energies. These policies, 

besides promoting the use of renewable energy sources, have also another very important 

effect. It is argued by many researchers that environmental policies create incentives to 

technological development, stimulating invention and innovation and determining the 

direction of technological progress (Johnstone, Hašcic, & Popp, 2010; Popp, 2005; Jaffe, 

Newell, & Stavins, 2002). One of the first studies on the link between environmental 

regulation and innovation is that of Magat who found that policy measures have a significant 

effect on the direction and rate of innovation (Magat, 1979). This idea of induced innovation 

can be traced back to the observations of Hicks who noticed that changes at the relative 

price of one factor can induce innovation of a specific type in order to economize the use of 

the factor that became relatively expensive (Ruttan, 1997). This leads to various 

implications regarding the environmental policy goals and the choice of the alternative 

instruments and regulations. (Jaffe et al., 2002; Johnstone et al., 2010). Policy makers and 

setters need to assess the alternative options and implement the most beneficial and efficient 

measures. Unfortunately, this is not an easy task as there is not an unambiguous ranking of 

which policies are better than others (Jaffe & Palmer, 1997; Fischer et al., 2003).  

Furthermore, for many years is was difficult to make a clear link between 

technological change and environmental regulations due to the lack of empirical studies on 

the matter. The reason behind this lack of empirical research is attributed to the limited 

availability of data collected, which led to many studies be mainly of a theoretical approach. 

However, since patent data have become widely available, empirical economists have begun 

to make estimations of how environmental regulation and technological change are 

connected (Popp, 2006a) by using patent applications as a proxy for innovation. It is 

important, though, to understand that there is a dynamic relationship between policy 

regulation and technological change and is not rare the case that innovations are actually 

preceding and laying the way for policy regulations (Kemp, 2000). The newer studies on 

the matter are expected to facilitate the work of policy makers in promoting innovation 

through the use of environmental regulation. Among other researchers, the works of Popp 

(2002, 2005, 2006a, 2006b, 2010) and Popp, Newell, & Jaffe (2010) are the most 

distinguished studies that link environmental policy regulations and patent applications.  
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1.1 Purpose and outline of the study 

On this effort to facilitate policy makers to make the right choice of instruments, this 

thesis aims to contribute to the existing empirical studies that examine the effects of different 

environmental and technological policies on innovation and specifically innovation in 

renewable energy technologies. Taking into account that different renewable energy sources 

have differences in costs, availability, existing energy infrastructure and adoption rates, it is 

argued that different environmental policies will not have the same effect on different 

renewable energies (Johnstone et al., 2010).  For example, policies that improve capital 

accessibility may be especially effective for solar photovoltaic or ocean energy, since both 

technologies have high starting fixed costs. Few studies have been made with cross-country 

focus before and few of them used patent counts to measure the environmental policies’ 

effectivity on promoting innovation. The works of Johnstone et al. (2010) and Johnstone et 

al. (2012) are the only recent papers to my knowledge that examine the effects of 

environmental policies on renewable energy innovation using patent data. This thesis is 

focused on European countries mainly because of the availability of data and the similar 

regulatory framework under which most European countries operate. Patent count data is 

used as a measure of innovative activity in order to evaluate the degree that different policies 

are able to stimulate innovation in renewable energy technologies. Using an econometric 

model, this thesis aims to provide answer to the following question: 

 What are the effects of different environmental policies on innovation in renewable 

energy technologies? 

To put it in another way, this thesis aims to assess the effects of the different policy 

instruments on inducing innovation in renewable energy technology and provide a guideline 

to which policies are effective and which are not in promoting innovation to different 

renewable energy technologies. 

Specifically, this thesis will examine how: 

i. Government R&D investment 

ii. Investment incentives 

iii. Taxes 

iv. Tariffs 

v. Voluntary programs 
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vi. Obligations 

vii. Tradable Permits 

 

affect patent application relevant to renewable energy technologies to the European Patent 

Office (EPO). The renewable energies referred to are hydro, wind, solar, geothermal, ocean, 

biomass-waste power.  

The countries examined in this paper are: Austria, Belgium, Czech Republic, 

Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Luxembourg, 

Netherlands, Norway, Portugal, Slovak Republic, Spain, Sweden, Switzerland, and the 

United Kingdom. The time period examined covers the years 1977-2013, although for some 

countries there are missing values, especially in the earlier years. 

The outline of the thesis is the following: part 2 comprises the literature review of 

this thesis where key concepts and studies regarding innovation and climate policies are 

presented. This part aims to provide the reader with the necessary theoretical and empirical 

background in order to follow the methodology part of the thesis. Part 3 is the Methodology, 

Empirical Model and Data where is described the method of assessment of the different 

policies, the use of patents in measuring innovation, the econometric model used as well as 

the choice of data and variables for this study. At part 4, the estimation results of the 

econometric model are presented and discussed. In part 5 is the discussion of the findings 

and the conclusion of the thesis as well as suggestions for future research. 

1.2 Limitations 

There are of course some limitations in this thesis that are better presented now so 

that the reader is in advance informed of what to expect of this paper. Regarding the 

Literature Review, this paper is focused on concepts of how innovation is induced while the 

very important aspect of diffusion of technology is not presented as it outreaches the scope 

of this study and is another research topic on its own. Regarding data limitations, this paper 

uses data from just 20 European countries although the original aim was to perform policy 

assessment in all members of the EU 28 plus Switzerland, Norway, and Iceland. 

Unfortunately, due to lack of data, the thesis is limited to the European countries that data 

availability was not a major issue. Consequently, the number of observations is limited. This 

also reduces the results’ statistical significance but the inclusion of countries from other 

continents would increase the difficulty of a proper estimation and interpretation due to 
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differences that would have to be accounted for with the most important the differences in 

patenting systems. Thus, the findings of this paper may be significant for European countries 

(especially EU members) but regarding non-European countries, one should take into 

consideration some broader studies. Another data limitation is the use of dummy policy 

variables for policies like tariffs and tradable permits. A continuous variable would greatly 

enhance the descriptive power of the model as it would capture differences in policy 

stringency but due to the unavailability of relevant data, dummy variables are constructed 

instead that simply identify when these policies were introduced. This means that it is not 

possible to measure the efficiency and how effective these policies are. Instead, the 

empirical results of this thesis are only able to point whether the examined policies have a 

positive or negative impact on the different renewable energy technologies and whether 

their presence is effective or not. Lastly, the empirical model of this thesis does not take into 

account any lag that innovation needs to respond to different policy measures. 

1.3 Sustainability Aspects 

The environmental sustainability aspects of this thesis’ findings are quite obvious. 

The promotion of renewable energies and their respective technologies will pave the way 

towards a cleaner environment. This is possible through cleaner and more efficient ways of 

production, that in turn are possible through renewable energy innovation. The protection 

of the environment is crucial regarding a sustainable future since climate change and abuse 

of natural resources can seriously affect the life quality of future generations. 

Regarding socioeconomic aspects, environmental policies that promote the research, 

development, and adoption of renewable energies can positively affect the technological 

level and economic growth of a country through spillover effects. Moreover, of great 

importance are the employment effects of the renewable energy promotion. Employment 

growth as a result of increased renewable energy generation is one of the main promotion 

campaign arguments of the European Commission regarding renewables. As renewable 

energy technologies are argued to create more jobs than other technologies per unit of 

energy generated, then more renewables will create more sustainable jobs, added value, and 

allow for new job specializations (Cambridge Econometrics, 2013). Lastly, the promotion 

of renewable energy can also enhance a country’s energy security by reducing the country’s 

dependency on fuel imports, creating in that way a sustainable energy generation and supply 

system. 
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2. KEY CONCEPTS AND LITERATURE REVIEW 

Parts 2.1 and 2.2 present some of the key concepts of environmental economics and 

economics of innovation. Parts 2.3-2.7 include a literature review of theoretical and 

empirical papers. Summarizing tables of the literature review are available in Appendix C. 

2.1 Concepts of Environmental Economics 

The basic concept behind environmental economics is that economic activities with 

harmful environmental effects, like Green House Gas (GHG) emissions, create an 

externality (Jaffe, Newell, & Stavins, 2005). This externality is the effect of the economic 

activity whose consequences are borne by third-parties other than the one that is responsible 

for the externality-producing activity. One of the first studies focused on the approach to 

address the externalities problem is that of Coase (1960) who argues that the approach 

towards externalities should consider the total effect of the actions taken. A simple example 

of an externality problem is that of a factory that by its activity is polluting the environment 

and is creating a cost for the society. The cost for the factory are the labor and production 

inputs and so the factory’s owners have an economic incentive to limit these inputs to the 

level that the production is most effective. However, they don’t have any economic 

incentives to reduce polluting emissions. In order to address this, environmental policies 

aim to create economic incentives to the factory owners to minimize this externality by 

imposing costs for pollution (Jaffe et al., 2005). Usually, the cost of environmental policies 

can be the decreased output or the need for purchase of pollution control equipment. For 

environmental policies to be efficient, the marginal cost of pollution abatement must be 

compared with the marginal benefit for the environment. In that way, very harmful 

pollutants must be restricted but on the other hand, pollutants that are very costly to be 

eliminated have to be endured. But with the development of new innovations the reduction 

and control of pollution becomes more efficient and less costly. However, when 

environmental policies are absent, firms lack the incentive to use pollution control 

equipment, cleaner technologies or develop environmentally friendly technologies, 

although it is less probable that environmental policies alone are enough to provide adequate 

incentives (Popp et al., 2010; Popp, 2010). 
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2.2 Concepts of Economics of Innovation 

The study and previous literature of economics of innovation addresses issues that 

focuses, but is not limited to, on the incentives of a firm to conduct research and 

development, measure the inputs and outputs of the innovation activity, analyse the possible 

externalities that are the outcome of the R&D activity as well as the productivity growth, 

the effects of the market structure and market failures on technological change and the 

diffusion of new technologies, effects of the patent system on innovation and how 

endogenous growth is affected by technological change (Jaffe, Newell, and Stavins, 2003). 

A topic of particular interest to the economics of innovation is the market failures 

that hinder the development of new technologies and are the effect of knowledge and 

environmental externalities. The most important market failures are the externalities of 

polluting emissions, the externalities of knowledge and uncertainty (Jaffe et al., 2005). 

The externality of pollution prevents the development of new technologies because, 

as discussed in the previous section, it provides no incentive to the firm to reduce the 

polluting economic activity. The externality of knowledge has to do with the nature of 

knowledge as a public good. This means that a firm that invests in research and development 

of new technology creates benefits for other firms, that don’t use their own resources for 

research, while is subjective to all the costs of this process. It is, therefore, clear that under 

these conditions a firm will lack the incentives to continue investing in new technology. 

Even if environmental policies address the externality of pollution, due to this problem of 

knowledge externality the level of R&D will be below the optimal level and so the need of 

government subsidised R&D becomes important (Popp, 2010). 

Uncertainty is the third major impediment to innovation. Uncertainty regarding the 

success prospects of investment in a particular technology, future prospects of this 

technology and issues regarding the diffusion and compliance of this technology with future 

policies and regulation are the main causes of uncertainty that limit the investment of 

environmental R&D (Jaffe et al.,  2005). Policies and regulations reduce the uncertainty of 

investments to new technologies and provide a form of security to those who undertake the 

costs of investment (Jaffe et al., 2003). The significance of environmental and technological 

policies to also promote the diffusion rather than just the development of new 

environmentally friendly technologies is considered crucial for the success of the policies 

and therefore climate mitigation and environmental sustainability (Fischer and Newell, 
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2008; Popp, 2010; Popp et al., 2010; Kemp, 2000). Empirical evidence of previous studies 

also show that environmental and technological policies work best when combined in a 

policy portfolio (Jaffe et al., 2002; Popp et al., 2010). 

2.2.1 Process of Technological Change 

The process of technological change can be divided into three stages: invention, 

innovation, and diffusion (Jaffe et al., 2002). The first stage of invention is about the first 

development of a product that is the result of scientific of technological research but is not 

yet patented or commercialized. Not many inventions are actually patented. Those who are 

patented and enter the market are no longer considered inventions but innovations. 

Innovation is, therefore, the commercialization of an invention. The last step of 

technological change is the diffusion, which constitutes the successful adoption and wide 

availability of the innovation and its applications by firms or individuals. 

2.3 Environmental Induced Innovation 

A very important research topic of environmental economics is the study of the 

relationship between environmental policy and technological change. Regarding the 

determinants of innovative activity, there are two major approaches: the induced innovation 

approach and the evolutionary approach. Most of the studies that are focused on the 

understanding of the relationship between environmental policy and technological change 

present the notion of induced innovation as the core of their theoretical and empirical 

analyzes. The concept of induced innovation is the recognition of the R&D activity as a 

profit-seeking investment activity, therefore the direction and amount of innovation are 

quite probable to respond positively to the direction and changes of relative prices. The 

hypothesis of environmental induced innovation suggests that since environmental 

regulations make different environmental inputs and polluting emissions more expensive, 

then technological change will respond to this change of prices with the development of 

new equipment that is either more efficient, energy saving or uses another type of 

environmental inputs. This effect has very important policy implications and should be used 

as a criterion for the development, enforcement, and evaluation of environmental policy 

instruments. 

The idea of induced innovation was firstly developed by Hicks (1932). Later papers 

that examine the induced innovation hypothesis usually suggest that market-based policies 
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are more apt to induce environmentally friendly innovation than other policies like 

command-and-control ones. However, more up to date studies claim that such a policy 

ranking is quite ambiguous (Popp et al., 2010). The availability of patent data in the latest 

20 years has spurred the creation of empirical studies that try to provide better explanations 

about the link between environmental policy and innovation and make significant policy 

suggestions. 

As mentioned, according to the induced innovation approach of technological 

change, firms or government organizations invest in R&D activity to produce more 

profitable products. R&D as an investment activity, though, is different from typical 

investments in tangible assets as the investment decision is greatly influenced by the 

uncertainty of the future outcome of the R&D process. The uncertainty and the intangible 

assets that are produced by the R&D process make the undertaking of R&D a difficult 

investment decision (Jaffe et al., 2002). To counter the difficulties of securing financing for 

research through the capital market, it is of great importance that appropriate policies are 

implemented in order to provide incentives for firms to invest in R&D (Jaffe et al., 2002). 

The empirical studies focused on environmental induced innovation aim to provide 

a guideline to policy makers so that appropriate policies and instruments will facilitate the 

financing of environmental R&D and therefore the development of new cleaner 

technologies. A review of some significant empirical papers is presented below. 

Empirical papers 

Lanjouw and Mody (1996) using patent data from 17 countries, including the U.S., 

Japan and Germany, find that environmental innovation responds to increases in pollution 

abatement cost expenditures in the country of the increase, meaning that the increased 

interest towards environmental protection that formed the previous decades has led to the 

development of new technologies. They also show evidence that patent grants in developing 

countries are attributed to inventors in developed countries and that these foreign inventions 

are mostly technologies with wide applicability. 

Jaffe and Palmer (1997) conducted one of the first empirical studies on 

environmental induced innovation. They use a panel of U.S. manufacturing industries for 

the years 1974-1991 to examine the relationship between environmental regulation and 

innovation. They find that the costs for environmental compliance have a significant effect 

on R&D expenditures. They cannot, however, present reliable evidence that industries’ 
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inventive activities were correlated to compliance costs. Similarly, Hamamoto (2006) 

provides results from Japan that R&D expenditure and compliance costs are positively 

related. Hamamoto focuses on the effects of the regulation stringency and productivity 

improvement in the Japanese manufacturing sector. The empirical evidence obtained also 

shows that the R&D investment that was induced by the increased stringency of the 

environmental regulations significantly increased the rate of growth of total factor 

productivity.  

Brunnermeier and Cohen (2003) using patent data from U.S. industries show that 

increased abatement costs lead to more patents in environmental technologies by employing 

a panel data model to examine the effects of abatement costs and regulatory stringency on 

environmental innovation. Their results also show that increased enforcement measures on 

existing regulations and environmental policies do not induce additional innovation. 

Furthermore, Brunnermeier and Cohen claim that their results suggest that environmental 

innovation has a higher likelihood to happen in industries that are also competitive outside 

of the country’s borders. 

Popp (2002) uses patent data from the U.S. for the period 1970-1994 to examine the 

effects of energy prices on energy-saving technology. He finds a significant positive effect 

of energy prices and existing knowledge base on new innovation. His results imply that 

environmental regulations can reduce pollution by making polluting activities costlier and 

also promote the development of environmentally friendly technologies that reduce the cost 

of pollution control. He points out that the supply of ideas is crucial for innovation and its 

direction and that market regulations are necessary to encourage innovation. 

In another study by Popp (2006a), using again patent data from the U.S., Japan and 

Germany for the years 1970-2000, it is suggested that inventions respond to environmental 

regulations of the inventor’s home country but not to foreign environmental regulations. 

This means that patents of foreign inventors do not respond to domestic regulations but to 

regulations of their home countries. It is, therefore, implied that foreign regulation can 

potentially increase patenting activity and knowledge to a country. The implications of this 

study suggest that in order for foreign invented technology to be successfully adopted, there 

is a need for domestic R&D expenditures aiming to the adoption of these technologies and 

policy maker should take this into consideration before creating regulations that assume that 

foreign technologies will be adopted directly to the domestic country. 
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2.4 Innovation and Environmental Policy Instruments 

Externalities and market inefficiencies and failures usually provide no incentive for 

firms to develop or adopt environmentally friendly technologies (Newell, 2010). This makes 

necessary the creation and enforcement of appropriate environmental policies. These kinds 

of environmental policies have three effects. The first is the increase in the costs of pollution 

that increases the incentives to invest in R&D so that cost-saving solutions can be 

developed; the second effect is the reduction of the output produced by firms that can be a 

deterring factor to invest in R&D (Jaffe et al., 2002). The effect that causes firms to invest 

in R&D is obviously the dominant effect of successful environmental policies. The third 

effect is the cause of change in the relative costs and advantages of alternative energy 

technologies. Understanding the way specific policies affect different energy technologies 

is, therefore, crucial if policy makers need to create policies addressed to promote 

innovation for specific energy technologies (Popp, 2010). 

Most environmental policies can be categorized as either market-based policies or 

command-and-control policies. Market-based policies are used to promote a specific firm 

behaviour through market signals. This category of policies includes different taxes, 

tradable emission permits, subsidies, environmental laws, and licenses. Market-based 

policies are usually characterized by allowing firms the flexibility to choose which cost-

reducing solution they want to follow in order to improve their environmental behaviour 

and reach the regulation targets (Popp et al., 2010).  Command-and-control policies, on the 

other hand, refer to direct regulations that dictate by law what is permitted and what is not. 

Performance and technology standards are the most common types of command-and-control 

policies. The majority of the environmental regulation studies claim that market-based 

policies can induce more innovation than the command-and-control policies. However, 

more recent papers suggest that such a ranking is ambiguous and more factors should be 

considered (Newell, 2010).  

Different types of environmental policy shape differently the direction and amount 

of environmentally friendly innovation (Popp, 2010). Some policies induce innovation that 

decreases the regulation compliance costs while other policies induce innovation associated 

with energy efficiency and emission abatement (Jaffe et al., 2002). It is therefore very 

important and at the same time complex for policy setters to choose the optimal 

environmental policy. Since environmental policy induces innovation, the social cost of 
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environmental regulations is decreased, implying that the most effective policy has to be 

more stringent than it would be without any innovation induced (Newell, 2010).  

Of course, there are more factors that should be taken into account when one designs 

a policy measure. For example, if the new environmental policy leads to a reduction in 

marginal abatement costs then the policy targets can be achieved without the development 

of new technology (Jaffe, Newell and Stavins 2002). Furthermore, the general equilibrium 

effect of induced innovation on innovation to other sectors of the economy needs to be taken 

into consideration because of the elasticity of supply of R&D inputs (Jaffe, Newell and 

Stavins 2002).  

Besides the choice of the optimal policy measure, another significant issue is the 

timing of the policy enforcement. According to some theoretical models, there are four 

different timing options: ex-post regulations, interim regulations (after R&D is successful 

but before the adoption of the new technology), ex-ante regulations with different tax rates 

depending on the success of the R&D process and ex-ante regulations with single tax rate 

regardless of the outcome of the R&D process (Newell, 2010). 

The effects and the rate of success of environmental policies on the development of 

new technologies is possible one of the most important factors that will determine the result 

of the environmental protection efforts in the future (Jaffe et al., 2002). It is critical, 

therefore, the creation of optimal and effectively working environmental policies. Empirical 

evidence of previous studies show that environmental and technological policies work best 

when combined in a policy portfolio while an unambiguous ranking of policies is not 

possible (Popp, 2010) as each different policy instrument tends to be more effective for 

some energy technologies while not so effective for others (Johnstone et al., 2010). 

Following, there is a review of some of the most cited theoretical and empirical 

papers that address the issue of environmental policy choice and the effects of the policy 

measures. 

Theoretical papers  

One of the first relevant studies on the relationship between innovation and policy 

instruments is that of Magat (1978). He examines the effect of effluent taxes and effluent 

standards on inducing innovation in emission abatement technology and finds that the two 

policies increase the R&D expenditure towards environmental technologies but lead to 

different allocation of R&D resources. In a following study, Magat (1979) compares the 
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effects of taxes, permits, subsidies, and effluent and technology standards. He finds that 

all these five instruments have significant effects on the rate and the direction of 

innovation. However, technology standards seem to provide the fewer incentives for 

emission abatement and technology innovation. Furthermore, he finds that taxes, permits, 

and non-technology based standards induce innovation with a bias towards emission 

abatement technology without any single policy being more effective than the others. 

Carraro and Siniscalco (1994) propose that environmental and industrial policy 

instruments when used jointly tend to be more efficient than simple environmental 

policies alone. They propose that policy measures should take into serious consideration 

environmental innovation, account for the dynamic effect of relative prices, policy 

decisions and R&D and aim to promote both innovation and diffusion of new technologies. 

Laffont and Tirole (1996) analyse the spot and future market for tradable pollution permits 

and examine the possible modifications that can provide the desired incentives for 

technological innovation. They state that spot market induces investment to pollution 

permits above the desired target and although futures market reduces this investment 

incentive, it is not the best of pollution abatement strategies. 

Cadot and Sinclair-Desgagne (1996) examine the problem of stricter environmental 

regulations that a government has pressure to adopt and the reaction of the firms insisting 

that they need a larger time period in order to develop relevant environmentally friendly 

technologies. They suggest that an incentive scheme is required to solve this problem 

through domestic technological solutions. In case a government is not willing to use 

subsidies to promote the development of new technologies, stricter environmental 

standards should be enforced and be gradually diminished as firms achieve progress in the 

development of new technology.  

Carraro and Soubeyran (1996) compare environmental taxes and innovation 

subsidies as policy instruments for reducing emissions and draw conclusions for the 

desirability of emission reductions resulted by the taxes and the availability of the new 

technology. They suggest that it is desirable for the government to encourage 

environmental technology with the largest availability. In case that the availability is 

limited, the government should opt for environmental taxes as the most appropriate policy 

measure. Katsoulacos and Xepapadeas (1996) examine in a similar study the optimal 
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environmental policy schemes when addressing polluting emissions and R&D spillovers. 

They find that firms have incentives to invest in environmental R&D only in the case that 

emission taxes are present and that the best approach to overcome this problem is to have 

jointly both emission taxes and environmental R&D subsidies. 

Fischer et al. (2003) present a comparison of emission taxes, auctioned and free 

permits under endogenous technological change and conclude that there is no policy 

unambiguously more preferable than the others. In fact, if someone had to rank the 

different policy instruments, then the ranking would depend on the costs of innovation, 

the environmental benefit function, the number of firms that produce polluting emission 

and the capacity of firms to mimic new technologies. Their analysis involves a model of 

three stages for innovation, diffusion, and emission reduction. According to Fischer et al. 

(2003), there are three effects of policy instruments that influence the firm incentives for 

innovation. Those are the effect of the abatement cost, the imitation, and the emissions 

payment effect. Finally, some policy guidelines that are derived from this study include 

setting as target the optimal level of reduction of the polluting emissions. The use of 

auctioned emission permits can, if used with caution, lead to higher welfare gains and 

frequent policy adjustments that will result in less need to change and choose other 

policies. 

Innes and Bial (2002) study the ways that the government can provide incentives 

to firms to innovate in environmentally friendly technologies using a model of Bertrand 

competition and Pigovian taxes. Based on the fact that some firms often overcomply with 

the environmental regulations, they attempt to explain this overcompliance as the firms’ 

attempt to gain profits by overinvesting in environmentally friendly R&D that will hopefully 

result in pioneering inventions that will shape new regulatory levels and impose costs on 

the rival firms. They also show that setting standards that differentiate the firms to 

“winners” and “losers” according to their innovation results and setting optimal policy 

levels based on these standards can deter overinvestment in R&D while “winner” firms still 

have incentives for overcompliance with the regulations. 

Baker and Adu-Bonnah (2008) analyse how uncertainty and R&D related risk affects 

the level of optimal R&D investment in environmental technologies. They use a model with 

two different assumptions regarding technological change. The first assumption they make 
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is that investment in R&D will proportionally reduce abatement costs and that these 

investments are in non-fossil technology R&D programs. For this assumption, their model 

suggests that the optimal investment is higher in risky programs than in non-risky ones 

with the exception of the case that a disaster is highly probable. They explain that this 

happens because investments in these risky programs have high payoff because of the 

probability of leading to a significant technological change and therefore investing in risky 

R&D is a logical choice. The other assumption that Baker and Adu-Bonnah make is that 

investment in R&D will lead to a reduction in the ratio of emissions-to-output by 

investments into technologies aiming to reduce fossil fuel emissions. In this case, they find 

the opposite results from the first assumption. The higher investment programs are 

optimal for non-risky R&D programs while increased investment in risky R&D is not 

desirable. They explain that this is because the development of technologies in fossil fuels 

has significant effects when the emission damages are low and only a small impact when 

the pollution caused is high. In the end, they suggest that the optimal level of investment 

in R&D is dependent on the technology that is to be developed and both the uncertainty 

factors of environmental changes and the R&D process. 

Bauman, Lee, and Seeley (2008) suggest that command and control policies are 

possible to induce more innovation under certain conditions rather than other economic 

instruments. Using algebraic methods, they examine how alternative types of innovation 

(end-of-pipe abatement technologies and production process technologies) affect 

marginal abatement costs. They claim that the existing approaches in literature are limited 

when referred to abatement technologies of the production process and that innovation 

is modeled inappropriately in these cases to lower marginal abatement costs while the 

opposite occurs. Production process technologies are possibly of high importance for 

pollution reduction in different industrial units and innovations in the production process 

that raise marginal abatement costs also lead to increased emissions by the firms 

implementing the innovation. A regression analysis they perform on sulphur dioxide 

abatement costs in electric power generation in South Korea confirms that innovations 

related to the production process raise marginal abatement costs. Thus, it is more 

appropriate for command-and-control rather than market-based policies to aim to induce 

innovation at end-of-pipe abatement and production process technologies. 
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Requate (2005) examine the level of environmental policy stringency and how it 

can possibly change after new innovation becomes available, when this change and policy 

adjustments should be made, as well as technology adoption incentives. The model 

presented in the paper considers a monopolistic upstream firm that provides emission 

reduction technologies and develops new technologies in response to regulations. Four 

different policy options are then studied: ex-post taxation, interim taxation commitment 

after R&D success and before adoption, ex-ante taxation commitment with different rates 

depending on R&D success and ex-ante taxation commitment with standard rate 

regardless of R&D success. The results of the study indicate that ex-ante taxation 

commitment to a menu of tax rates is better than other kind of policies and that tax policies 

have far better results than permit policies. 

Montero (2002) studies the incentives to invest in the development of cleaner 

technologies under oligopolistic market structures model and compares different 

environmental policy instruments. The results, however, are not as clear as under a perfect 

competition assumption. R&D incentives are found to vary across different market 

structures because of the markets’ strategic effects. Regarding the choice of optimal level 

of R&D, two effects should be taken into consideration by the firm: the profit increase 

resulting from the fall of abatement costs and the decrease in profits caused by the 

competitor firms’ changes in output resulting from spillover effects of the firm’s R&D 

process. The results of the model show that under Cournot competition standards and 

taxes provide more R&D incentives while the opposite effect is observed under Bertrand 

competition. Under a perfectly competitive market, though, standards and permits 

provide fewer incentives than taxes. 

Empirical papers  

Newell, Jaffe, and Stavins (1999) develop an econometric model to assess the 

induced innovation hypothesis by assessing the effects that energy prices and efficiency 

standard changes have on inducing innovation. This is done through the estimation of an 

energy-using consumer products model and energy prices for the years 1958-1994 in the 

U.S., while product characteristics, specifically room air conditioner transformation 

surfaces, are used to measure innovation.  For the products examined the evidence suggests 

that energy price changes led to the adoption of the new product models and also the 
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retirement of the old models. Regulations led to the elimination of energy-inefficient models 

due to the effect of efficiency standards. Other results show that the rate of overall 

innovation was not affected by energy prices or regulations but the direction of innovation 

was, for some products, affected by the changes in the prices of energy. Furthermore, the 

note that many of the energy efficiency improvements were not attributed to the changes in 

prices or regulations. 

Popp (2003) uses U.S patent data for the years 1985-1997 to compare innovation 

before and after sulphur dioxide (SO2) tradable permits were introduced, stating that market-

based policies are more probable to induce innovation than command-and-control policies. 

Popp finds that before the introduction of tradable SO2 permits innovation measured in 

successful patent applications was higher than after. However, the SO2 tradable permits did 

change the direction of innovation. He states that before the SO2 tradable permits most 

innovations were focused on lowering the costs of desulfurization units while after the 

permits’ introduction more innovation incentives were created for technologies that are 

more environmentally effective.  

In a similar study, Taylor (2008) makes the suggestion that uncertainty over the 

permits’ price can potentially reduce innovation. He explains that this is caused by the fact 

that most firms that are innovators of pollution control technology are actually vendors of 

pollution control equipment and not firms that implement these technologies. Therefore, if 

there is uncertainty over the permits’ price, there is also uncertainty over how the buyer-

firms will react to these prices. 

Lange and Bellas (2005) examine the effect of the 1990 Clean Air Act Amendments 

(CAAA) on scrubber costs. According to existing theoretical models, the market-based 

approach of tradable SO2 permits is expected to provide more innovation incentives than 

command-and-control regulations. Lange and Bellas test this by comparing capital and 

operating costs of scrubbers before and after the CAAA, in the time period 1985-2002. Their 

results show that after the introduction of the CAAA, both the capital and the operating costs 

fell without, however, having a statistical significant difference in the rate of annual change. 

They state that what is implied by these results is that policies that offer incentives for 

innovation through cost reductions will not necessarily continue being effective in providing 

new incentives after some time has passed since their adoption. 

Lanoie et al. (2007) analyse data from seven OECD countries in order to test the 

effects of environmental policy stringency on the firms’ incentive to innovate. Their results 
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indicate that greater the stringency of a policy, the higher the incentives for a firm to invest 

more in environmental R&D. More flexible regulations are found to induce more investment 

in environmental R&D than technology standards. Furthermore, they find that market-based 

policies do not create more incentives to invest in environmental R&D, contrary to other 

existing studies. They claim that this result can be explained by the fact that market-based 

policies are not that stringent as other environmental standards. 

Hašcic, Johnstone and Michel (2008) also examine the effects of the environmental 

policy stringency and flexibility on inducing environmental innovation. They find that when 

the environmental regulation is flexible and there is a degree of freedom regarding the 

compliance of new technology with the environmental standards then more and higher 

quality innovations are induced. 

Johnstone et al. (2010) examine the effect of different environmental policy 

instruments on inducing innovation on renewable energy technologies. They use a panel 

data of patent counts across 25 OECD countries for the period 1978-2003. Their main 

findings are firstly that public policy is a major determinant of innovation in environmental 

technologies and secondly that different categories of environmental policy instruments are 

appropriate for different renewable energy technologies. For instance, their results support 

that wind energy is favoured more by quantity-based policies due to the fact that wind farms 

have relatively low cost and are more competitive that other energy sources. On the other 

hand, for solar power innovations, it is found that direct investment incentives are more 

effective because the cost of a solar power installation makes solar power less competitive 

than other energy sources. 

In another paper that uses patent data to examine the effects of environmental 

policies on innovation Johnstone et al. (2012) analyze a panel of 77 countries over 7 years 

using a two-stage model to address endogeneity and display results that support the 

hypothesis that the increased environmental regulatory stringency along with innovative 

capabilities lead to more patenting of environmentally friendly technologies. Johnstone et 

al. state that although increased policy stringency can induce more innovation, the policy 

stringency should be used with caution by policy makers because of potential economic 

performance hazards it may cause, a conclusion also reached by Kemp (2000). Another of 

their findings is that private expenditure on pollution control is possible to have an effect on 

innovation. However, it is public policies and government expenditures that have the most 
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important role in the demand and development of new environmentally friendly 

technologies. This, however, may vary across countries.  

2.5 Impact of Technological Change 

Of great importance is also the study of the impact of the environmentally induced 

innovations to the environment, the economy and the society. An expected outcome of a 

successful environmental regulation is to induce technological change that will reduce the 

cost of controlling polluting emissions either by cleaner or more efficient ways of 

production and thus lead to a cleaner environment. Economists also examine the knowledge 

spillovers that arise from private and social rates of return to R&D. Typically, the marginal 

rates of social return to R&D are found to be approximately 30-50 percent (Popp et al., 

2010). However, estimating the social returns on environmental R&D can be a complex task 

because of the knowledge markets imperfections and the knowledge spillover effects that 

create externalities, as discussed in section 2.2. Below is present a short review of empirical 

papers that examine the impact of technological change. 

Empirical papers 

Carlson et al. (2000) use an econometric approach to estimate the marginal 

abatement costs of sulphur dioxide in power plants before and after the implementation of 

the CAAA in 1990. The focus of the study is to examine whether the reduction of the sulphur 

dioxide abatement cost is to be attributed to the trading of allowance permits. The results 

show that approximately 50% of the marginal abatement costs change between the years 

1985-1995 can be regarded as a result of technological change. Carlson et al. claim that in 

the long run around 800 million dollars in cost saving per year can be achieved by these 

tradable emission permits when compared to other command-and-control regulations.  

In Popp (2003), Popp gathers patent data relevant to desulfurization units and 

econometrically examines the operating costs of single units to the general unit and power 

plant characteristics at the time the desulfurization unit was installed. He finds that a single 

patent can have a present value of approximately 6 million dollars in cost saving for the 

energy industry when the estimated R&D investment for each patent is around only 1,5 

million dollars. 

Pakes et al. (1993) present how advances in empirical industrial organization can be 

used to promote solutions for policy issues related to environmental change. They use 
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summary statistics of the automobile industry and examine the effects of gas prices on the 

cars offered for sale. Their results show that after 1977 more and more cars with higher 

mile-per -gallon efficiency were sold. Pakes et al. attribute this consumer behaviour to the 

fact that after 1977 more fuel-efficient cars were available to the market while the marketing 

of the least fuel-efficient cars began to drop. 

Berry et al. (1996) also examine the automobile industry. Specifically, they 

investigate how regulatory changes can affect production costs and characteristics. They 

estimate the hedonic cost function by combining data at plant-level and car model 

characteristics data relevant to the plant they were produced. Their findings show that costs 

related to quality adjustments had an overall increase in the period 1972-1982, the same 

period that gas prices increased and environmental standards were introduced. 

Berndt et al. (1993) use cross country data on manufacturing sectors to examine the 

impact of technological change on productivity and energy efficiency during the period 

1965-1987. Their estimation results show that new technology in equipment was 

responsible for quite a very low increase in productivity growth, contrary to what was 

expected. On the other hand, they find that innovations contributed to more energy efficient 

equipment, leading to the conclusion that new technology is energy saving. Similar results 

show Mountain et al. (1989) for a study focused on Ontario manufacturing sector, Canada. 

Mountain et al. use econometric representations of technologies aimed to particular 

industries and find that both relative energy prices and innovations have affected the 

substitution fuels for the favour of more energy efficient ones. 

Popp (2001) examines the impact of new technologies on energy consumption with 

the use of energy patent data. Using the patent data to create knowledge stocks, Popp uses 

these knowledge stocks in a cost function for the use of energy. The results show that on 

average, a single patent could lead to cost savings of approximately 14,5 million dollars 

while the R&D investment spent on each patent was on average 2,25 million dollars. 

Furthermore, Popp estimates the impact of induced innovation with the use of patenting 

elasticity to energy prices. He finds that energy consumption is mainly influenced by price 

changes and about 33% of the change in energy consumption is to be attributed to induced 

innovation. 

Wing (2008) uses patent data from the U.S energy sector to examine the effect of 

four different factors on energy intensity. In particular, he studies how industry composition, 

factor substitution, disembodied technological change and induced innovation are affecting 
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the energy intensity as they react to energy prices. He finds that induced innovation does 

lead to energy saving but its effect is the smallest in comparison to the other three factors 

while changing industry composition is the factor with the biggest effect. 

Linn (2008), in another study in the U.S. manufacturing sector, examines the effect 

that energy prices have on the adoption of energy-efficient technology for the years 1967-

1997. Linn compares the energy intensity of entrants and incumbent manufacturing 

facilities. The results show that a 10% increase in the energy price leads to a 1% decrease 

in the energy demand of entrants. Linn claims that the adoption of new technology is 

responsible for only a small percentage of changes in energy demand for the years the study 

was conducted upon. 

2.6 The Role of Government R&D 

Besides private firms, governments also have a significant role in energy R&D. 

Government funded R&D usually fills the gaps that cannot be covered by privately funded 

R&D.  

Firstly, the government funded R&D compensates for underinvestment by private 

firms because the government is able to make investment decisions while taking into 

consideration the social returns of the investment (Popp, 2010). Government R&D programs 

usually have different goals from private ones. Most government funded R&D is of basic 

research instead of applied, a very important aspect since basic research is crucial in the 

long-run and its uncertain nature deter private firms from investing in basic R&D activities 

(Newell, 2010). Furthermore, government programs that are conducted in universities 

promote new knowledge and more technological advances as well as the development of 

young researchers which in the long-run is very important for continuous technological 

development, productivity improvements and economic growth (Newell, 2010). Moreover, 

the government funded R&D can improve the commercialization of new innovations by 

partnerships with private firms and combinations of basic and applied research projects 

(Newell, 2010). 

There are not many empirical papers that examine the effects and the role of the 

government R&D. A review of some of the empirical studies done is presented next. 
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Empirical papers 

Popp (2002) examines the effectiveness of government R&D in the creation and 

development of new energy patents. His results indicate that government R&D directed to 

energy innovation was mostly a substitute for private R&D investments during the 1970s 

and a complement the following years. Popp uses a lag model and U.S. patent data from 

1970 to 1994 to estimate the effect of government R&D and energy prices noticing that 

government R&D and energy prices are usually correlated. The regression results show that 

government R&D only weakly affects private energy patents. However, an accurate 

explanation of the effects of government R&D on patents is difficult because of changes in 

the targets of the government energy policy. Popp finds that in the U.S., after Reagan took 

office in 1981, the effect of government R&D is shown to have double-increased the impact 

on patent creation, possibly because of the change in nature of the government R&D that 

shifted towards the development of basic equipment and applications. However, the effect 

is still very small. As a comparison, Popp states that an increase of 55 million dollars in 

government R&D would be needed to induce one more new patent whereas an average 

private R&D expenditure for a new patent is just 1 million dollars at the time. 

Jaffe and Lerner (2001) examine how effective the U.S. owned federally funded 

research and development centres (FFRDCs) are in inducing patenting activity and 

technology transfer at the U.S. national laboratories. Jaffe and Lerner analyse patent data of 

patent counts and citations to the U.S. Department of Energy and find that patent numbers 

and citations per patent at the U.S laboratories achieved a significant increase after the 

1980s. Jaffe and Lerner attribute this effect to the environmental policy reforms that took 

place during the 1980s. An important finding is that contrary to studies that claimed that 

patenting increased but in the same time patent quality decreased, the increased number of 

citations per patent suggests that patent quality remained the same or even increased. 

Furthermore, their results suggest that technology transfer is slower when the type of the 

research is basic or related to national security. Finally, an interesting finding is that when 

national laboratories avoid technological diversification there are more successful patent 

applications. 

Popp (2006b) examines the trends in citations to energy patents that were granted 

the period 1975-1996. Government patents are found to not be cited more frequently than 

other private patents and this is an interesting fact if one considers that government R&D is 
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more basic and therefore should generate more citations. However, Popp finds that 

government energy patents are about 12% more likely to be cited than other energy patents. 

Popp notes that this result is especially true in the U.S. after 1981 mainly because 

government R&D shifted from applied to more basic. Furthermore, Popp finds that private 

patents that cite government energy patents are also cited more, approximately 30% more 

often. This implies that technology transfer from government sponsored research to private 

research is needed for the industry to produce results of increased scientific value. 

2.7 Technological Change in Environmental Models 

Economic models that combine economic growth, technological change and the 

impact of technology on the environment have been developed by economists to evaluate 

the long-term role of technological change in the environment and the economy, analyse 

complex environmental and resource issues as well as make predictions about future trends 

in technological advancements. The accurate modeling of technological change is 

considered by many researchers a vital aspect and significant determinant of the 

effectiveness of environmental policies (Popp et al., 2010). 

One of the most commonly used approaches to modeling technological change is to 

consider it as an exogenous factor for the sake of simplicity of the model. In exogenous 

models, technological change depends only on the time variable. On the other hand, 

endogenous models of technological change set their production and technological change 

frontier to be dependent not only on time but also on prices and policy measures. In an 

endogenous climate change model, capital, labour and environmental regulations of 

previous time periods shape the current technological production frontier while the 

economic activities and decisions of the present shape the future. Therefore, although the 

assumption of exogenous technological change simplifies the work of climate modeling, it 

is accepted by a wide range of studies that endogenous models better capture the complex 

process of technological change (Popp et al., 2010). 

The endogenous climate change models can be categorized by their approach to 

technological change into three categories: direct priced-induced technological change, 

R&D induced and learning-induced (Popp et al., 2010). The direct priced-induced approach 

to technological change indicates that changes in the relative prices of alternative 

environmental input can induce innovation in order to develop more cost-saving ways of 

production. The R&D induced approach indicates that R&D investment can affect the rate 
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and the direction of the innovation process. Lastly, the learning-induced innovation implies 

that the cost of a unit of a specific technology is negatively related to the experience in using 

that technology, with learning-by-doing being the most common method used to employ 

this approach (Popp et al., 2010). 

Following there is a review of papers that develop climate change models with the 

endogenous technological change assumption. 

Papers about technological change in environmental models  

Regarding price-induced technological change, Jakeman et al. (2004) create a 

methodology to include the induced innovation hypothesis in a general equilibrium model. 

They assume a constant amount of technological change over an area and for a time period 

and this technological change is distributed and allocated to inputs across all local industries 

according to the relative prices of the inputs. Through this model, they show that price-

induced technological change can decrease the costs of emission control regulations. 

Popp (2004) develops another model that includes technology as an endogenous 

parameter. He modifies the DICE (Dynamic Integrated Climate-Economy) model so that it 

allows for induced innovation in the energy industry and, by this way, Popp states that 

policies can better adjust the optimal emission tax rate which exaggerates its welfare 

implications when induced innovation is not taken into account as endogenous. 

Furthermore, the study shows that regarding environmental innovation the displacement of 

other R&D and market failures relative to the R&D sector are the main causes of limitations 

of induced innovation. 

Buonanno et al. (2003) present another model that treats technology as an 

endogenous factor and innovation can be induced by appropriate policy regulations. They 

state that a stock of knowledge that is being accumulated through R&D is responsible for 

output production technology and emission output ratio. Creating three variations of the 

model, they study cases of: a) endogenous innovation with exogenous environmental 

innovation, b) all innovation endogenous and induced, c) endogenous and induced 

innovation with regard to spillover effects. Results of the study show that induced 

innovation allows for a reduction to direct abatement costs, the allowance of tradable 

permits reduced the cost of environmental regulation compliance and lastly, technological 

spillover effects have increased significance in the case of induced innovation. 
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Smulders and de Nooij (2003) develop a model of endogenous rate and direction of 

innovation. In their model, endogenous innovation is attained by improvements of the 

quality of intermediate goods by the process of R&D and R&D investments. Smulders and 

de Nooij examine the ways through energy conservation related policies affect growth in 

the long run. They find that policies that aim to reduce the level of energy usage may induce 

innovation but tend to lead to a reduction to output level. 

In a similar study, van Zon and Yetkiner (2003) build a model of endogenous 

induced innovation that is distinguished from the model Smulders and Nooij’s in the way it 

achieves endogenous innovation through the variety and not the quality of intermediate 

goods and R&D investment. Their model shows that steady state growth can be achieved 

but the growth of real energy prices has a negative relationship to the growth rate. 

Furthermore, an energy tax may promote growth if it is recycled as an R&D subsidy. Lastly, 

they suggest that a mix of R&D investment and energy policy is required to promote energy 

efficiency and output growth when real energy prices are increasing. 

Wing (2006) develops and describes a framework to compare and assess new 

technology in the context of climate policy. He explains that an environmental tax will 

almost always shift production towards the cleaner products without however meaning that 

the same effect will also bias innovation towards environmentally friendly products. As Sue 

Wing explains, if the new more environmentally friendly production inputs are not ready to 

substitute the previously used “not so clean” inputs, then a low environmental tax will 

promote R&D towards the effectivity and productivity of the already used output that the 

tax supposedly aims to diminish. A higher, however, environmental tax will bring the 

desired results, in this case. 

Nordhaus (2002) modifies the DICE models so that the carbon intensity is affected 

by the R&D inputs of the fossil fuels industry while in the original DICE model the carbon 

intensity is relevant to the substitution of capital and labour for the fossil fuels. Comparing 

the DICE model with the modified one, focusing on the endogenous innovation assumption, 

Nordhaus finds that induced innovation may not be as efficient way of minimizing pollutant 

emissions as is substitution of abatement for energy consumption. This relates to the model’s 

assumption that R&D returns are equal to the opportunity costs, leading to R&D crowding 

out be significant as the social opportunity cost of R&D surpasses its private cost. 

Following Nordhaus’ work, Gerlagh (2008) develops another endogenous model of 

growth that includes factors of capital, labour and carbon energy and also three measures of 
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accumulated innovation regarding carbon energy technologies. Gerlagh models the policy 

choices of carbon energy R&D, saving and neutral R&D and its effects on induced 

technological change when there is an environmental pollution limit as the policy target. 

The findings of Gerlagh suggest that induced innovation can reduce, for a specific emission 

limit, the carbon tax more than two times and furthermore reduces the costs of the 

environmental policy introduction. Through induced innovation, R&D investment and 

knowledge accumulation is also found to shift towards energy efficiency and saving rather 

than production technologies. 

Using a multi-sector general equilibrium model approach (a model in which the 

economy is separated to different distinct sectors with economic activity being modelled 

within and between sectors) Goulder and Schneider (1999) develop a framework and use an 

endogenous technological change general equilibrium model in which induced innovation 

is the outcome of the maximization of R&D investments to measure the effect of induced 

innovation on CO2 abatement policies. Their results show that across different industries 

the effects of emission reduction policies can vary significantly while not increasing for 

certain the innovation rate of the economy which suggests that focusing only on the sectors 

that have a significant effect coming from R&D can lead to underestimation of the costs of 

the CO2 reduction policies. Induced innovation is shown through the Goulder and 

Schneider’s model to reduce the costs of an abatement target but can increase the gross costs 

of a given carbon tax. These gross costs are highly dependent on how efficient or distorted 

are the R&D markets before the implementation of the emission reduction policies. Finally, 

the model with induced innovation shows that when the environmental benefits are included 

in the calculations there are higher net benefits for a higher emission reduction target for a 

given carbon tax. 

Wing (2003) examines the effects of a carbon tax on inducing R&D investment and 

how the induced innovation can reduce the cost carbon emission policies in the long run. 

Sue Wing uses a general equilibrium model in which he makes distinct many influential 

factors of innovation in different sectors and also the effects of the abatement policies costs. 

Sue Wing’s results imply that carbon taxes can reduce the economy’s total R&D and slow 

down the rate of innovation and growth. In general, the effect of the induced innovation is 

quite significant according to the model simulation and the substitution and reallocation of 

knowledge services that results from the relative price effects of the carbon tax mitigates 

the tax’s costs on the economy which adjusts through this reallocation to the carbon tax. 
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Grübler and Messner (1998) follow the learning by doing concept of learning 

induced innovation approach and use an energy system model to examine the development 

of carbon emissions while a CO2 limit policy is in force. Their model for a CO2 emission 

target includes a framework in which the emissions are mainly affected by the discount rate 

and whether technological change is regarded as static or dynamic. The results of the 

simulation regarding the trajectory and reduction of the emissions show that the optimal 

abatement policy for long-term emission reduction is to increase the near-term abatement 

efforts by focusing on R&D and technology enhancements that induce technological 

learning. By focusing on near-term abatement, learning-induced innovation in low or no 

carbon technologies occurs at an early stage which allows for long-term reduction in the 

costs of abatement policies. Finally, uncertainty and policy mismatch to economic models 

are according to Grübler and Messner two crucial issues that need to be addressed in order 

for long-term abatement policies to be successful.  

Manne and Richels (2004) also follow a methodology according to learning-induced 

innovation approach and examine the effects of learning by doing on the costs and timing 

of reduction of emissions. Regarding the timing of an emission abatement policy, their 

results support previous findings showing that a smooth and slow progressive shift away 

from the no policy case emissions baseline is a better choice than the introduction of an 

aggressive near-term emission reduction policy. Regarding the costs of emission 

abatements, Manne and Richels show that learning by doing can have a significant effect 

and considerably reduce the costs. The efficiency of learning by doing induced innovation 

on reducing the abatements costs, however, depends on the costs’ sensitivity to accumulated 

knowledge. 

Finally, Goulder and Mathai (2000) examine the importance of policy induced 

innovation for emission abatement policies design following the learning by doing approach 

as well as R&D based approach of induced innovation. Their model setting is dynamic in 

the way that it takes into account both the optimal level of abatement and its timing. They 

show that in the presence of R&D induced innovation the optimal level of abatement is low 

in the near term while it gets higher as the economy moves further in the long term. The 

reason for this is that in an R&D based model induced innovation creates two effects that 

determine the level of optimal abatements: the reduction of marginal abatements costs and 

the increase of the optimal amount of abatement caused by the lower marginal costs. In the 

case of the learning by doing model of Goulder and Mathai there is also the effect that 
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abatement costs have today which lowers the abatement costs in the future. Therefore, in 

the case of the R&D based model, induced innovation leads to relocation of some abatement 

from the near term to the future. However, in the case of the learning by doing model, the 

optimal near term abatement becomes inconclusive. The simulations of the model show that 

induced innovation’s impact on costs optimal abatement taxes can be high in a cost 

effectiveness setting. Regarding the timing of abatement taxes, the effect of induced 

innovation is quite small but cumulative and can become significant over time, especially 

through the learning by doing approach.  
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3. METHODOLOGY, EMPIRICAL MODEL AND DATA 

The purpose of this thesis is to examine the effects of different environmental and 

technological policies on inducing innovation in renewable energy technologies. As 

previously mentioned, patent citations are used as a measure of innovative activity. The use 

of patents as a measure of innovative activity has, however, both benefits and drawbacks, 

an issue discussed further in this section. 

Following on in part 3.1, the choice of the variables used in the empirical model is 

explained and it is presented how patents can be used to measure innovation and what issues 

should be taken into consideration when using patent citations. Next, the other explanatory 

variables used in the model are presented and described while the detailed source and 

selection of the data used is presented in the following part 3.2. Part 3.3 is the detailed 

description of the empirical model used in order to obtain the empirical results that are 

presented in section 4 of this paper. 

3.1 Model Variables  

 

I. Patent citations 

The search and identification of accurate and reliable measures of innovative activity 

have been important concerns of economists the last decades. There is an existing variety 

of such measures like R&D expenditure, the number of researchers at universities, 

government R&D expenditure per capita and others. However, as argued by empirical 

researchers, most of the measures of innovative activity are imperfect, they focus on 

innovative inputs and pose difficulties in result interpretation.  

A patent is a document issued by an authorized government agency that gives the 

right to the patent holder of exclusively producing or using a specific device, equipment or 

process for a specific number of years stated in the patent document (Griliches, 1990). Patent 

applications are made to a patent office. If the application fulfills all the legal and technical 

requirements, the patent is granted to the applicant. An innovation must be novel, its 

invention must not be obvious and also needs to have a commercial application (Johnstone 

et al, 2010). The purpose of patent offices and the patent system is to provide incentives for 

invention by temporarily providing a monopoly to the creator of a new invention and also 
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prevent the public use of the information relevant to the production of the new invention or 

the operation of the process (Griliches, 1990). 

Patents as measure of innovation have emerged and became probably one of the 

most attractive measures of innovation to researchers as they are a source of valuable 

information of innovative performance of firms and industries and most importantly they 

are now widely available and accessible, relatively easier to interpret than other measures 

and provide a measure of output (Griliches, 1990; Pakes and Griliches, 1980; Popp, 2005). 

However, there is some doubt regarding the notion of R&D expenditure as the input and the 

patents as the output of the innovative activity (Pavitt, 1988; Griliches, 1990). Another 

significant fact about patents is that very few important inventions with commercial value 

have not been patented according to recent studies (Johnstone et al, 2010) but it is a fact that 

not all inventions are patented because they are not patentable or due to other reasons 

relevant to the inventor or the institutional or legislative framework (Griliches, 1990). 

Patents cover a wide range of technologies and, furthermore, they are a wealth of 

information as patent citations provide information about the applicant, the inventor, 

technology family and more (Pottelsberghe et al., 2011). The analysis of patent statistics 

can reveal important causal relationships between economic and technological advancement 

activities and provide new prospects for the theoretical development of the relationship of 

science, technology, innovation and economic policy (Pavitt, 1988). 

Popp (2005) discusses some key findings of his research with patents. He states that 

innovation responds quickly to incentives and this is reflected on patent applications. Popp 

(2002) using a lag model calculates that there is a mean lag of 3.71 years and a median lag 

of 4.86 years for the effect of an innovation incentive to be experienced. Therefore, we can 

expect that policy effects are reflected upon patent application within five years since a 

policy was introduced. 

Patent counts are the most direct measure of innovative output (Pakes and Griliches, 

1980). However, they are still an imperfect measure. One of the major issue regarding 

patents is their classification and intrinsic variability (Griliches, 1990). This problem has to 

do with the allocation organization of patent data in order to provide accurate economic 

information for the relevant industry sector and products. The International Patent 

Classification (IPC) codes that are developed by the World Intellectual Property 

Organization (WIPO) are a patent classification system of hierarchy codes that classifies 

patents according to their target industry, use, and purpose. The IPC codes provide a 
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structural hierarchy that makes possible and facilitates the classification and identification 

of patents, making it easier for researchers to find the industry of appliance relevant patent 

data they look for. Nevertheless, two possible errors may appear when trying to gather patent 

data. The inclusion of irrelevant patents and the exclusion of relevant ones (Johnstone et al., 

2010). Extensive and thorough examination of the patent data before use is one way to tackle 

this problem. Organizations like OECD, provide categorizations of patents according to 

their related industry and use, which facilitates the use of patent data. 

The most significant problem when using patent data is, as argued by most 

researchers, the fact that not all patents have equal value (Pakes and Griliches, 1980; 

Johnstone et al., 2010). Some patents have much more successful commercial applications 

while others not. To distinguish between “valuable” and “not so valuable” is not an easy 

task and the use of unweighted patent counts can lead to biased results due to a large number 

of “low value” patents (Johnstone et al, 2010). Hall et al. (1986) show that a large number 

of patents are of no or little value or become of no or little value after a short period of time.  

Besides that problem, it was also mentioned before that many inventions are not patented, 

and although the most significant ones are found to be patented in most of the cases, this 

lack of information regarding invention exists. 

Another problem that an empirical researcher needs to consider before using patent 

counts is the variation of propensity to patent across countries and sectors (Johnstone et al, 

2010). Due to the different legal framework and patent system in different countries and the 

different market condition, there may be observed differences in patent propensities that 

should be attributed to country specific characteristics and not to the inefficient innovative 

activity. Different patent systems across countries mean that the same invention may be 

listed under different patent classification in different countries, making comparison 

difficult but possible when one controls for country specific differences in the model. Three 

main sources of patent data bias are identified: differences among countries relevant to the 

costs and benefits of patenting, among technologies and sectors regarding imitation and 

protection of the invention and among firms relevant to the propensity to patent (Pavitt, 

1988). 

Pavitt (1988) states that patenting activity to foreign countries, rather than the 

number of patens to domestic patent offices, is a more reliable measure of international 

differences of the number of patents created. According to Pavitt (1988), there is empirical 

evidence of strong correlation between domestic R&D activities and patent applications to 
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third countries. These results suggest that few patent applications to a country’s domestic 

patent office do not necessarily mean low patenting activity in the country. There is, 

however, some criticism related to the use of patents to foreign countries as proxy of 

innovative activity mainly because of market biases that may exist (Pavitt, 1988). There is, 

for example, evidence of foreign patenting higher than expected, relatively to domestic 

R&D expenditure, of Canada to the USA, of Austria to Germany and of Ireland to the UK 

among other countries. The reason Pavitt (1988) gives for this patent behavior is the 

increased market share and the higher expected benefit from sales that patent applicants 

seek by applying to a specific foreign country. On the other hand, inventors from some 

countries may be reluctant of making foreign patent applications, therefore, using foreign 

patent applications as an innovation indicator has two drawbacks: biases from expected 

market shares and country differences in patenting practices (Pavitt, 1988). In a study by 

Lanjouw and Schankerman (1999), strong empirical evidence is found that the decision of 

the patent applicant to apply to a foreign rather to a domestic patent office is a sign of the 

high quality of the patent. In the same study, Lanjouw and Schankerman find that the higher 

the quality of a patent, the more citations it will have to other later patents. 

Kleinknecht and Reinders (2012) find evidence that patent propensities also variate 

across industries. For example, the electricity, mining, and tobacco industries are found to 

have low patent propensities while industries with high patent propensity include the 

petroleum refining, computer, communication equipment and chemical industry.  

Regarding patent trends across time, Griliches (1990) and Hall et al. (1986) find that 

there is a significant strong correlation between R&D expenditure and patent applications 

although in the study of Hausman et al. (1984) it is argued that this correlation exists but is 

weaker when one controls for firm specific characteristics. Hall et al. (1986) investigate if 

there is a long run relationship between patents and R&D spending but do not provide clear 

results. Despite that, both papers support that patents can be used as a good indicator of 

innovative activity.  

In summary, patents have the advantages of having close relationship to invention, 

they cover a broad range of technologies, the provide a wealth of information and they are 

readily available through patent offices and other statistic gathering organizations 

(Pottelsberghe et al., 2011). On the other hand, however, the value distribution of patents is 

skewed, some inventions are not patented but the vast majority of the highly significant 

inventions have been patented, there are differences in the patent system and regulation 
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across countries that make comparisons in different countries difficult and lastly, changes 

in legislation relevant to patent applications and grants over the years make difficult the 

long-term trend analysis (Pottelsberghe et al., 2011). 

Taking into account the above findings, this thesis proceeds using patent counts as 

a measure of innovative activity and therefore as the dependent variable in the empirical 

model. 

II. Policy measures 

Since the purpose of the study is to examine the effect of environmental and 

technological policies on renewable energy innovation, it is necessary to include dummy 

policy variables in the model. In the review of the empirical literature presented in the 

previous section, we see the significance different policies have on inducing innovation, 

while different policies are found to affect the innovative activity in a different way and also 

each policy measure seems to be more effective towards specific technologies.  

The expenditure on renewable energy promoting policies vary across countries. For 

instance, the support for renewable electricity in 2012 was approximately 16.2 billion euros 

in Germany, 9.5 billion euros in Italy, 6.1 billion euros in Spain, 2.7 billion euros in the UK, 

and €2.5 billion euros in France (CEER, 2015). Regarding subsidies, in particular, Germany 

spent approximately 22 billion euros for renewable energy subsidies in 2013, Italy spent 

approximately 14 billion euros, Spain 7.5 billion euros, the UK 4 billion euros, and France 

3 billion euros (Financial Times, 2016). On the other hand, the revenue from environmental 

taxation accounted for approximately 5% of total tax revenue in OECD countries in 2009, 

an amount approximately around 2% of the respective country’s GDP (OECD, 2011). 

This paper follows the classification of policies according to the IEA (2004). The 

policies are classified in seven categories as following: R&D support, investment incentives, 

tax incentives, tariffs, voluntary programs, obligations and tradable permits. 

Beside these policy categories, a dummy variable for the Kyoto Protocol is 

introduced. The signing of the Kyoto protocol in 1997 can be regarded as a signal to 

inventors and innovators that countries are planning to introduce more stringent 

environmental policies and therefore create good market conditions for the 

commercialization of their invention. Consequently, the Kyoto protocol dummy variable is 

introduced to capture the expectation of inventors and innovators about future policy 

measures (Johnstone et al. 2010). 
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The sign to the Kyoto Protocol dummy variable is expected to be positive as 

inventors and innovators should respond to its signing positively. The expected sign of the 

other policy categories is unclear and dependent on country specific characteristics and 

different renewable energies. 

III. Other Explanatory variables 

 

 Growth of electricity consumption:  

Johnstone et al. (2010) state that since the returns of innovation are influenced by 

the market the innovation is targeted at, then innovation relevant to renewable energy will 

be displayed in trends for electricity consumption. Therefore, there will be more incentives 

to innovate to renewable energy technologies if there is an expanding electricity market and 

more expected electricity demand. For that reason, a growth of electricity consumption 

variable measuring percentage growth for households and industries is included in the 

empirical model.  

The expected sign of the growth of electricity consumption variable is positive. 

 

 Price of electricity: 

Popp (2002) examines energy prices and the induced innovation hypothesis. He 

finds strong evidence, consistent with the induced innovation hypothesis, that increased 

energy prices will induce environmental innovation. Consequently, as argued by Johnstone 

et al. (2010), higher electricity prices should induce more innovation on renewable energy 

technologies, given the fact that renewable energy sources represent a minority to most 

countries’ energy supply mix. Thus, increases in electricity prices will make other energy 

sources relatively more expensive than renewable sources, making renewables more 

attractive and so inducing innovation to renewables to capture the benefits of the new energy 

market conditions. Therefore, a variable of electricity consumption is included in the 

empirical model, weighted by the percentage of non-renewable energy sources used for 

electricity production. 

The expected sign of the price of electricity variable is positive. 
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 EPO patents to all technological sectors: 

Johnstone et al. (2010) suggest the use of a variable that captures the propensity to 

patent across countries and time and is used also as a trend in order to control for changes 

in patent propensity across countries and time. Therefore, Johnstone et al. (2010) propose 

the total patent applications to the EPO as the variable used to fill this role in the empirical 

model. Hence, the overall EPO patent applications are added to the empirical model. 

The expected sign of EPO patents to all technological sectors variable is positive. 

3.2 Data 

Patent applications are gathered through the Eurostat patent database. Specifically, 

the patent data was drawn from Eurostat’s Energy technologies patent applications to the 

EPO by priority year at the national level (Eurostat, 2016a) and Eurostat’s Patent 

applications to the EPO by priority year at the national level (Eurostat, 2016b). There are 

two reasons for using patent applications to the EPO and not patent applications to national 

patent offices of each country. Firstly, patent applications to the EPO are usually most 

expensive than to the domestic patent office. Inventors that usually already hold a patent at 

their national office will apply to the EPO if they consider that their patent has a good 

potential to be commercialized in the international market and therefore seek protection of 

their invention abroad. The fact that the patent applications are done to a foreign office, 

which is also more expensive than the domestic one, can be considered a quality signal for 

the patent. Thus, we can consider patent applications to the EPO to generally be of higher 

quality than to national offices (Johnstone et al., 2010). Secondly, the Eurostat’s database 

contains the patent applications already categorized to energy related patents and also 

distinguishes for patents specifically targeted to specific renewable energy technologies. 

The patent counts are gathered for the following energy technologies: All 

renewables, wind power, solar power (aggregated thermal and photovoltaic), ocean power, 

geothermal energy, hydro energy, biofuel and waste energy (aggregated).  

Data gathered from the Eurostat’s Patent applications to the EPO by priority year 

at the national level database (Eurostat, 2016b) for the overall patenting activity is used to 

construct the EPO patents to all technological sectors variable of the empirical model. 

The patent counts are obtained for 20 European countries (Austria, Belgium, Czech 

Republic, Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Italy,  
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Figure 1: Total number of patent applications to the EPO by technology (geothermal, ocean and 

hydro power are on shown on the right axis) (source: Eurostat). 

 

Luxembourg, Netherlands, Norway, Portugal, Slovak Republic, Spain, Sweden, 

Switzerland and the United Kingdom). Due to the close geographical proximity of these 

countries and taking into consideration that most of these countries are members of the 

European Union, we expect that country specific differences are few, yet still existent since 

they operate under a common policy framework. Furthermore, by including only countries 

from Europe, any patent biases to EPO are equalized. County fixed effects and the EPO 

patents to all technological sectors as control variable are used nevertheless in the empirical 

model. The time range of the data gathered covers the period 1978-2013. 

Figure 1 shows the total number of patent applications to the EPO from the 20 

countries stated above for the six different renewable energy sources. Solar energy and wind 

energy have the most patents, while the least patented technologies are those related to 

geothermal energy. Figure 1 shows that all renewable energy sources experienced 

observable increased patenting since the late 90s and the turn of the new millennium. In 

2006, a significantly big increase in patenting activity is observed that peaks the period 

2009-2011 and then begins to diminish creating a reverse U-shape that can be observed to 

all energy technologies, especially to solar, ocean, wind and hydro energy. 

Figure 2 shows the total patent applications of all renewable energy technologies by 

country. Germany is the country with the most patent applications, followed by Denmark,  
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Figure 2 : Number of EPO applications to renewable energy technologies by country (source:    

Eurostat). 

 

France, and the United Kingdom. For Germany, however, there is probably some home bias 

of patent counts to the EPO. Germany, France, and the United Kingdom are leading 

innovator countries. Denmark has a high amount of patent counts, most of them relevant to 

wind energy. Spain also has a relatively high amount of patent applications, especially the 

recent years and with applications relevant to solar energy. As also observed in Figure 1, in  

Figure 2 we can notice the reverse U-shape that characterizes the patenting activity of most 

countries during the years 2006-2012, peaking during the period 2009-2011. 

For the Policy measures, policy data was extracted from the (IEA, 2004) and the 

IEA/IRENA1 Global Renewable Energy Policies and Measures Database (IEA, 2016a). 

Following the categorization of the (IEA, 2004), six alternative policy types are identified 

as mentioned in the previous part. These are investment incentives, tax incentives, tariffs, 

voluntary programs, obligations, and tradable permits. For the different policy measures, 

different dummy variables are constructed that take the value of 1 if the policy is already 

enforced and the value 0 prior to the policy’s introduction. For the R&D support, instead of 

using a dummy variable, the government R&D expenditure on specific renewable energy  

                                                 

 

1 International Renewable Energy Agency 
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Table 1: Descriptive statistics of independent variables 

variable Obs. Mean SD Min Max 

Electricity consumption growth (%) 720 3.182222 2.958425 0.0013 30.1587 

Electricity price (USD/GWh, 2010 prices and PPP) 637 108.5796 52.69749 13.054 315.147 

Electricity share of renewables (%) 740 24.93916 26.74119 0.0271 99.8634 

Electricity price weighted by share of non-
renewables (USD/GWh, 2010 prices and PPP) 637 85.22138 49.58658 0.0215 279.79 

Total applications to EPO 673 1563.495 3389.105 1 24373 
Total R&D to renewables (USD,2010 prices and 
PPP) 580 20.58115 35.93041 0 340.267 

Hydropower R&D (USD,2010 prices and PPP) 517 0.3449396 0.814813 0 7.05719 

Solar R&D (USD,2010 prices and PPP) 570 8.652072 14.89192 0 104.527 

Wind R&D (USD,2010 prices and PPP) 557 3.440409 6.838337 0 70.0278 

Ocean R&D (USD,2010 prices and PPP) 501 0.5416975 1.911742 0 26.3282 

Geothermal R&D (USD,2010 prices and PPP) 537 1.074106 2.703267 0 27.5282 

Biomass/waste R&D (USD,2010 prices and PPP) 560 5.988951 11.21898 0 101.796 

Kyoto Protocol 740 0.4594595 0.498691 0 1 

Investment incentives 740 0.5783784 0.494153 0 1 

Tax measures 740 0.4716216 0.499532 0 1 

Incentive tariffs 740 0.527027 0.499607 0 1 

Voluntary programs 740 0.2040541 0.403281 0 1 

Obligations 740 0.422973 0.494365 0 1 

Tradable permits 740 0.2013514 0.401281 0 1 

Policy dummy 740 0.6783784 0.467415 0 1 

 

technologies as well to renewables energies overall is used and gathered from the IEA’s 

Energy Technology RD&D Budgets (IEA, 2015b).  

For the tariffs variable, a feed-in-tariff continuous variable would ideally be 

constructed, representing price levels that are guaranteed for each technology and also 

reflecting policy stringency. However, due to unavailability of such data, a dummy variable 

is used instead. Accordingly, a continuous variable would ideally be constructed for tradable 

permits also if relevant data was available. Continuous variables would capture the 

differences of policy stringency for the alternative policy measures and so provide the model 

with more explanatory power. The use of dummy variables may not capture this effect but 

are still able to provide statistically significant results regarding policy effects on innovation. 

Additional to the six policy categories, the Kyoto protocol dummy is added. The 

dummy variable of the Kyoto Protocol takes the value 0 prior to 1997 when the protocol 

was signed and the value of 1 thereafter.  
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Data on the growth of electricity consumption was obtained from the IEA’s World 

Energy Balances Database (IEA, 2016b) and was constructed by using percentage growth 

in the sum of industry and on residential consumption of electricity. 

For the price of electricity variable, data for energy end-use prices was obtained 

from IEA’s Energy Prices and Taxes Database (IEA, 2016c) for both households and 

industry. Then, the variable was constructed by weighting the household and industry prices 

by the corresponding consumption level and then weighting again by percentage of 

electricity produced from non-renewable sources. The data regarding the percentage of 

electricity produced by non-renewable sources was obtained from the World Databank 

(World Databank, 2016). 

Table 1 presents a summary of the descriptive statistics of the independent variables 

used in the empirical model. 

3.1 Empirical Model 

In order to obtain the empirical results and examine the effect of the different policies 

on the renewable energy patent counts, we use the following reduced form equation, as also 

suggested by Johnstone et a. (2010):       

(𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) = 𝛽1(𝑃𝑂𝐿𝐼𝐶𝑌𝑖,𝑡) +  𝛽2(𝑅&𝐷𝑖,𝑡) + 𝛽3(𝐸𝐿𝐶𝑂𝑁𝑆𝑖,𝑡)             

+ 𝛽4(𝐸𝐿𝑃𝑅𝐼𝐶𝐸𝑖,𝑡) +  𝛽5(𝑇𝐸𝑃𝑂𝑃𝑇𝑖,𝑡) +  𝑎𝑖 +  𝜀𝑖,𝑡                                 (1) 

                  

where i = 1, ……, 20 is the index of the country and t = 1977, ………, 2013 is the index of 

time. The dependent variable (𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) measures the patent applications in each of the 

renewable energy technologies. The independent variables are the vector of the dummy 

policy variables (𝑃𝑂𝐿𝐼𝐶𝑌𝑖,𝑡), the specific to each renewable energy technology government 

R&D expenditure variable (𝑅&𝐷𝑖,𝑡), the growth of electricity consumption 

(𝐸𝐿𝐶𝑂𝑁𝑆𝑖,𝑡), the weighted price of electricity (𝐸𝐿𝑃𝑅𝐼𝐶𝐸𝑖,𝑡) and the EPO patents to all 

technological sectors (𝑇𝐸𝑃𝑂𝑃𝑇𝑖,𝑡). In order to capture unobservable heterogeneity specific 

to each country, fixed effects (𝑎𝑖) are included in the model. Finally, there is the error term 

(𝜀𝑖,𝑡) that captures the residual variation. 
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Patent applications can be viewed as counts of the occurrence of an event: how many 

times patent filings were applied to the EPO. The dependent variable (𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) takes 

non negative integer values so we have a count data. Thus, a count data model is needed to 

estimate the model’s equation, like the Poisson and the negative binomial model. 

When using and examining count data there are some problems that need to be 

tackled. The most common problems of count data include the presence of unobserved 

heterogeneity due to omitted variables, the presence of too many zeros in the data and 

endogenous regressors (Cameron and Trivedi, 2009). The Poisson model is the most 

commonly used when we need to analyse count data (Hausman et al. 1984). However, when 

the data is applied, then we also need to account for the problem of overdispersion which 

appears when the conditional variance exceeds the conditional mean (Cameron and Trivedi, 

2009).  

Indeed, overdispersion tests over the patent counts revealed the presence of 

significant overdispersion for all patent count variables. While the negative binomial model 

would be a good alternative in order to solve the overdispersion problem, the use of the 

negative binomial model with fixed effects has taken some criticism regarding the fixed 

effects estimation (Allison & Waterman, 2002). Specifically, it is possible that the fixed 

effects negative binomial model will estimate the coefficients of time-invariant regressors 

in addition to time-varying regressors (Cameron and Trivedi, 2009). The use of the fixed 

effects negative binomial model is therefore rarely used (Cameron and Trivedi, 2009).  

In this case, the fixed effects Poisson model with robust standard errors is a viable 

alternative to fixed effects negative binomial as the problem of overdispersion is treated by 

the robust errors option (Cameron and Trivedi, 2009). The Hausman test for fixed-effects 

was performed prior to the regressions and the results show that the fixed-effect estimators 

are significantly consistent for all the models except for the model of geothermal energy.  

Therefore, for the dependent variable (𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡), the patent counts are supposed 

to follow a Poisson distribution. The first two moments of count data are E(𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) =

𝜇 and V𝐴𝑅(𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) = 𝜇 where 𝜇 = exp (𝑥′𝛽) is the mean parameterization. We have 

therefore: 

𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡 → 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜇)             (2) 
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𝐸(𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) = 𝜇              (3) 

𝑉𝐴𝑅(𝑃𝐴𝑇𝐸𝑁𝑇𝑆𝑖,𝑡) = 𝜇                        (4)    

            The maximum likelihood estimation (MLE) method is the most widely used method 

for estimating Poisson and negative binomial models since it is a straightforward method 

(Cameron and Trivedi, 2009). In the case of overdispersion of the count data, the pseudo-

ML approach is used, that maximizes the MLE of the Poisson model while using the robust 

variance estimates. Thus, using the pseudo-ML method, the model (1) is estimated for the 

20 countries and for the time period 1977-2013.  

Seven model specifications were estimated. Six models estimated the effects on the 

six alternative renewable energy technology patents. In the last model, there are the 

estimated effects on the total patents on renewable energy technologies. 

Due to the potential existence of multicollinearity (see Table 2) in the models arising 

from the fact that many policies are used in tandem, the models were estimated again, this 

time replacing the policy dummy variables with a single dummy that takes the value 1 if 

any of the policies is introduced and the value 0 if no policy is present. Checking at the 

correlation of the policy dummy variables we see that the correlation is quite high in many 

cases. For example, the correlation between Investment Incentives and Incentive tariffs is 

0.64. After estimating the models with the use of a single policy dummy variable, the models 

are also estimated again, this time omitting the Kyoto protocol dummy variable that seems 

to have high correlation values to all the other policy measures, with correlation varying 

from 0.44 to 0.82 and being 0.61 for the single policy dummy variable. In the third and 

second variations of the estimated models, the use of a single policy dummy variable does 

not allow us to examine the effect of specific policy measures but enables the comparison 

between models while controlling for multicollinearity. The estimation results are presented 

in part 4. 

In Table 6 in Appendix B, there are the squared correlation coefficient, the log-

pseudolikelihood, and the AIC and BIC values that can be used to measure and compare the 

goodness of fit of the different models. The model specification that includes all the policy 

dummies is the preferred one according to the most of the criteria mentioned, while the 

model with the Kyoto protocol dummy omitted is the one with generally the least 

explanatory power. 
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Table 2: Correlation values of policy dummy variables 

 

 

 

Kyoto

investment 

incentives

tax 

incentives

incentive 

tariffs

voluntary 

programs obligations

tradable 

permits

policy 

dummy

Kyoto 1

investment incentives 0.6773 1

tax incentives 0.688 0.6641 1

incentive tariffs 0.705 0.6382 0.5697 1

voluntary programs 0.4415 0.3712 0.2672 0.4259 1

obligations 0.8244 0.6978 0.6542 0.6741 0.4489 1

tradable permits 0.5446 0.4151 0.491 0.3744 0.1471 0.5865 1

policy dummy 0.6116 0.8065 0.6505 0.7268 0.3486 0.5895 0.3457 1
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4. ESTIMATION RESULTS 

In Table 2 are presented the estimation results of the empirical models that include 

all the policy dummy variables.  

The signing of the Kyoto protocol has increased innovation in solar and wind energy 

and has also a highly significant positive effect on the aggregate patents for renewable 

energies. This indicates that future expectations after the signing of the Kyoto protocol 

increased and had an impact especially for solar and wind power. Not surprisingly, solar 

and wind energies have the highest amount of patents at the EPO and also have a significant 

presence to the Total Primary Energy Supply of most countries examined.  

For the investment incentives, the estimates are only statistically significant for 

geothermal energy and have a negative coefficient. This may be due to the fact that the 

alternative renewable energies are more attractive for investment since significant 

geothermal sites are rare in most countries. However, the model for geothermal energy has 

only 93 observations, the least observations of all the models. A study on more countries 

will probably bring more enlightening results.  

The tax measures coefficient is significantly positive for all technologies except for 

the hydro energy. The results suggest that the increased and cumulative taxation over the 

years is a major driver of innovation in renewable energies as stricter and more taxes 

measures seem to “dictate” that firms should innovate in order to escape overwhelming 

taxation and continue being profitable. 

Voluntary programs appear to have a positive effect on wind energy and for the 

combined renewables, while for ocean energy they seem to have a negative effect at the 

10% significance level. 

Obligations have a positive effect on ocean energy and biomass-waste energy while 

they also have a positive effect on hydropower, wind energy, and the total renewables at the 

10% significance level. It appears that such strict measures that are directly targeted to 

specific renewables can effectively induce innovation. 

Coefficients for tradable certificates are positive and strongly significant for wind 

energy, biomass-waste energy and for the aggregated renewables while they also have a 

positive effect at the 10% significance level for solar power. Since tradable certificates do 

not usually indicate a specific renewable energy, firms that need to comply with regulations 

make use of these certificates and focus their innovation process to renewables with the 



51 

 

lowest cost of production. According to IEA, wind, geothermal, and also biomass-waste 

energy have the lowest production costs, so not surprisingly we see a positive sign to these 

energies in the empirical model estimates. 

The total patents to EPO seem to have strongly significant positive effect across all 

renewable energy models but for the solar energy model. This is because of two reasons. 

Firstly, the overall patenting activity naturally also has a positive effect on renewable energy 

innovation. But the significance of the estimates is overestimated here. The correlation 

coefficients of the total EPO applications and the patent applications to each of the 

renewable energy technologies vary between 0.14 for ocean energy to 0.68 for geothermal 

energy, 0.49 for hydropower and approximately 0.6 for the rest of the renewable technology 

patents. 

The electricity consumption growth appears to have a significant positive effect on 

renewable energy innovation. Results for hydro, solar, biomass-waste and the overall 

renewable energies have significant and positive coefficients, while for ocean energy the 

coefficient is positive at the 10% significance level. The hypothesis that the increased 

potential market for renewables will lead to increased renewable energy innovation is 

confirmed, at least for hydro, solar biomass-waste and ocean energy.  

The electricity price has a significantly positive coefficient for hydro, solar, ocean 

and biomass-waste energy as well as for the renewable technologies overall. In accordance 

with the ”induced innovation hypothesis”, increased energy prices for non-renewable 

sources induce environmental innovation. 

 Regarding the R&D expenditures, the results are very surprising. None of the 

models was able to provide statistically significant results contrary to the expectations of 

significantly positive results. Possibly due to the small sample size, the results could not 

confirm that. Another explanation is that in the presence of environmental and technological 

policies, the policy effect is the leading driver of innovation.  

Biomass-waste energy, wind energy, and the overall renewables models produced 

the most statistically significant results followed by solar and ocean energy models. For 

these technologies, policy played a key role to innovation along with the conditions of the 

electricity market.  

For the goodness of fit of the above estimated models, the squared coefficient of 

correlation between observed and fitted values was manually calculated for the Poisson 

models. The values are generally low but still reasonable for most models with values 
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Table 3: Estimated coefficients of the Poisson fixed-effects models.  

 

Hydro Solar Wind Ocean Geothermal Biomass/waste All renewables

Kyoto protocol 0.182 0.580*** 0.427* 0.0742 0.635 -0.128 0.473***

(0.184) (0.000) (0.023) (0.741) (0.431) (0.381) (0.000)

Investment incentives -0.187 -0.375 -0.54 0.105 -1.361* -0.178 -0.304

(0.418) (0.061) (0.067) (0.679) (0.037) (0.209) (0.240)

Tax measures 0.259 0.592* 0.714*** 0.424** 0.334*** 0.327***  0.589** 

(0.212) (0.037) (0.000) (0.007) (0.000) (0.000) (0.002)

Incentive tariffs -0.125 -0.233 -0.249 0.219 -0.056 0.217 -0.236

(0.536) (0.189) (0.336) (0.365) (0.692) (0.232) (0.300)

Voluntary Programms -0.0313 0.25 0.908*** -0.223 -0.506 0.235 -0.433***

(0.868) (0.268) (0.000) (0.053) (0.088) (0.175) (0.018)

Obligations 0.407 0.18 0.148 0.399** 0.545 0.458*** 0.275

(0.061) (0.395) (0.082) (0.006) (0.371) (0.000) (0.060)

Tradable Certificates 0.279 0.476 1.341*** 0.148 0.161 0.395***  0.969***

(0.218) (0.083) (0.000) (0.272) (0.615) (0.000) (0.000)

Total EPO applications 0.0000239*** 0.0000131 0.0000292*** -0.0000166** 0.0000354*** 0.00000869***  0.0000131***

(0.000) (0.073) (0.000) (0.009) (0.000) (0.000) (0.000)

Specific R&D expenditures -0.0423 0.000532 0.0102 0.000889 -0.0339 0.00435 -0.000885

(0.663) (0.901) (0.547) (0.966) (0.142) (0.331) (0.631)

Electricity Cons. growth 0.0600* 0.0776*** 0.00538 0.0376 -0.0372 0.0549*** 0.0532***

(0.018) (0.000) (0.902) (0.067) (0.317) (0.000) (0.000)

Electricity price 0.0115*** 0.0154*** 0.00547 0.0128** 0.00786 0.00956*** 0.0146***

(0.000) (0.000) (0.269) (0.006) (0.138) (0.000) (0.000)

Observations 220 357 300 159 93 342 511

P>chi2 0 0 0 3.07E-199 0 0 0

chi2 8943.3 102788.4 22676.9 961.9 1489884.7 14015 8730.1

Log pseudolikelihood -396.9 -1548.8 -1425.6 -248.5 -127.5 -949.5 -2771.1

p-values in parentheses, based on robust standard errors 

* p<0.05, ** p<0.01, *** p<0.001
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around 0.16. For the solar and geothermal energy models, though, the values are quite low, 

0.98 and 0.58 respectively. 

Controlling for multicollinearity and including a single policy dummy variable, we 

get new estimates shown in Table 4 in Appendix A. The new estimation results show a 

strong significance of the Kyoto protocol across all technologies, a result that may be 

overestimated. The new single policy dummy variable has surprisingly negative coefficient 

for the models that produced statistically significant estimates. The Kyoto protocol and the 

policy dummy have a correlation coefficient equal to 0.61 so it is better to omit the Kyoto 

variable and examine the models presented in Table 5 (see Appendix A) regarding policy 

effect. The other variables produced statistically significant and positive coefficients for the 

electricity price and electricity consumption growth, consistent with the previous model 

specification. The impact of R&D is again not possible to be assessed in this model as all 

R&D coefficients are not statistically significant.  

Lastly, by omitting the Kyoto protocol dummy variable we see that the policy effect 

now has a significantly positive effect on wind, ocean, and biomass-waste as well as for the 

overall renewables . The coefficient is positive for hydro and solar energy but not statisically 

significant. Electricity price and electricity consumption growth are consistent to previous 

model estimation and provide significantly positive results. The R&D expenditures do not 

provide statistically significant results. The squared coefficient of correlation between 

observed and fitted values are again relatively low, between 0.12 and 0.19 for hydro, wind, 

geothermal and biomass-waste. For solar, ocean and overall renewable energies, the values 

of the squared correlation coefficient are quite low, 0.09, 0.07 and 0.05 respectively. 
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5. DISCUSSION AND CONCLUSION 

5.1 Discussion on the empirical findings 

The aggregated renewables model, which gave the most statistically significant 

variable coefficients, indicates that the electricity market conditions, taxes and the 

expectations about the future play a significant role in environmental innovation. One need 

to notice, though, that this study focused on European countries, most of them members of 

the EU, operating under a more or less similar regulatory and patenting framework.  

The introduction of the Kyoto protocol appears to be a significant factor regarding 

environmental innovation. After the protocol was signed, specific expectation about the 

future led to the introduction of more environmental policies and also set the innovators’ 

focus on renewable energy technologies. This is especially noticeable in Figure 1 where 

patent applications start to increase in 1997 and experience significant growth in 2006, 

almost 10 years after the signing of the protocol. Uncertainty about the future market 

conditions is found to be a serious impediment to environmental innovation as pointed out 

by the studies of Grübler and Messner (1998), Taylor (2008), Baker and Adu-Bonnah (2008) 

and Jaffe et al. (2005). By addressing that uncertainty with policy measures, investors are 

more willing to invest in environmental technologies and innovators have more profit and 

related incentives to focus on environmental innovations. 

Tax measures appear to be one of the most effective measures to induce 

environmental innovation. However, it is more likely that increased environmental taxes 

provide an incentive to polluters to shift to alternative cleaner energy technologies while 

there are already measures that provide benefits for shifting to cleaner technologies. 

Katsoulacos and Xepapadeas (1996) reached a similar conclusion, that only when emission 

taxes are present firms have incentives to invest in green R&D. At the absence of 

environmental taxes, policy measures that simply provide benefits for innovation at 

environmental technologies are simply not enough to convince firms to abandon their 

already established and familiar business practices and routines in order to invest in cleaner 

technologies. Taxation, though, causes their current operation to be unprofitable and cleaner 

technologies to be much more appealing. The stringency of the tax measures has a 

significantly positive effect on environmental innovation as found by the studies of Kemp 

(2000) and Lanoie et al. (2007). As Jaffe et al. (2005) suggest, weak measures are unable to 
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convince investors to focus on environmental technologies. However, if taxation exceeds 

the optimal level then instead of increased innovation the result is reduced output and 

consequently less R&D expenditure as pointed out by Kemp (2000), Johnstone et al. (2001) 

and Ulph (1998). Taking into account both the empirical results of this paper and previous 

relevant studies, it is quite safe to state that tax measures are necessary but not sufficient to 

induced environmental innovation. They need to be used in tandem with policies that 

provide benefits to innovators and firms and always at a stringency level that is not 

deteriorating overall economic performance. 

Tradable certificates are also another valuable measure. The tradable certificates 

lower the cost of regulation compliance as found by Popp (2003), Lange and Bellas (2005) 

and Buonanno et al. (2003) and as stated by Popp (2003) they can determine the direction 

of innovation. Since the first goal of most of the firms that make use of tradable certificates 

is to lower their costs, it is no surprise that tradable certificates have a statistically significant 

and positive coefficient for wind energy and biomass and waste energy since they are two 

technologies with low production costs relative to other renewables. Thus, tradable 

certificates do increase and drive innovation towards solar and biomass-waste energy 

technologies. 

The market conditions for electricity appear to be a very significant factor that 

determines innovation in renewable energy technologies. Consistent with the “induced 

innovation hypothesis”, the increases electricity price induces innovation to alternative 

electricity production technologies. Newell et al. (1999) and Popp (2002) also find that 

energy prices have a significantly positive effect on energy innovation and also promote the 

introduction of new technologies that replace older ones. Raising the prices of electricity in 

markets where renewable energy generation share ratio is low can positively affect 

renewable energy innovation and introduction in the market and can, therefore, be 

considered by countries that need to comply with renewable energy production standards. 

Similarly, the need to cover the energy demands of an expanding energy market 

seems to induce innovation in the renewable energy technologies. Increased electricity 

demand alone is not enough, however, to induce renewable energy innovation. In the 

absence of environmental policy measures, it is likely that the increased demand will be 

covered by the expansion of the already used energy sources or nuclear power. While it is 

possible that innovation will be induced, in the absence of relevant environmental policies 

the innovation will probably be directed towards increased efficiency of the already used 
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energy sources. However, if environmental policies are present, then the innovation can be 

directed towards renewable energies as argued by Popp (2005) and Jaffe et al. (2002). While 

the results obtained are statistically significant for hydro, solar and biomass and waste 

energy, surprisingly the coefficient for wind energy in not found to be significant despite 

the fact that wind energy is one of the most patented and growing technologies in the last 

years.  

While an expanding electricity market can pave the road for energy innovation, it is 

possible that this expansion is actually the effect of energy innovation. Indeed, Popp (2001) 

finds that approximately one third of the change in energy consumption is the result of 

induced innovation. Estimation of the correlation coefficient between the electricity 

consumption growth and the different patent application variables revealed no correlation 

between them, though.  

The most surprising of the results is that significant coefficients for the government 

R&D expenditures could not be obtained. Although previous studies have found 

significantly positive effect of R&D to patenting, Popp (2002) states that government R&D 

has only a weak effect on private patenting and it is private R&D expenditures that usually 

induce a significant amount of patents. On the other hand, Hašcic et al. (2008) find that 

government R&D induces more environmental related patents. Since the results obtained 

are not statistically significant is better to avoid assumptions without proper premises.  

To the question which policies are more effective than others, two things can be 

concluded. The results suggest that no policy is clearly superior to other as also suggested 

by Jaffe and Palmer (1997) and Fischer et al. (2003). Tax measures, however, appear to be 

necessary in order for the other policy measure to successfully promote induced innovation. 

Therefore, tax measures along with an appropriate policy portfolio can positively induce 

environmental innovation. The empirical findings of this thesis imply that tax measures 

along with voluntary programs and tradable certificates are effective for wind energy 

technology innovation. For ocean energy innovation, obligations should complement tax 

measures and obligations along with tradable certificates and taxes are appropriate for 

biomass-waste energy innovation. Overall, market incentives and appropriate policy 

measures positively affect innovation as also demonstrated by previous studies (Jaffe et al., 

2005). 
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5.2 Conclusion and suggestions for future research 

The present thesis examines the effects of different environmental policies on 

renewable energy innovation. Previous empirical and theoretical studies done on the field 

of environmental and innovation economics agree that the presence of environmental 

regulations positively affect innovation. A policy ranking cannot be unambiguous but most 

studies suggest that market-based policies are more efficient that command-and-control 

policies on inducing environmental innovation. While stricter policies are found to induce 

more innovation, increasing the stringency of policies above a certain level will not induce 

more innovation and will instead reduce output and R&D expenditures. The “induced 

innovation hypothesis” is supported by the majority of empirical studies. Energy prices are 

found to significantly and positively affect energy technology innovation.  

The empirical analysis of this thesis uses patent applications to the EPO in order to 

measure the effectiveness of the different policy measures to induce renewable energy 

innovation. Patent data was used from 20 European countries over the period 1977-2013. 

The empirical model was estimated using the Poisson fixed-effects model. The results 

indicate that tax measures are necessary for renewable energy innovation but is unlikely that 

taxes alone will induce innovation without other policy support. The price of electricity was 

found to significantly affect innovation and similarly, the growth of the electricity 

consumption led to more patent applications to the EPO.   

New patents to renewable energy technologies seem to be significantly affected by 

the overall patenting activity. As illustrated in Figure 1 and 2 and the estimation results, 

patenting patterns to these technologies are similar. The patenting activity to renewable 

energy technologies was firstly low but started to increase after the signing of the Kyoto 

protocol and experienced a significant growth the years 2006-2012 and reaching its peak 

during the period 2009-2011. 

Significant results regarding the effectiveness of government R&D expenditures 

could not be obtained. Previous studies have found that the government R&D plays a 

significant role to environmental but its effect is relatively weak when comparing patents 

induced by government R&D and privately funded R&D. The government R&D, though, 

tends to induce more basic patents that are important for future technological change and 

are cited by many patents that are the result of private R&D. 



58 

 

On the road to a sustainable environment, environmental policies play a crucial role 

in the long run (Jaffe et al., 2002). The empirical findings of this thesis can possibly be used 

as a complement to previous and future empirical studies in order to better assess, choose, 

and design appropriate environmental policies that will promote sustainable environmental 

and technological development and growth as well as a cleaner environment. There are a lot 

of topics for further work in the field of environmental and innovation economics. A 

potential extension of this study is to examine the effects of environmental policy on 

renewable energy technology adoption and diffusion. Examining the reasons and market 

inefficiencies of slow diffusion rates of renewable energies so far can also provide valuable 

guidance for the creation and introduction of appropriate policy measures that address the 

problem of slow adoption and diffusion. 
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APPENDIX A: OTHER ESTIMATION RESULTS 

 

 

Table 4: Estimated coefficients of the Poisson fixed-effects models (single policy dummy). 

 

Hydro Solar Wind Ocean Geothermal Biomass/waste All renewables

Kyoto protocol 0.647*** 1.221*** 2.087*** 0.859** 0.932* 0.746*** 1.589***

(0.001) (0.000) (0.000) (0.006) (0.018) (0.000) (0.000)

Total EPO applications 0.0000258*** 0.0000163** 0.0000323*** -0.0000117 0.0000371*** 0.0000124*** 0.0000138***

(0.000) (0.010) (0.000) (0.158) (0.000) (0.000) (0.000)

Specific R&D expenditures -0.0556 -0.00245 0.0122 0.0182 -0.0321 0.0046 -0.00252

(0.593) (0.579) (0.632) (0.390) (0.231) (0.231) (0.168)

Electricity Cons. growth 0.0614* 0.0788*** 0.0208 0.0389* -0.0407 0.0573*** 0.0557***

(0.013) (0.000) (0.698) (0.047) (0.264) (0.000) (0.000)

Electricity price 0.0139*** 0.0197*** 0.0103 0.0149** 0.00813 0.0128*** 0.0223***

(0.000) (0.000) (0.143) (0.002) (0.148) (0.000) (0.000)

Policy presence -0.215 -0.461* -0.924*** 0.0787 -1.269 0.0469 -0.568**

(0.118) (0.025) (0.000) (0.780) (0.138) (0.589) (0.004)

Observations 220 357 300 159 93 342 511

P>chi2 0 0 0 1.15E-97 0 0 0

chi2 4966.7 6823.1 10722 466.9 9309.1 7631.5 3144.2

Log pseudolikelihood -403.5 -1618.3 -1814.3 -254.7 -130.2 -993.2 -3321.5

p-values in parentheses, based on robust standard errors in parentheses

* p<0.05, ** p<0.01, *** p<0.001
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Table 5: Estimated coefficients of the Poisson fixed-effects models (single policy dummy - omitted Kyoto protocol). 

 

 

 

 

Hydro Solar Wind Ocean Geothermal Biomass/waste All renewables

Total EPO applications 0.0000338*** 0.0000274*** 0.0000498*** -0.00000343 0.0000488*** 0.0000200*** 0.0000292***

(0.000) (0.000) (0.000) (0.753) (0.000) (0.000) (0.000)

Specific R&D expenditures -0.0449 -0.000222 0.0125 0.0256 -0.0163 0.00643 -0.00264

(0.687) (0.972) (0.623) (0.240) (0.334) (0.083) (0.162)

Electricity Cons. growth 0.0585* 0.0857*** 0.0151 0.0397* -0.033 0.0560*** 0.0571***

(0.018) (0.000) (0.750) (0.045) (0.256) (0.000) (0.000)

Electricity price 0.0167*** 0.0239*** 0.0185*** 0.0175*** 0.00825 0.0161*** 0.0304***

(0.000) (0.000) (0.000) (0.001) (0.063) (0.000) (0.000)

Policy presence 0.23 0.353 0.541** 0.760** -0.527 0.516*** 0.504* 

(0.253) (0.180) (0.002) (0.001) (0.385) (0.000) (0.031)

Observations 220 357 300 159 93 342 511

P>chi2 0 0 0 2.16E-73 0 0 0

chi2 3420.1 15025.5 9689 349.6 85612 6015.3 5846.1

Log pseudolikelihood -415.1 -1891.2 -2242.7 -262.1 -135 -1057.7 -4617.3

p-values in parentheses, based on robust standard errors in parentheses

* p<0.05, ** p<0.01, *** p<0.001
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APPENDIX B: MODELS’ GOODNESS OF FIT COMPARISON 

 

Table 6: Comparison of Models’ R2, Log Pseudolikelihood, AIC, and BIC values 

 

Model Obs R2 ll(model) df AIC BIC

hydro 220 0.168 -396.899 11 815.7977 853.1276

hydro (pol.dum.) 220 0.156 -403.47 6 818.9391 839.3009

hydro (omit. Kyoto) 220 0.134 -415.097 5 840.1944 857.1625

solar 357 0.099 -1548.84 11 3119.686 3162.341

solar (pol.dum.) 357 0.093 -1618.31 6 3248.613 3271.879

solar (omit. Kyoto) 357 0.099 -1891.23 5 3792.457 3811.846

wind 300 0.179 -1425.64 11 2873.273 2914.014

wind (pol.dum) 300 0.147 -1814.27 6 3640.53 3662.753

wind (omit. Kyoto) 300 0.123 -2242.72 5 4495.445 4513.964

ocean 159 0.131 -248.475 11 518.9489 552.7069

ocean (pol.dum.) 159 0.108 -254.743 6 521.4865 539.8999

ocean (omit. Kyoto) 159 0.078 -262.145 5 534.2899 549.6344

biom 342 0.181 -949.496 11 1920.991 1963.174

biom (pol.dum.) 342 0.175 -993.177 6 1998.355 2021.363

biom (omit. Kyoto) 342 0.166 -1057.69 5 2125.385 2144.559

geo 93 0.058 -127.48 11 276.9598 304.8184

geo (pol.dum.) 93 0.122 -130.181 6 272.3625 287.5581

geo (omit. Kyoto) 93 0.195 -134.954 5 279.908 292.571

all renew 511 0.13 -2771.1 11 5564.193 5610.793

all renew (pol.dum.) 511 0.08 -3321.46 6 6654.919 6680.337

all renew (omit. Kyoto) 511 0.06 -4617.33 5 9244.666 9265.848

Table 6 provides a comparison of the goodness of fit of the 

different model specifications. The preferred models are those 

with the largest R2 and log-pseudolikelihood values and the 

lower AIC (Akaike information criterion) and BIC (Bayesian 

information criterion). For the different renewable technology 

model specifications (normal, single policy dummy, and Kyoto 

protocol omitted) the best fit values of the different criteria are in 

bold.  

The log-pseudolikelihood criterion implies that the normal 

model is the best one for all the different renewables. The AIC 

criterion favors the normal model, except for geothermal energy. 

The BIC criterion favors the normal model, except for hydro, 

ocean, and geothermal energy. For all the renewable energies, 

the normal model is preferred by at least two of the criteria with 

the exception of the geothermal energy that the single policy 

dummy model specification is preferred by AIC and BIC.  

The squared correlation favors the normal models except for 

geothermal energy. 
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APPENDIX C: SUMMARY OF LITERATURE REVIEW 

 

Table 7: Empirical papers on environmental induced innovation 

PAPER AUTHOR INNOVATION MEASURE STIMULANT OF INNOVATION DATA USED KEY FINDINGS

Lanjouw and Mody (1996) 
environmental patent 

applications

Pollution Abatement Costs and 

Expenditures (PACE)
U.S, Japan, Germany and 14 more countries

environmental innovation 

responds to increases of pollution 

abatement cost expenditures in 

the country of the increase 

Jaffe and Palmer (1997) 
R&D expenditures, patent 

counts

Pollution Abatement Costs and 

Expenditures (PACE)
U.S. manufacturing industry, years 1974-1991

the costs for environmental 

compliance have a significant 

effect on R&D expenditures

Hamamoto (2006) R&D expenditures
Pollution Abatement Costs and 

Expenditures (PACE)
Japanese industry, years 1966-1976

R&D expenditure and compliance 

costs are positively related

Brunnermeier and Cohen (2003) 
environmental patent 

applications

Pollution Abatement Costs and 

Expenditures (PACE)
U.S. industry

increased abatement costs lead to 

more patents in environmental 

technologies

Popp (2002) 
energy efficientcy patent 

counts
prices, knowledge stock U.S. energy efficiency patents, years 1970-1994

significant positive effect of 

energy prices and existing 

knowledge base on new 

innovation

Popp (2006a)
patents related to SO2 

and Nox emissions
regulations

patents from U.S, Japan and Germany, years 

1970-2000

that inventions respond to 

environmental regulations of the 

home country but not to foreign 

environmental regulations
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Table 8: Theoretical papers on innovation and policy instruments 

 

 

 

 

PAPER AUTHOR POLICY TYPE KEY FINDINGS

Magat (1978) effluent taxes and standards

effluent taxesand standards 

increase the R&D expenditure 

towards environmental 

technologies but lead to different 

allocation of R&D resources.

Magat (1979)
taxes, permits, subsidies, effluent 

standards

all these five instruments have 

significant effects on the rate and 

the direction of innovation

Carraro and Siniscalco (1994)
environmmental and industrial 

policy instruments

policies should consider 

environmental innovation,  the 

dynamic effect of relative prices, 

policy decisions and R&D, 

promote innovation and diffusion

Laffont and Tirole (1996) tradable pollution permits

spot market induces investment to 

pollution permits above the 

desired target 

Cadot and Sinclair-Desgagne 

(1996) 

stricter environmental regulations 

and incentive scheme

incentive scheme is required, 

stricter environmental standards if 

governments does not provide 

subsidies

Carraro and Soubeyran (1996) 
environmental taxes and 

innovation subsidies 

the government to encourage 

environmental technology with 

the largest availabilty or opt for 

taxes

Katsoulacos and Xepapadeas 

(1996)

environmental policy schemes for 

polluting emissions

firms have incentives to invest in 

environmental R&D only in the 

case that emission taxes are 

present

Fischer et al. (2003) 
emission taxes, auctioned and 

free permits 

no policy unambiguously more 

preferable that the others

Innes and Bial (2002) environmental regulations, taxes

stricter policy standards can deter 

overinvestment in R&D while 

“winner” firms still have incentives 

for overcompliance with the 

regulations

Baker and Adu-Bonnah (2008) optimal R&D investment

the optimal level of investment in 

R&D is dependent on the 

technology that is to be developed 

and both the uncertainty factors 

of environmental changes and the 

R&D process
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Table 8 (continued): Theoretical papers on innovation and policy instruments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PAPER AUTHOR POLICY TYPE KEY FINDINGS

Bauman, Lee, and Seeley (2008) command and control policies 

economic instruments may not be 

better at providing innovation 

incentives than command-and-

control policies

Requate (2005) 
level of environmental policy 

stringency 

ex ante taxation commitment to a 

menu of tax rates is better than 

other kind of policies, tax policies 

have far better results than permit 

policies

Montero (2002) 
policies that provide R&D 

incentives

Cournot competition, standards 

and taxes provide more R&D 

incentives while the opposite 

effect is observed under Bertrand 

competition
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Table 9: Empirical papers on innovation and environmental policy instruments 

 

 

PAPER AUTHOR POLICIES EXAMINED DATA USED KEY FINDINGS

Newell, Jaffe, and Stavins (1999) 
energy prices and efficiency 

standard 

energy prices and consumer 

products, years 1985-1994

energy price changes led to the 

adoption of the new product 

models and also the retirement of 

the old models. Regulations led to 

the elimination of energy-

inefficient models due to the 

effect of efficiency standards

Popp (2003) 
sulphur dioxide (SO2) tradable 

permits, market-based policies
U.S patent data, years 1985-1997

the SO2 tradable permits changed 

the direction of innovation. 

Before the introduction of 

tradable SO permits innovation 

measured in successful patent 

application was higher than after

Taylor (2008) tradable permits price U.S patent data, years 1975-2004
uncertainty over the permits price 

can potentially reduce innovation

Lange and Bellas (2005) Clean Air Act Amendments (CAAA) 
U.S scrubber costs, years 1985-

2002

policies that offer incentives for 

innovation through cost 

reductions will not necessarily 

continue be effective in providing 

new incentives after some time 

has passed since their adoption
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Table 9 (continued): Empirical papers on innovation and environmental policy instruments 

 

 

 

 

PAPER AUTHOR POLICIES EXAMINED DATA USED KEY FINDINGS

Lanoie et al. (2007) 
different environmental policies 

and stringency 
survey to seven OECD countries

greater the stringency of a policy, 

the higher the incentives for a firm 

to invest more in environmental 

R&D

Hašcic, Johnstone and Michel 

(2008) 

different environmental policies 

and stringency 

patent data from 16 countries, 

years 1985-2004

when the environmental 

regulation is flexible then more 

and higher quality innovations are 

induced.

Johnstone, Hašcic and Popp (2010) 
different environmental policy 

instruments

patent data from25 countries, 

years 1978-2003

public policy is a major 

determinant of innovation in 

environmental technologies, 

different categories of 

environmental policy instruments 

are appropriate for different 

renewable energy technologies

Johnstone et al. (2012) 
different environmental policies 

and stringency 

patent data from 77 countries, 

years 2001-2007

increased environmental 

regulatory stringency along with 

innovative capabilities lead to 

more patenting of environmental 

friendly technologies
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Table 10: Empirical papers on the impact of technological change 

 

 

 

PAPER AUTHOR EXAMINES DATA USED KEY FINDINGS

Carlson et al. (2000) 
marginal abatement costs 

of sulphur dioxide

SO2 emissions of coal-fired units, 

imputs price and scrubber capital 

cost, years 1985-1995

approximately 50% of the marginal abatement 

costs change between the years 1985-1995 can 

be regarded as a result of technological change

Popp (2003)
operating costs of 

desulfurization units 

U.S patent data relevant to 

desulfurization units, years 1969-

1999 

a single patent can have approximately 4 times 

higher present value in cost savings than 

investment cost

Pakes et al. (1993) 
empirical industrial 

organization 

summary statistics of the 

automobile industry, years 1957-

1983

after 1977, more fuel-efficient cars were 

available to the market, while the marketing of 

the least fuel-efficient cars began to drop

Berry et al. (1996) 

how regulatory changes 

can affect production 

costs and characteristics

U.S. data on characteristics of 

automobiles, inputs and costs at 

assembly, years 1972-1982

costs related to quality adjustments had an 

overall increase in the period 1972-1982 

parallel to gas price increases

Berndt et al. (1993) 

the impact of 

technological change on 

productivity and energy 

efficiency

cross country data on 

manufacturing sectors, years 1965-

1987

new technology is energy saving

Mountain et al. (1989)
impact of technology on 

manufacturing sector

Ontario manufacturing sector, 

years 1963-1984

relative energy prices and innovations have 

affected the substitution fuels for the favour of 

more energy efficient ones

Popp (2001) 

the impact of new 

technologies on energy 

consumption 

U.S energy patent data, years 

1918-1991

a single patent could lead to cost savings of 

approximately 14,5 million dollars while the 

R&D investment spent on each patent was on 

average 2,25 million dollars
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Table 10 (continued): Empirical papers on the impact of technological change 

 

 

 

 

 

 

 

 

 

PAPER AUTHOR
TECHNOLOGICAL CHANGE 

INDUCED BY:
MODEL TYPE KEY FINDINGS

Sue Wing (2008) 

the effect of four 

different factors on 

energy intensity

patent data from 35 industries, 

years, 1958-2000
induced innovation does lead to energy saving

Linn (2008)

the effect that energy 

prices have on the 

adoption of energy 

efficient technology 

energy prices on U.S. 

manufacturing sector, years 1967-

1997

a 10% increase in the energy price leads to a 

1% decrease in the energy demand of entrants
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Table 11: Empirical papers on the role of government R&D 
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Table 12 : Papers about technological change in environmental models 

 

 

 

PAPER AUTHOR
TECHNOLOGICAL CHANGE 

INDUCED BY:
MODEL TYPE KEY FINDINGS

Jakeman et al. (2004) price-induced general equilibrium model

price-induced technological change can 

decrease the costs of emission control 

regulations

Popp (2004) R&D
Dynamic Integrated Climate-

Economy model

policies can better adjust the optimal emission 

tax rate which exaggerates its welfare 

implications when induced innovation is not 

taken into account as endogenous

Buonanno et al. (2003) R&D
endogenous model of integrated 

assesment

induced innovation allows for a reduction to 

direct abatement costs, technological spillover 

effects have increased significance in case of 

induced innovation

Smulders and de Nooij (2003) R&D
model of endogenous rate and 

direction of innovation

policies that aim to reduce the level of energy 

usage may induce innovation but tend to lead 

to a reduction to output level

van Zon and Yetkiner (2003) R&D
model of endogenous induced 

innovation through variety

a mix of R&D investment and energy policy is 

required to promote energy efficiency and 

output growth when real energy prices are 

increasing

Sue Wing (2006) R&D general equilibrium model

a low environmental tax will promote R&D 

towards the effectivity and productivity of the 

already used output that the tax supposedly 

aims to diminish
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Table 12 (continued): Papers about technological change in environmental models 

 

 

PAPER AUTHOR
TECHNOLOGICAL CHANGE 

INDUCED BY:
MODEL TYPE KEY FINDINGS

Nordhaus (2002) R&D
modified Dynamic Integrated 

Climate-Economy model

R&D returns are equal to the opportunity costs 

leading to R&D crowding out be significant as 

social opportunity cost of R&D surpasses its 

private cost

Gerlagh (2008) R&D endogenous model of growth

through induced innovation, R&D investment 

and knowledge accumulation shifts towards 

energy efficiency and saving rather than 

production technologies

Goulder and Schneider (1999) R&D
endogenous technological change 

general equilibrium model 

induced innovation can reduce the costs of an 

abatement target but can increase the gross 

costs of a given carbon tax

Sue Wing (2003) R&D a general equilibrium model 

that carbon taxes can reduce the economy’s 

total R&D and slow down the rate of 

innovation and growth

Grübler and Messner (1998) learning-induced
learning-by-doing energy system 

model 

the optimal abatement policy for long-term 

emission reduction is to increase the near-term 

abatement efforts by focusing on R&D and 

technology enhancements that induce 

technological learning
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Table 12 (continued): Papers about technological change in environmental models 

 

 

 

 

 

 

 

 

 

 

PAPER AUTHOR
TECHNOLOGICAL CHANGE 

INDUCED BY:
MODEL TYPE KEY FINDINGS

Manne and Richels (2004) learning-induced
learning by doing on the costs and 

timing of reduction of emissions

a smooth and slow progressive shift away from 

the no policy case emissions baseline is a 

better choice than the introduction of an 

aggressive near-term emission reduction policy

Goulder and Mathai (2000) learning-induced and R&D
dynamic cost function model, 

policy and R&D based

that in the presence of R&D induced innovation 

the optimal level of abatement is low in the 

near term while it gets higher as the economy 

moves further in the long term


