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ABSTRACT 

 

 

 

 

The aim of this thesis is to examine the differential effects of public policies on 

innovations within solar energy technologies. Panel data comprising of 13 countries and 

31 years (1978-2008) has been employed for this issue. The study has been restricted to 

solar photovoltaic (PV) technology and the policies feed-in tariffs (FIT’s), tradable 

green certificates (TGC’s) and public research, development and demonstration 

(RD&D) expenditures. Since an innovation cannot be measured in itself, patent counts 

within solar PV technology have been employed to approximate innovations (the main 

idea is to test the patenting effects of policies). The econometric results suggest that 

innovations are dependent on FIT’s, TGC’s and RD&D expenditures. The highest 

innovation effects are attributed to TGC’s while RD&D expenditures tend to induce 

more innovations than FIT’s. The empirical evidence also suggests that the RD&D 

policy support induces more innovations when in force simultaneously with a FIT or 

TGC policy.  

 

 

 

 

 



SAMMANFATTNING 

 

 

 

 

Syftet med denna uppsats är att undersöka effekterna av olika miljöpolitiska styrmedel 

på innovationer inom solenergitekniker. Paneldata bestående av 13 länder och 31 år 

(1978-2008) har använts för att studera den här frågan. Studien har begränsats till att 

omfatta en viss typ av solenergiteknik vanligen benämnd som ”solar photovoltaic (PV) 

technology”. De styrmedel som omfattas av studien är inmatningstariffer, gröna 

elcertifikat och offentliga FoU-utgifter. Patent inom ovan nämnda solenergiteknik har 

använts för att approximera innovationer då en innovation inte kan mätas i sig själv 

(grundtanken är att testa patenteffekterna av olika styrmedel). De ekonometriska 

resultaten indikerar att innovationer är beroende av inmatningstariffer, gröna elcertifikat 

och offentliga FoU-utgifter. Elcertifikat genererar (allt annat lika) flest innovationer 

medan FoU-utgifter är mer effektiva i att stimulera innovationer jämfört med 

inmatningstariffer. Resultaten indikerar också att innovationseffekterna av FoU-utgifter 

är högre om detta styrmedel används samtidigt som inmatningstariffer eller gröna 

elcertifikat.  
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CHAPTER 1 

INTRODUCTION 

 

 

 

 

1.1 Background 

According to a report published by the European Commission (EC) (2011), there is 

unequivocal evidence that climate change and global warming is currently in effect. 

There is also little doubt that these processes are caused by human activities, i.e. the 

burning of fossil fuels along with deforestation (ibid). The current trends in energy 

consumption and supply are socially, environmentally and economically unsustainable 

(IEA, 2010a). It is possible that climate change may cause social unrest because of its 

effects on food production and water resources (EC, 2011). Moreover, it is predicted 

that 20-30 % of animal and plant species may face an increased risk of extinction due to 

climate change. The cost of allowing global warming to take its course is estimated to at 

least 5 % of global GDP while the cost of mitigating the process is estimated to about 1 

% (ibid).  

 

Söderholm (2010) identifies technological change and innovations as keys for 

mitigating climate change. Technological change may be defined as “the process by 

which the economy changes over time in terms of the character of productive activity 

(e.g., processes used for production etc.)” (ibid). In this thesis, “innovations” refer to 

“…products or processes that are new, involve an inventive step and are susceptible of 

industrial application…” (OECD, 2009).
1
 According to Johnstone, et al. (2010), 

investments in renewable energy technologies can significantly contribute to the 

achievement of climate policy objectives and would most likely also lead to greater 

energy security. However, one major problem is the fact that electricity production costs 

are high with the use of renewable energy sources relative to the use of fossil fuels. To 

                                                           
1
 According to OECD (2009), the term “invention” refers to this definition. However, in a number of 

papers, e.g., Johnstone, et al. (2010) and Rübbelke and Weiss (2011), innovations are proxied by patents. 

Since inventions are what is being patented (see OECD (2009) and Jaffe, et al. (2001)), these papers have 

implicitly defined innovations in the same way as in this essay. Arguably, by defining the concept in the 

same way, unnecessary ambiguity is avoided in the scientific discussion.  
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counteract this problem, many governments have introduced environmental policies in 

order to spur innovations within the area of renewable energy technologies with the 

hopes that this will decrease the relative price differences between the use of renewable 

energy sources and fossil fuels (ibid).  

 

The relationship between environmental regulations and innovations within renewable 

energy technologies has been fairly well investigated (and confirmed) in previous 

studies (see Brunnermeier and Cohen (2003); Lanjouw and Mody (1996); Noailly and 

Batrakova (2010); Walz, et al. (2008)). However, relatively few studies have focused on 

the differential effects of policies on innovations within renewable energy technologies 

(are certain policies more effective than others in spurring innovations?). Even fewer 

have focused on this issue through a cross-country perspective (see Johnstone, et al. 

(2010) and Rübbelke and Weiss (2011)).  

 

Johnstone, et al. (2010) have conducted a study where the focus is to examine the 

effects of environmental policies on innovations within renewable energy technologies 

related to wind, solar, biomass, waste-to-energy, geothermal energy and ocean energy. 

The key finding is that certain policies are more effective in encouraging innovations 

within certain technologies. For example, targeted subsidies, such as feed-in tariffs 

(FIT’s), are needed to spur innovations within cost intensive renewable energy 

technologies (e.g., technologies related to solar energy). This is the case while broad 

policies, such as tradable green certificates (TGC’s), are more likely (than FIT’s) to 

induce innovations within renewable energy technologies that are close to competitive 

with technologies applied for the use of fossil fuels.  

 

Rübbelke and Weiss (2011) have focused on the relationship between policies and 

innovations within wind energy technologies against the background of the 

liberalization of energy markets in the two recent decades. The authors present evidence 

suggesting that price-based policies, such as FIT’s, encourage innovations primarily in 

energy markets open to competition (this is also the case for combinations of price-

based policies). In addition, it is found that the innovation effects of non-price-based 

policies, such as grants or low-interest loans, are independent of whether energy 

markets are open to competition or not.  
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This essay contributes to the scientific literature on the basis of several reasons. First, it 

has a focus on the differential effects of policies on innovations and this is analyzed 

through a cross-country perspective since a panel data set of 13 countries (over the time 

period 1978-2008) is employed.
2
 This approach permits an analysis of a variety of 

policy types which is necessary when studying the differential effects of policies. As 

one can note, Johnstone, et al. (2010) and Rübbelke and Weiss (2011) are the only 

studies fulfilling these criteria while focusing on policy induced innovations within 

renewable energy technologies (see section 3.2). Second, it contains an in-depth study 

of technology related to solar energy. Relatively few papers contain an in-depth 

perspective against the background of policy induced innovations and the focus of these 

is on wind energy and biofuels (see section 3.2). Solar energy technologies are 

interesting due to the fact that the technical potential attributed to these is higher than 

for any other renewable energy technology (de Vries, et al., 2007 and Johansson, et al., 

2004).
3
 In fact, solar energy has a resource potential that far exceeds the entire global 

energy demand (EPIA/Greenpeace, 2007). Third, this thesis provides a study of the 

issue with relatively fresh data since the panel data set employed stretches from 1978 to 

as long as 2008. Of all the papers reviewed in the literature overview in section 3.2, 

only Rübbelke and Weiss (2011) have employed such fresh data while having a focus 

on the differential effects of policies on innovations within renewable energy 

technologies. 

 

1.2 Purpose 

This essay intends to fill the research gaps mentioned previously and to provide policy 

makers with valuable and in-depth empirical evidence to use when designing future 

policies. Given that innovations within renewable energy technologies are regarded as 

keys for mitigating climate change, the chosen topic is of high importance. 

 

The purpose of this essay is to examine the differential effects of environmental policies 

on innovations in the solar energy technology field. 

                                                           
2
 It should be noted that cross-country variations are controlled for in this essay. Hence, the cross-country 

perspective is chosen not to investigate such variations. The approach is chosen because it allows for an 

analysis of a variety of policy types.   

3
 Timilsina, et al. (2011) defines the concept “technical potential” as “the technically feasible potential of 

different renewable energy options using the present conversion efficiencies of available technologies”.   
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1.3 Methodology 

The theoretical framework adopted in this essay is based on the literature concerning the 

economics of technological change, more specifically on the induced innovation 

literature (e.g., see Jaffe, et al. (2001, 2002) and Mansikkasalo and Söderholm (2012)). 

Within the induced innovation literature, the Hicks hypothesis constitutes the core 

(Jaffe, et al., 2001). In summary, this hypothesis states that a change in the relative 

prices of two production factors will spur innovations with the aim to economize the use 

of the factor which have become relatively more expensive (see Hicks (1932)). Within 

this theoretical perspective, the behavior of firms is characterized as being profit-

maximizing (Jaffe, et al., 2001). Hence, it is likely that the direction and rate of 

innovations respond to changes in relative prices of production factors (see section 4.2) 

(ibid). The main reason why this thesis borrows from the theory of induced innovations 

is the fact that the purpose is implicitly studied against the background of the Hicks 

hypothesis (given the choice of only focusing on policies which are based on economic 

incentives; see sections 1.4 and 4.4). 

 

Even though the connection between the purpose and the theory of induced innovations 

is relatively clear, this essay still borrows from certain ideas found in the literature of 

evolutionary economics (see Mansikkasalo and Söderholm (2012) and Jaffe, et al. 

(2001, 2002) for a treatment of this literature). This is the case since it is recognized that 

there may be interaction effects between different public policies. Within the theory of 

evolutionary economics, it is claimed that technology policies and public R&D form a 

part of an innovation system and that new policies (or alterations of existing policies) 

should address the policy’s appropriate role in this system (Mansikkasalo and 

Söderholm, 2012). Hence, in this essay the main interest within this paradigm is the 

recognition of an innovation system and possible interrelations between policies (see 

section 4.3 for a treatment of the paradigm). In contrast, in the induced innovation 

literature, the role of policies as a part of an innovation system is not emphasized.   

 

The empirical strategy is based on an econometric approach where the relationship 

between policies and innovations, the latter proxied by patent counts, is analyzed within 

a negative binomial fixed effects model (see section 5.1). These approaches can be 

found in various articles on the subject, e.g., Johnstone, et al. (2010) and Rübbelke and 

Weiss (2011). Since an innovation cannot be measured in itself, a proxy is needed 
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(Johnstone, et al., 2010). Given the alternatives, patent counts are the best available 

source of data (other common indicators are scientific personnel and R&D 

expenditures) (ibid). Hence, in this essay, patent counts within solar energy 

technologies are employed to approximate innovations. Given the purpose of this essay, 

an econometric approach is suitable since it allows for an analysis of whether policy 

specific innovation effects are statistically significant and positive while still controlling 

for other potentially influential factors. Furthermore, an econometric approach is often 

employed in the scientific literature when studying the issue of policy induced 

innovations (see section 3.2).  

 

1.4 Scope and limitations 

According to Braun, et al. (2011), one can and should differentiate between different 

solar energy technologies, e.g., solar photovoltaic (PV) and solar thermal (i.e. solar 

heating and cooling and concentrating solar power (CSP)), when studying innovation 

trends or policy induced innovations. IEA/OECD (2006) defines three generations of 

renewable energy technologies; first-generation technologies, which have reached 

maturity, second-generation technologies, which are undergoing rapid development, and 

third-generation technologies, which are currently in developmental stages. The 

technologies solar PV and solar heating and cooling are classified as second generation 

technologies and CSP as a third generation technology (ibid). By treating these 

technologies as homogenous, as done in the study of Johnstone, et al. (2011), there are 

reasons to believe that the empirical results become “blurred” (Braun, et al., 2011). If 

studies of renewable energy technologies are to inform the design of technology-

specific policies, precise technological definitions are needed (ibid). In the paper by 

Johnstone, et al. (2010), it is even argued that the effectiveness of policies to encourage 

innovations is likely to be dependent on the maturity of the different renewable energy 

technologies.  

 

Given the discussion above, this essay will focus solely on solar PV technologies. The 

choice of focusing on solar PV and not on solar thermal technologies is based on the 

fact that the former has been the fastest growing renewable energy sector in recent years 

in terms of installed capacity (Kirkegaard, et al., 2010). Arguably, this makes solar PV 

an interesting renewable energy technology to study.  
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This thesis only covers public policies which are based on economic incentives, namely 

feed-in tariffs (FIT’s), public research, development and demonstration (RD&D) 

expenditures and tradable green certificates (TGC’s) (other policy types are, e.g., 

pollution quotas and environmental laws). The FIT instrument is probably one of the 

most common policies directed at promoting the deployment of solar PV technologies 

(see Campoccia, et al. (2009); Dusonchet and Telaretti (2010); Timilsina, et al. (2011)). 

In addition, all countries included in this study have devoted financial resources to 

support the deployment of solar PV through RD&D expenditures. In this thesis, it is 

argued that this makes RD&D expenditures an important policy to study. The inclusion 

of the relatively broad-based TGC instrument in the analysis is based on the reason that 

it complements the more targeted policies, i.e. FIT’s and RD&D expenditures (which 

are usually differentiated on the basis of the type of renewable energy technology being 

supported).
4
   

 

1.5 Outline 

This essay contains eight chapters of which chapter 1 covers a general description of the 

research problem. In addition, this chapter also covers, in short, the methodological 

approach used in this study and a presentation of the theoretical perspectives that have 

guided the research. Chapter 2 is a background chapter, which is mainly devoted to 

providing information concerning solar energy technologies, particularly solar PV. In 

this chapter, the different policy instruments are also described. In chapter 3, a literature 

overview of relevant papers is presented (given the purpose of this essay). Chapter 4 

discusses the views of two paradigms on the economics of innovations and 

technological change, namely the theory of induced innovations and the theory of 

evolutionary economics. The principal econometric model is defined and discussed in 

chapter 5. In chapter 6, the data sources are discussed and this chapter ends with a 

discussion concerning validity and reliability issues. Finally, chapter 7 covers the 

econometric results and chapter 8 consists of concluding remarks based on the empirical 

findings.  

                                                           
4
 Still, it should be recognized that the TGC policy, with its quota obligations, may be differentiated with 

respect to the different renewable energy technologies. However, no country included in the panel data set 

(employed in this essay) has implemented a policy with such a design.  
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CHAPTER 2 

SOLAR ENERGY TECHNOLOGY AND PUBLIC POLICIES 

 

 

 

 

According to IEA (2010a), the solar energy that hits the earth in one hour approximately 

corresponds to the amount of energy consumed by all human activities in one year. In 

other words, solar energy represents an important and interesting fuel source of the 

renewable energy supply. Below follows an explanation of what solar energy 

technology really is, an overview of the current status of solar PV and information 

concerning the design of some of the key policies directed at promoting solar PV in the 

OECD countries.  

 

2.1 What is solar energy technology? 

Solar energy may be defined as “the energy that can be directly attributed to the light of 

the sun or the heat that sunlight generates” Bradford (2006). Solar energy technologies 

may be classified on the basis of three continuums; 1) passive and active, 2) thermal and 

photovoltaic and 3) concentrating and non-concentrating. Every technology applied for 

the harnessing of solar energy features some combination of these characteristics. 

Passive solar energy technology may refer to the design of a building where the purpose 

is to collect and store the sun’s heat (e.g., greenhouses). Active solar energy technology 

refers to the harnessing of the sun’s energy to convert it or store it for other applications 

(e.g., electricity production, heating or cooking). The active solar energy technologies 

may be divided into two categories, namely photovoltaic (PV) and solar thermal. These 

technological categories differ with respect to the method by which they generate 

energy for conversion or transfer into other useful forms (ibid). 

 

Solar PV systems contain cells which directly convert sunlight into electricity 

(EPIA/Greenpeace, 2011 and EPIA/EPTP, 2011). The cells have layers of semi-

conducting material and when sunlight falls on the cells, an electric field across the 

layers are created which causes electricity to flow (ibid). Solar thermal systems are 

based on the principle of converting short-wave sun radiation into heat (Braun, et al., 

2011). This heat can be used for either heating or thermal application or electricity 
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generation (Bradford, 2006). The latter application is commonly referred to as 

concentrating solar power (CSP) and this is based on the method where water is 

superheated to produce steam which drives a steam engine, generating electricity (ibid).  

 

Concentrating solar technology is based on the principal method of using mirrors or 

lenses to concentrate the sunlight to heat a receiver containing a heat transfer media 

(Bradford, 2006). This is the case while non-concentrating solar technology does not 

amplify the solar radiation (Braun, et al., 2011). CSP belongs to the first category since 

these technologies are based on the concentration of sunlight (Braun, et al., 2011). Solar 

PV, on the other hand, belongs to both categories; sometimes lenses are used to 

concentrate the sunlight on photovoltaic cells in order to make them work more 

efficiently (Bradford, 2006). 

 

Today, solar PV technologies are applied and used in a variety of ways. There exist grid 

connected, stand-alone (off-grid) and hybrid systems (EPIA/Greenpeace, 2011).
5
 Solar 

PV technologies may also be differentiated on the basis of the material technologies 

adopted (Timilsina, et al., 2011). The main difference between grid-connected and 

stand-alone PV systems is that the former can feed electricity to the grid (while the 

latter cannot). Intuitively, a similar difference exists between different solar thermal 

technologies. CSP is essentially used for electricity production (with the possibility to 

feed electricity into the grid) while other solar thermal technologies are applied for 

water heating or air heating/cooling and cooking (Timilsina, et al., 2011; Bradford, 

2006; Weiss, et al., 2007).  

 

According to EPIA/Greenpeace (2011), grid connected PV systems are usually applied 

for residential or commercial use in developed areas; the systems are then installed on 

homes and business buildings. Grid connected solar PV systems may also be applied for 

industrial and utility-scale power plants. In these cases, solar panels are usually ground 

mounted. Off-grid PV systems are usually used for industrial applications (e.g., marine 

navigational aids, traffic signals, etc.), rural electrification and consumer goods (e.g., 

watches, calculators, etc.). These systems often contain batteries in order to allow for 
                                                           
5
 Hybrid systems combine different renewable energy technologies; the systems can be powered by the 

sun during the daytime (given that there is a sunny weather) and by other fuels after sunset 

(EPIA/Greenpeace, 2011).  
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storage and consumption of electricity during nightfall or on cloudy days. The off-grid 

systems are typically found in developing countries or in remote areas where there are 

no existing electricity grids. The high costs associated with bringing power to areas 

remote from grids explain why these systems become economically viable choices 

(ibid).  

 

2.2 Current status of solar PV 

Solar PV has been the fastest growing renewable energy sector in recent years in terms 

of installed capacity (Kirkegaard, et al., 2010). In IEA (2010a) it is stated that the global 

PV market has grown, on average, with 40 % per year for more than a decade (again in 

terms of installed power capacity). The PV capacity in 1996 was about 0.7 GW and in 

2010, the corresponding figure had grown to about 40 GW (REN21, 2011).
6
 This 

growth is primarily explained by an expansion of on-grid PV systems since the installed 

capacity of stand-alone systems have grown modestly during the time period (IEA, 

2010a). In 2009, about 85 % of the total global PV capacity could be attributed to grid-

connected installations (REN21, 2010).
7
 Intuitively, the remaining 15 % of the total 

capacity consisted of off-grid installations (ibid). 

 

According to Kirkegaard, et al. (2010), much of the growth in PV capacity can be 

attributed to the policy support in the four key markets for solar PV; Japan, Germany, 

the United States and Spain. Together, these countries accounted for about 80 % of the 

total global PV capacity in 2008 (IEA, 2010a). Germany accounted for 36 % of the total 

global installed capacity. Corresponding figures for Spain, Japan and the US were 23 %, 

15 % and 8 %, respectively. Other major countries having a relatively large share of the 

installed PV capacity in 2008 were Italy (3 %), France (1 %), Korea (2 %) and China (1 

                                                           
6
 As a comparison, in 2010, the total global installed capacity of non-electric solar thermal technology 

was about 185 GWth (gigawatts-thermal) (REN21, 2011). Moreover, the total global installed capacity of 

CSP was 1095 MW in the same year (ibid).  

7
 It is important to note that the bulk of the installed PV capacity consists of grid connected systems since 

two of the included policies (feed-in tariffs (FIT’s) and tradable green certificates (TGC’s)) are directed to 

expand the electricity production from these system types. By design, these policies are not explicitly 

directed to off-grid PV systems (see section 2.3 for more information concerning the workings of the 

policies). However, it may be the case that these policies actually do affect off-grid PV systems types but 

with respect to innovations (assuming that the PV technology is similar in both system types). Still, this 

effect is probably dependent on how the technology and the know-how are diffused.  
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%) (ibid). In 2011, Germany still accounted for about 36 % of the total capacity while 

the US, Japan and Spain have seen their shares decrease (EPIA, 2011). In 2011, the US 

accounted for 6.2 %, Japan for 7 % and Spain for 6.2 % (rounded figures). Italy, France 

and China have seen their shares increase to about 18.6 %, 3.7 % and 4.3 % respectively 

(rounded figures) (ibid).
8
 Thus, it can be concluded that major changes have taken place 

with respect to the global distribution of installed PV capacity during the last years. 

 

Even though the global PV capacity has grown impressively, it is appropriate to relate 

these growth figures to the total global electricity production by fuel source. According 

to OECD (2010), in 2009, only 2.7 % of OECD’s total electricity generation can be 

attributed to renewable energy sources such as solar, wind, wave/tide/ocean and 

geothermal. See Figure 1 for an overview of the total OECD electricity generation by 

fuel source.  

 

 

Figure 1. Total OECD electricity generation by fuel source in 2009 

Source: OECD (2010). 

 

                                                           
8
 No data were found concerning Korea’s share of the total global installed PV capacity in 2011.  
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As can be noted from Figure 1, the most important sources of electricity generation are 

coal and peat, gas and nuclear power.
9
 The main conclusion that may be drawn on the 

basis of the figure is that even though solar PV capacity has grown impressively in 

recent years, this fuel source still plays a minor role compared to other fuel sources with 

respect to electricity generation.  

 

2.3 Public policy and solar PV  

As has been stated earlier, the public policies covered in this essay are public research, 

development and demonstration (RD&D) expenditures, feed-in tariffs (FIT’s) and 

tradable green certificates (TGC’s). In this thesis, it is argued that all these policies are 

important for the deployment of solar PV in the countries included in the panel data set 

(the data set which have been employed in this essay and only covers OECD member 

countries). Below follows information concerning the different policies. 

 

2.3.1 Research, development and demonstration (RD&D) expenditures 

According to public RD&D expenditure data in the OECD Statistics Database (2011a), 

all countries included in the panel data set (employed in this essay) have spent financial 

resources on solar PV RD&D. On average, about 20 million USD (2010 value) of 

public funds were spent in 2008 per country directed at supporting the deployment of 

solar PV (see also Figure 5 in section 6.2). In this thesis, it is argued that this makes 

RD&D expenditures an important policy for supporting technological progress in solar 

PV technology.  

 

2.3.2 Feed-in tariffs (FIT’s) 

According to Timilsina, et al. (2011), the FIT policy instrument is an important factor 

explaining the observed growth of installed PV capacity in recent years. Sijm (2002) 

defines the concept “feed-in tariff” as “the regulatory, minimum guaranteed price per 

kWh that an electricity utility has to pay to a private, independent producer of 

renewable power fed into the grid”. More specifically, in the same paper, a FIT 

instrument is defined as containing both the average market electricity price and a 

                                                           
9
 The contribution of heat to total OECD electricity generation is left out in Figure 1 because of its minor 

importance; roughly 0.00007 % of the electricity produced in 2009 in the OECD area can be attributed to 

heat.  
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premium above or additional to this while excluding other production subsidies and tax 

rebates. In fact, this definition of a FIT policy is the most common (Sijm, 2002).
10

  

 

The levels of FIT’s are sometimes based on avoided costs of using non-renewable 

power when generating electricity (Sijm, 2002). However, sometimes, the FIT’s may be 

fixed without any direct relation to these costs (ibid). FIT’s may be guaranteed for 

certain time periods and are sometimes differentiated with respect to the renewable 

energy technologies related to, e.g., solar energy, biomass, wind energy, etc. 

(Campoccia, et al., 2009 and Sijm, 2002). Moreover, the tariffs may also be 

differentiated on the basis of when, e.g., the time or season, the electricity is fed into the 

grid (Sijm, 2002). Important is also to note that FIT’s distribute the financial burden 

across the customers of electricity utilities and hence, the burden does not fall upon the 

taxpayer (Campoccia, et al., 2009).  

 

2.3.3 Tradable green certificates (TGC’s) 

In Sawin (2004), it is stated that one of the main types of quota policies is the renewable 

portfolio standard (RPS). According to Timilsina, et al. (2011), this type of policy can 

be supplemented with a trading regime, often referred to as a system of TGC’s. Under 

the RPS policy, targets are set for the penetration of renewable energies in the electricity 

supply mix. The foundation of the policy is that electricity suppliers are obligated to 

supply a certain amount of electricity generated by renewable energy sources with the 

amount often increasing over time (ibid). 

 

When the RPS policy targets are supplemented with a TGC system, the consequence is 

that electricity suppliers must demonstrate that they have complied with the targets by 

the possession of TGC’s in order to avoid paying a financial penalty (Timilsina, et al., 

2011 and Sawin, 2004). The workings of the TGC system is that electricity producers 

are credited with a certificate when a certain amount of green electricity has been 

produced and fed into the grid (Campoccia, et al., 2009). These certificates can be sold 

and traded on the market; some suppliers will choose to buy certificates to prove that 

they have complied with the obligation while some may choose to expand or start up the 

electricity production by using renewable energy sources (Timilsina, et al., 2011 and 

                                                           
10

 In this essay, this definition is adopted and used when collecting data for the FIT variable.   



13 
 

Campoccia, et al., 2009). The suppliers with relatively low costs of producing green 

electricity will most likely choose to produce the electricity themselves and sell some of 

the associated certificates to those with relatively high expansion or production costs 

(Timilsina, et al., 2011). Thus, the core of the TGC system is that it is up to the market 

actors to decide how they will meet the quota objectives and what renewable energy 

technology to produce electricity from.
11

 

 

                                                           
11

 According to Sawin (2004), sometimes quota obligations are differentiated with respect to the different 

renewable energy technologies. However, no country included in the panel data set (employed in this 

essay) has implemented a policy with such a design. This conclusion is based on the construction of the 

TGC variables in this thesis.   
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CHAPTER 3 

EMPIRICAL ASSESSMENTS OF THE INNOVATION IMPACTS OF 

ENVIRONMENTAL POLICIES IN THE SCIENTIFIC LITERATURE 

 

 

 

 

The objective of this chapter is to provide an overview of the scientific literature related 

to the purpose of this essay. Hence, the overview has been limited to empirical studies 

focusing on the role of policies in spurring innovations within renewable energy 

technologies. The chapter contains an explanation of how the search for relevant studies 

has been conducted and a presentation and short summaries of the relevant research. 

 

3.1 Search strategy 

Several databases have been consulted in the search for relevant literature. These were 

EconLit (Ebsco), Business Source Elite (Ebsco), Web of Science, and Google Scholar. 

The search strategy has relied heavily on identified keywords in already found, highly 

relevant, articles. These keywords were used and combined in search strings when 

searching the different databases mentioned above. For more information concerning 

the keywords and search strings used, see Table 1.  

 

Table 1: Keywords and search strings used in the literature search 

Keywords Search strings 

Economics 
“environmental policy AND innovation 

AND patent” 

Environment “patents AND environment” 

Environmental policy 
“patents AND environment AND policy 

AND economics” 

Innovation “patents AND policy AND environment” 

Patent(s) “patents AND renewable energy” 

Policy “patents AND solar” 

Renewable energy “policy AND innovation AND patents” 

Solar 
“renewable energy AND innovation AND 

patent” 

Technological change 
“renewable energy AND technological 

change AND patent” 

 

“solar AND innovation” 

“solar AND innovation AND patent(s)” 

“solar AND patents” 
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In addition to the database searches described above, many articles were found by 

skimming through the reference lists in already identified papers; this approach allowed 

for searching backwards in time. This method was complemented by searching for 

citations of essential papers in the database Web of Science; this approach allowed for 

searching forward in time. 

 

3.2 Previous research on the issue of renewable energy policies and innovation 

This subchapter contains a presentation and short summaries of the relevant scientific 

papers given the purpose of this essay (which is to examine the differential innovation 

effects of policies with respect to the solar energy technology field). Due to practical 

and methodological reasons, the literature overview has been limited to articles with an 

empirical approach focusing on policy induced innovations (proxied by patents) within 

renewable energy technologies related to solar, geothermal energy, wind, biomass, 

ocean energy and waste-to-energy. To acquire an overview of the literature, see Table 2. 

In sections 3.2.1 and 3.2.2, the articles are summarized in short (the most relevant 

articles can be found in 3.2.1 while a number of other relevant papers can be found in 

3.2.2).  
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Table 2: Overview of relevant literature 

Author Type Policy driver and indicator Scope 
Energy 

source(s) 
Main results 

Brunnermeier and 

Cohen (2003) 
Econometric 

Pollution abatement 

expenditures and government 

monitoring activities on patents 

1983-1992, 146 

US 

manufacturing 

industries 

Alternative 

energy sources 

among others 

(unclear what 

“alternative 

energy sources” 

refers to) 

Environmental innovations 

are positively affected by 

pollution abatement 

expenditures; the effect of 

increased enforcement on 

innovations is not 

significant; internationally 

competitive industries are 

more likely to innovate 

Jamasb and Pollitt 

(2011) 
Descriptive Liberalization reform on patents 

1958-2009, the 

electricity sector 

in the United 

Kingdom 

Hydro, 

geothermal, 

solar PV, solar 

power (general), 

wave/tidal and 

wind 

Liberalization has 

accelerated the declining 

trend of R&D activities; 

patent counts within 

renewable energy 

technologies initially 

increased after the reform 

but in recent years, the trend 

is declining 

Johnstone, et al. 

(2010) 
Econometric 

R&D support, investment 

incentives, tax incentives, tariff 

incentives, voluntary programs, 

obligations and tradable 

certificates on patents 

1978-2003, 25 

countries 

Wind, solar, 

geothermal, 

ocean and 

biomass/waste 

Broad-based policies are 

more likely to induce 

innovations within 

technologies that are close 

to competitive with fossil 

fuel technologies (e.g., wind 

energy); targeted policies 

are more likely to induce 

innovations within relatively 

costly technologies related 

to, e.g., solar energy 
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Table 2: Overview of relevant literature (continued) 

Author Type Policy driver and indicator Scope 
Energy 

source(s) 
Main results 

Karmarkar-

Deshmukh and 

Pray (2009) 

Econometric 

Public funding of R&D, 

subsidies and mandates on 

patents 

1978-2006, the 

private sector in 

the United 

States 

Biofuels 

Federal research grants and 

oil prices have significant 

and positive effects on 

innovations within biofuel 

technologies 

Lanjouw and Mody 

(1996) 
Descriptive 

Pollution abatement 

expenditures on patents 

1975-1988, 

Germany, the 

United States 

and Japan 

Wind and solar 

among others 

Correlation between 

abatement costs and 

innovations; innovations in 

one country responds to 

regulations in other countries 

Noailly (2011) Econometric 

Regulatory energy standards, 

energy taxes (captured by 

energy prices) and governmental 

energy R&D expenditures on 

patents 

1989-2004, 

seven European 

countries 

Solar, 

geothermal and 

biomass 

Regulatory energy standards 

positively affects 

innovations; the effect of 

energy prices is 

insignificant; R&D 

expenditures has a small but 

significant and positive 

effect 

Noailly and 

Batrakova (2010) 
Descriptive 

Voluntary agreements, tax and 

fiscal incentives, norms, 

subsidies and R&D support on 

patents 

1977-2006, the 

Dutch building 

sector 

Solar, 

geothermal and 

biomass 

Innovation trends display a 

similar pattern compared to 

the environmental policy 

trends 
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Table 2: Overview of relevant literature (continued) 

Author Type Policy driver and indicator Scope 
Energy 

source(s) 
Main results 

Rübbelke and 

Weiss (2011) 
Econometric 

Feed-in tariffs, premium prices, 

grants, investment tax credits, 

tax exemptions for consumers, 

energy/environmental taxes 

(proxied by environmental tax 

revenues), R&D expenditures, 

renewable energy certificates, 

the passage of the Kyoto 

Protocol and electricity market 

liberalization on patents 

1980-2008, 

nine countries 
Wind 

Price-based policies are 

more effective in stimulating 

innovations when energy 

markets are fully open to 

competition; the effects of 

non-price-based policies are 

independent of whether the 

market is liberalized or not; 

environmental tax revenues 

positively affects 

innovations 

Walz, et al. (2008) Econometric 

Public R&D expenditures and a 

policy index of innovation 

friendliness on patents 

1991-2004, ten 

countries 
Wind 

R&D subsidies and 

diffusion of technology 

positively affects patenting 

activity; policy index of 

innovation friendliness is 

positive and significant at 

the 10 % level in one of the 

three models 

Wangler (2009) Econometric 

Expenditures on R&D and 

period dummies (capturing the 

potential effects of a structural 

break caused by the shift 

between two legal systems 

regulating the electricity sector) 

on patents 

1990-2005, 

Germany 

Wind, solar, 

water/ocean, 

geothermal and 

biomass 

Market size positively 

affects innovations; 

electricity prices play a 

minor role in inducing 

patenting activities; no 

structural break is found 

between the Electricity 

Feed-In Law and the 

Renewable Energy Law 

 



19 
 

3.2.1 Highly relevant papers 

Two of the most relevant studies on the subject are those found in Johnstone, et al. 

(2010) and Rübbelke and Weiss (2011). In the first paper, the purpose is to analyze the 

differential effects of policies on innovations proxied by patent counts. The authors 

focus on a range of renewable energy technologies, i.e. patent categories, related to 

wind, solar, biomass and waste, geothermal energy and ocean energy. By having this 

broad focus, the authors examine whether some policies may be more suitable than 

others for encouraging innovations within certain renewable energy technologies.  

 

One of the most important findings in the study is that broad policies, such as tradable 

green certificates (TGC’s), are more effective (compared with feed-in tariffs (FIT’s)) in 

spurring innovations within renewable energy technologies which are relatively cost-

competitive with energy technologies applied for the use of fossil fuels. Also, the 

evidence suggests that targeted policies, such as FIT’s, are more suitable than TGC’s for 

stimulating innovations within renewable energy technologies which are still relatively 

costly. Thus, it is argued that TGC’s are suitable for stimulating innovations within 

wind power technologies while FIT’s are more effective in inducing innovations within 

the relatively more costly solar energy technologies.  

 

Another important finding in Johnstone, et al. (2010) is that the passage of the Kyoto 

Protocol has had positive and significant effects on innovations within renewable 

energy technologies overall but also with respect to technologies related to wind and 

solar energy. Moreover, public expenditures on R&D have a positive and statistically 

significant effect on innovations within wind and solar energy technologies but also 

with respect to technologies related to ocean and geothermal energy in some of the 

models estimated. 

 

The purpose of the study by Rübbelke and Weiss (2011) is to assess the effects of 

environmental policies on innovations, again proxied by patent counts, within the wind 

energy sector in seven European countries, Japan and the US. Furthermore, the authors 

aim to analyze this relationship against the background of the liberalization of energy 

markets in the two recent decades (liberalization reforms are explicitly controlled for in 

the study).  
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The evidence suggests that environmental tax revenues, which are considered as a proxy 

for the extent to which energy prices changed in favor of renewable energies, positively 

affect innovations in wind energy technologies. In addition, foreign demand for wind 

turbines also positively affects innovations in the wind energy sector. It is found that 

price-based policies, such as FIT’s, encourage innovations primarily when energy 

markets are open to competition (this is also the case for combinations of price-based 

policies). However, the innovation effects of non-price-based policies, such as grants or 

low-interest loans, seem to be independent of whether energy markets are open to 

competition or not.  

 

Other important findings are that oil prices have small effects on innovations and that 

technology-specific R&D expenditures increase patenting activities. Moreover, the 

Kyoto Protocol appears to have been an important factor in explaining the innovation 

trends within wind energy technologies.  

 

3.2.2 Other papers on the subject 

What can be generally concluded concerning the papers found in this subchapter is that 

instead of controlling for the differential effects of public policies, the authors have 

often relied on some sort of proxy such as pollution abatement expenditures or some 

other general proxy.
12

 For instance, in the study of Walz, et al. (2008), a policy index of 

innovation friendliness is employed. Furthermore, almost half of the articles rely on 

descriptive analysis where the effects of policies on innovations are never exposed to 

econometric tests. Below follow short summaries of some of the articles. 

 

In the study by Brunnermeier and Cohen (2003), the purpose is to examine the 

relationship between innovations and regulatory and non-regulatory pressures where the 

former is approximated with patents within technologies related to alternative energy 

sources among others (though, it is unclear what “alternative energy sources” refers to). 

This is the case while regulatory and non-regulatory pressures are proxied by pollution 

abatement expenditures. The main result is that innovations are positively correlated 

with pollution abatement expenditures. The empirical evidence also suggests that 

innovations are more likely to occur in industries that are internationally competitive. A 

                                                           
12

 Still, a relatively common non-proxy policy found in these papers is public R&D expenditures. 
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similar approach can be found in Lanjouw and Mody (1996) where the relationship 

between policies and innovations is studied while approximating the former with 

pollution abatement expenditures (as in the previous study, innovations are proxied by 

patent counts). By employing a descriptive research strategy and restricting the analysis 

to Germany, the United States and Japan, it is found that pollution abatement 

expenditures correlate with patents within wind and solar energy technologies (among 

other renewable energy technologies). In addition, the authors also study the above 

relationship through a diffusion perspective. The associated results suggest that 

environmental regulations in one country may affect innovations in another country.  

 

Instead of approximating policies with pollution abatement expenditures, an alternative 

approach can be found in Karmarkar-Deshmukh and Pray (2009) where the authors 

employ dummy variables to capture the effects of public subsidies and mandates on 

innovations within biofuel technologies.
13

 By controlling for the effects of these policies 

and public funding of R&D and oil prices, the authors conclude that public subsidies 

may encourage innovations within biofuel technologies (based on the econometric 

results). Furthermore, the evidence suggests that oil prices are positively and 

significantly correlated with innovations.  

 

While many papers found in this chapter are related to the theory of induced 

innovations, the article of Walz, et al. (2008) stands out since it borrow ideas from the 

theory of evolutionary economics in that it explicitly recognizes that there may be 

interaction effects between different public policies, institutions and the regulatory 

framework. The aim of the paper is to examine the relationship between environmental 

regulations and innovations against the background of innovation system theory (see 

                                                           
13

 This paper was not deemed highly relevant for the study in this thesis given the focus on biofuel 

technologies and that policies were approximated by dummy variables only (except public funding of 

R&D). Hence, there are two essential differences between the paper of Karmarkar-Deshmukh and Pray 

(2009) and this essay. First, this essay contains a study of the specific case of solar energy technologies 

(not biofuels). Second, in this essay, the relationship between policies and innovations is studied through 

a cross-country perspective which is suitable when constructing continuous policy variables (an approach 

not found in Karmarkar-Deshmukh and Pray (2009)). In this thesis, it is argued that a cross-country 

perspective implicates a larger data set than otherwise and a larger dataset translates into more 

observations with enough information for continuous variables to be constructed.  
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Lundvall (1985) to receive a deeper understanding of this perspective).
14

 Patents within 

wind energy technologies are used to approximate innovations and a policy index 

variable reflecting innovation friendliness is constructed and included in the model in 

order to control for the effects of environmental regulations (though, public R&D 

expenditures devoted to wind energy technologies are also included). It is stated in the 

article that the aim of the policy index variable is to include additional effects of the 

functions of an innovation system (effects not covered by, e.g., R&D expenditures).
15

 

The empirical results suggest that public expenditures on R&D are positively correlated 

with patenting activities. Moreover, the coefficient for the policy index variable is 

positive and statistically significant at the 10 % level in one of the models tested. This 

suggests that innovations within wind energy technologies are affected by the policy 

environment to some extent (in addition to the effects of, e.g., R&D expenditures).  

 

3.3 Conclusions based on the literature overview 

When analyzing the previous research, several conclusions can be drawn concerning the 

scientific literature focusing on environmental policies and their effects on innovations. 

First, it can be observed that the majority of the papers have employed an econometric 

approach; only three articles contain a descriptive study on the subject. Second, it can be 

argued that only a few studies can be classified as having a main focus on the 

differential effects of policies on innovations within renewable energy technologies 

(e.g., Johnstone, et al. (2010); Karmarkar-Deshmukh and Pray (2009); Rübbelke and 

Weiss  (2011)). While these articles explicitly focus on this issue, others focus on the 

more general relationship between environmental regulations and innovations (e.g., 

Brunnermeier and Cohen (2003); Lanjouw and Mody (1996); Noailly and Batrakova 

(2010); Walz, et al. (2008)). Alternatively, the three remaining articles, Jamasb and 

Pollitt (2011), Noailly (2011) and Wangler (2009), contain more situation specific 

research. For example, the study by Jamasb and Pollitt (2011) focuses on the innovation 

                                                           
14

 In this essay, it is argued that there are certain similarities between the innovation system theory and 

evolutionary economics (e.g., the recognition of possible interaction effects between actors, policies and 

institutions in an economy with respect to innovations).  

15
 The variable was constructed on the basis of whether the innovation friendliness in a certain country 

was judged to have improved, remained the same or deteriorated from the previous year (with the 

associated values +1, 0 and -1). The concept “innovation friendliness” encompasses functions in an 

innovation system such as supply of resources, demand articulation, etc.  
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effects of the liberalization reform of the electricity sector in the UK. Third, half of the 

articles study the issue of policies’ innovation effects through a cross-country 

perspective. Of these, only Johnstone, et al. (2010) and Rübbelke and Weiss (2011) 

focus on the differential effects of policies on innovations (both of these also make use 

of an econometric approach). Fourth, only one paper has studied the relationship 

between innovations and policies while testing whether there are any interaction effects 

between policies, institutions and the regulatory framework (i.e. Walz, et al. (2008)). 

Fifth, a majority of the econometric papers have controlled for the innovation effects of 

public R&D expenditures which suggests that this policy is viewed as important for 

explaining innovative activity. 

 

In conclusion, the question whether environmental regulations encourage innovations 

within renewable energy technologies has been fairly well studied and the relationship 

between these factors has been confirmed. Nevertheless, relatively few studies have 

focused on the differential effects of policies on innovations and even fewer have 

studied this specific issue through a cross-country perspective. These articles, e.g., 

Johnstone, et al. (2010) and Rübbelke and Weiss (2011), provide evidence that the 

innovation effects of policies are dependent on the renewable energy technology being 

supported and whether the energy markets are open to competition or not. Some 

policies are effective in encouraging innovations when the energy markets are open to 

competition while the innovation effects of other policies are independent of whether 

the markets are open to competition or not. Hence, the evidence suggests that policies 

do encourage innovations but these innovation effects are in turn dependent on other 

economic and institutional factors.  

 

In this essay, it has been noted that Walz, et al. (2008) is the only paper on the subject 

which recognizes that there may be interaction effects between certain functions in an 

innovation system (see section 4.3 for a theoretical treatment of this hypothesis).
16

 In 

the article, some limited evidence is provided suggesting that innovations are affected 

by the policy environment (as a whole) to some extent. In this essay, it is argued that 

interaction effects can also be tested for with respect to specific policies (e.g., RD&D 

                                                           
16

 According to Walz, et al. (2008), such functions may be supply of resources, demand articulation, etc.  
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expenditures
17

, FIT’s and TGC’s). Accordingly, synergy effects with respect to 

innovations are tested for when policies such as RD&D expenditures and FIT’s are in 

force simultaneously (see sections 5.1 and 7.1). Moreover, it is tested whether there are 

synergy effects with respect to innovations when policies such as RD&D expenditures 

and TGC’s are in force simultaneously.  

 

Finally, in the literature, public R&D expenditures are viewed as an important driver for 

innovative performance and this view has been supported by empirical evidence. 

However, in this essay, it has been noted that no paper has tested the innovation effects 

of RD&D expenditures while assuming that such expenses are cumulative, adding up to 

what might be referred to as a RD&D based knowledge stock (the issue of knowledge 

stocks has been applied empirically in, e.g., Söderholm and Klaassen (2007)). 

Accordingly, this essay tests whether innovations within solar PV technologies are 

dependent on cumulative RD&D expenditures by the inclusion of a knowledge stock 

variable in the econometric analysis (see sections 5.1 and 6.2 for a discussion and a 

definition of this variable). Still, it should be noted that public RD&D expenditures are 

also tested when the assumption of cumulative expenses adding up to a knowledge 

stock is dropped.  

                                                           
17

 RD&D refers to research, development and demonstration expenditures.  
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CHAPTER 4 

THEORETICAL PERSPECTIVES ON THE ECONOMICS AND POLICY OF 

TECHNOLOGICAL CHANGE 

 

 

 

 

This chapter contains two alternative theoretical perspectives on the issue of how 

technological innovations occur and may be encouraged. Within this topic, scientific 

controversies exist. In order to specify the theoretical ideas on which this essay mainly 

relies, the chapter ends with a summary of the adopted theoretical framework. 

 

4.1 Economics of technological change 

According to Jaffe, et al. (2001, 2002), economic theories of technological change can 

be traced back to the ideas of Joseph Schumpeter. In Schumpeter (1942), three stages 

within the process of technical change are identified; invention, innovation and 

diffusion. The first stage, invention, refers to the development of a technically or 

scientifically new process or product; some inventions are patented and some are not. 

The second stage, innovation, refers to the commercialization of a new process or 

product.
18

 Firms can in fact innovate without actually inventing something and this is 

accomplished when a firm has identified a previous idea which was never 

commercialized and takes this idea encapsulated in a new product or process to the 

market. The third stage, diffusion, refers to the process where a new product or process 

becomes widely spread for use in relevant applications through adoption. The first two 

stages are essentially carried out in private firms and this process is usually referred to 

as R&D. Moreover, these three stages collectively result in what is often referred to as 

the process of technological change (ibid).  

 

In the recent decades, a body of macroeconomic research literature has emerged which 

build on the concepts mentioned in the previous paragraph (Jaffe et al., 2001). This 

literature contains models of economic growth based on technological change where 

R&D is an endogenous variable. R&D spillovers dynamically generate increasing 

                                                           
18

 In this essay, the concept “innovation” refers to what Schumpeter defined as being an invention.   
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returns to investment, this allows an economy to endogenously invest in R&D and grow 

indefinitely on a theoretical basis.
19

 This is the case while technological change is 

treated as being exogenously given in the older neoclassical growth model (ibid). 

 

There are two essential research strands concerning the view of the determinants of 

innovative activity, these strands are here called the “induced innovation” approach and 

the “evolutionary” approach (Jaffe, et al., 2001, 2002). See the following subchapters 

for a summary of the different approaches.  

 

4.2 The induced innovation approach 

The theory of induced innovations was first introduced by Sir John Hicks, who claimed 

that a change in the relative prices of two production factors would spur innovations 

with the aim to economize the use of the factor which have become relatively more 

expensive (see Hicks (1932)).
20

 According to Jaffe, et al. (2001, 2002), the theory of 

induced innovations regards the firms’ investment activities in R&D as being profit-

motivated. Thus, the decisions concerning the nature and magnitude of the investments 

in R&D are governed by the firms’ efforts to maximize the expected discounted present 

value of cash flows. On the basis of this view, it is motivated to suppose that the 

direction and rate of innovations are likely to respond to changes in relative prices. For 

example, environmental policies either directly or indirect make the use of conventional 

energy sources more costly in the production of electricity.
21

 According to the theory, 

introduction of such policies would probably affect the firms’ investment decisions with 

respect to R&D and in turn R&D outcomes such as patents (ibid).  

 

                                                           
19

 As cited in Jaffe, et al. (2001), R&D spillovers refer to the phenomenon where a firm has invested in 

research and fails to exclude others from using the produced asset (i.e. know-how). In other words, the 

creator will not appropriate all of the social returns of the produced asset since much of the returns will 

spill over to competitors (ibid).  

20
 This statement has become known as the “Hicks hypothesis”. Noteworthy is that Hicks actually used 

the concept “invention” instead of “innovation”. According to Jaffe, et al. (2001), Hicks used the concept 

in a general sense, encompassing both innovation and invention.  

21
 It should be pointed out that this theory does not necessarily have to be applied to environmental 

economics. Instead, the theory contains a certain perspective on what determines innovative activity in 

general.  
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Given that this theory views R&D as an investment activity, it can be argued that R&D 

differs from investments in tangible assets (Jaffe, et al., 2001). While investments in 

production equipment can be mortgaged and used as collateral, investments in R&D 

cannot because of its characteristics as being intangible, specialized and sunk (ibid). In 

addition, there is a relatively high variance of the distribution of expected returns of 

R&D investments and thus a relatively high uncertainty involved when firms make 

these investment decisions (Scherer, et al., 2000). Besides the abovementioned 

difficulties firms face with respect to R&D investments, it should also be recognized 

that the asset, know-how, produced from these investments is hard to exclude 

competitors from using (Jaffe, et al., 2001). Due to these spillover effects, it is likely 

that private investment levels in R&D will be too low compared to the social optimum 

(Spence, 1984).  

 

Jaffe, et al. (2001) claim that since R&D investment activities can be regarded as being 

profit-motivated, it can be concluded that the investment decisions are governed by the 

expected returns but also the costs of R&D. The most important factors determining the 

levels of R&D are the after-tax cost of R&D (Hall and van Reenen, 2000), technological 

opportunity (Rosenberg, 1982), the size of the market (Schmookler, 1966) and 

appropriability conditions (Jaffe, 1988). All these factors vary over time, across markets 

and technologies and these are all affected by various government policies. An example 

of such a policy is a patent system; the main purpose of this policy is typically to 

overcome the spillover problem (Jaffe, et al., 2001).  

 

Even though it is often viewed that R&D investments are too low from a societal 

perspective, there is a counterargument suggesting that these investments are too high 

(Jaffe, et al., 2001). The basis of the argument is that the costs of R&D are fixed and 

these are financed through a stream of rents over time. If a R&D competitor makes 

entry, alternatively that an existing competitor raises its level of R&D investments, the 

expected returns earned by the other firms are reduced (ibid). This rent-stealing effect 

could, on a theoretical basis, lead to overinvestment in R&D (Mankiw and Whinston, 

1986). However, the empirical evidence gives support to the conclusion that the 

spillover effects dominate the rent-stealing effect, thus resulting in underinvestment in 

R&D from a societal perspective (Griliches, 1992).  
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4.3 The evolutionary approach 

The viewpoints of this approach are mainly based on the argument that firms are not 

optimizing their R&D investment decisions due to the large uncertainties involved with 

respect to these decisions (Jaffe, et al., 2001, 2002). As cited in Nelson and Winter 

(1982), firms are boundedly rational and engaged in “satisficing” rather than optimizing 

behavior. Within this approach, firms are using rules of thumb or routines when making 

R&D decisions concerning how much to invest and how to search for new technologies 

(Jaffe, et al., 2001, 2002 and Mansikkasalo and Söderholm, 2012).  

 

Given the belief of a non-optimizing world, a logical consequence is the recognition of 

the possibility that environmental policies may not necessarily result in reduced firm 

profits (Jaffe, et al., 2001, 2002). The recognition of this possibility is often referred to 

as Porter’s “win-win” hypothesis and this states that there is a theoretical possibility that 

environmental policies may lead to the discovery of profit opportunities which were 

previously undetected (given that firms are forced to rethink their R&D investment 

strategy). It is argued that firms may ignore to search for such opportunities as long as 

their business performs reasonably well since the firms are not engaged in optimizing 

behavior as previously stated (ibid). 

 

In Nelson (2009), it is claimed that this theoretical approach stresses the role of public 

policies as a part of an innovation system, consisting of a varied and complex set of 

institutional arrangements and actors. These arrangements and actors all affect the 

process of technological change and thus innovations (ibid). Moreover, in Mansikkasalo 

and Söderholm (2012), it is stated that the outcomes of public policies are dependent on 

system components such as knowledge accumulation and diffusion and informal norms. 

This implies that alterations of a policy (or the introduction of a new policy) should 

address that policy’s appropriate role within the innovation system. In addition, the 

process of technological change requires both learning and R&D and hence, R&D 

programs should not be implemented in isolation from practical application (ibid).  

 

4.4 Principal theoretical ideas 

The principal ideas employed in this essay can be found primarily in the literature 

covering the theory of induced innovations. In this thesis, it is argued that since the 

purpose is implicitly studied against the background of the Hicks hypothesis, the theory 
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of induced innovations is important (as stated earlier, this hypothesis constitutes the 

core within the theory of induced innovations). As discussed in section 1.4, the only 

policies included in the study are feed-in tariffs (FIT’s), tradable green certificates 

(TGC’s) and public research, development and demonstration (RD&D) expenditures. 

All of these policies affect the relative prices and hence the trade-off firms face when 

deciding whether to use conventional or renewable energy sources when producing 

electricity. This is the case while the Hicks hypothesis claims that firms will innovate 

with the aim to economize the use of the production factor which has become relatively 

more expensive. In the case of this essay, this production factor would be conventional 

energy sources since FIT’s, TGC’s and RD&D expenditures favor the use of renewable 

energy sources in electricity production. Hence, the connection between the included 

policies and the Hicks hypothesis motivate why the theory of induced innovations is a 

suitable theory from which to borrow ideas when examining the innovation effects of 

public policies.  

 

However, some ideas employed in this essay borrow from the literature covering 

evolutionary economics in that it is recognized that there may be interaction effects 

between different types of public policies (these effects are tested for in section 7.1).  

When testing if there are any synergy effects between RD&D expenditures and FIT’s 

(alternatively between expenditures and TGC’s), the view of an economy as an 

innovation system is implicitly borrowed from the evolutionary approach. Within this 

theoretical approach, the innovation effects of policies are dependent on the surrounding 

environment and in this specific case, the environment consists of public policies and 

whether these are in force or not.  
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CHAPTER 5 

MODEL SPECIFICATION AND ECONOMETRIC ISSUES 

 

 

 

 

In order to measure innovations, some sort of proxy need to be employed since an 

innovation cannot be measured in itself (Johnstone, et al., 2010). Given the alternatives 

(e.g., scientific personnel and R&D expenditures), patent counts are one of the best 

available indicators of innovations and patent counts have increasingly been adopted by 

researchers in recent years (Johnstone, et al., 2010 and Rübbelke and Weiss, 2011). This 

essay follows the literature in that it employs patent counts with respect to solar 

photovoltaic (PV) technologies to approximate innovations. Hence, the main idea with 

this essay is to test the patenting effects of certain public policies while controlling for 

other potentially influential factors.  

 

A balanced panel data set of 13 OECD countries and 31 years (1978-2008) has been 

employed for the econometric analysis.
22

 Given the nature of the research purpose (to 

examine the effects of policies on innovations within solar PV technologies), the choice 

of studying the issue through an econometric perspective is logical and necessary. By 

relying on an econometric research approach, it can be determined whether the 

innovation effects of policies are positive and statistically significant while still 

controlling for other potentially influential factors.  

 

This chapter contains a specification of the principal model formulated in this essay but 

also a discussion and definition of the variables employed for the econometric analysis. 

In addition, some important econometric issues are discussed and a presentation is 

provided of the different model specifications tested empirically in section 7.1. 

 

 

 
                                                           
22

 The countries included in the panel are Austria, Belgium, Denmark, France, Germany, Italy, Japan, 

Korea, Netherlands, Spain, Sweden, Switzerland and the United Kingdom. These countries were included 

in the study on the basis of patent and policy data availability.  
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5.1 Model specification 

A majority of the econometric papers on the subject have employed a negative binomial 

model when assessing the effects of environmental policies on innovations (e.g., see 

Johnstone, et al. (2010) and Rübbelke and Weiss (2011)). Furthermore, given that 

innovations are partly explained by country-specific differences with respect to, e.g., 

institutional factors and country size (which are assumed to be constant over the time 

period), it is motivated to employ a fixed effects model (Rübbelke and Weiss, 2011).
23

  

 

In order to fulfill the stated research purpose, the following principal, negative binomial 

model with fixed effects has been formulated in this thesis; 

 

                                              

                                     
(1) 

 

where i = 1, …, 13 and denotes the country and t = 1978, ...,2008 and denotes the year. 

The dependent variable,           , corresponds to patent counts with respect to solar 

PV technologies for country i in year t. According to OECD (2009), patent data can be 

sorted and compiled in a number of ways and it is crucial that suitable methodological 

decisions are made (given what the research purpose is). In this paper, patent 

applications filed under the Patent Cooperation Treaty (PCT) have been collected to 

approximate innovations (see section 6.1 for a thorough explanation of patent data and 

its advantages and drawbacks). In accordance with the recommendations in OECD 

(2009), the data have been sorted by inventor country of residence and priority date.
24

 

This is a suitable approach given that the purpose is to study inventive activity (ibid).  

                                                           
23

 Arguably, a random effects model is not suitable for the study in this thesis since at least one important 

precondition concerning this model has been violated. Given that only OECD member countries have 

been included in the panel, the precondition that the observations are randomly drawn from a given 

population is violated (Dougherty, 2007).  

24
 Patents may be sorted by, e.g., applicant and inventor country of residence (OECD, 2009). The former 

alternative reflects the innovative performance of a country’s firms, independent of where their research 

facilities are located. Thus, it is not suitable to employ this alternative when studying the innovativeness 

of countries’ local research facilities or labor force. In addition, patent data may be sorted by a number of 

different types of reference dates. However, when studying inventive activity, it is recommended to sort 
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On the right hand side of equation (1),        and        correspond to feed-in tariffs 

and tradable green certificates in country i and year t, respectively. The FIT instrument 

is probably the most common policy directed at supporting the deployment of solar PV 

technologies (e.g., see Campoccia, et al. (2009) and Dusonchet and Telaretti (2010)). 

The TGC policy is included in the model since it can be argued that this instrument 

complements the more targeted FIT policy (which can be differentiated with respect to, 

e.g., the renewable energy technology being supported). These policy variables have 

been constructed both as binary and continuous variables (the different measures are 

used depending on the model being tested, see sections 5.3 and 7.1). The binary 

variables are set to unity for the countries and years when a certain policy has been in 

force (e.g., when a FIT policy has been in force, the dummy variable reflecting FIT’s is 

set to 1 and 0 otherwise). In order to control for the effect of policy level stringency, a 

continuous FIT variable has been constructed and categorized on the basis of the price 

levels guaranteed to electricity produced by solar PV technologies in a country and year 

(see section 6.2). To measure the stringency with respect to the TGC policy variable, the 

variable has been constructed so that it reflects the percentage of electricity that 

electricity suppliers has to generate with solar PV technologies or cover with a 

certificate (see section 6.2). 

 

In this essay, the approach found in Söderholm and Klaassen (2007) is followed in that 

it is assumed that knowledge with respect to solar PV technologies in country i and year 

t depends on cumulative public RD&D expenditures directed at these technologies. It is 

recognized that these expenditures might add up to what can be referred to as a RD&D 

based knowledge stock. This is defined as;  

 

                                   (2) 

 

The RD&D based knowledge stock in country i and year t consists of two main 

components; the depreciated stock from the previous year (               ) where 

  represents the depreciation rate (     ) and annual RD&D expenditures directed 

at solar PV (        ) where   is the number of years it takes before the expenditures 

                                                                                                                                                                          
the data by priority date since this can be considered as closest to the invention date (the other date 

alternatives introduce time lag and it becomes difficult to compare the data across countries) (ibid).  



33 
 

add to the stock. In Klaassen, et al. (2005), it is recommended to assume a time lag of 

two years (   ) and a depreciation rate of 3 % (      ) and this recommendation is 

followed in Söderholm and Klaassen (2007). Accordingly, this approach was followed 

when constructing the stock variable for this thesis.
25

 Furthermore, the inclusion of this 

variable in the econometric analysis is supported by the theory of induced innovations 

in that it is stressed that R&D investment decisions within firms are dependent on the 

costs associated with making these decisions (e.g., see Jaffe, et al. (2001) and Hall and 

van Reenen (2000)). In this thesis, it is argued that the existence of a RD&D based 

knowledge stock should reduce these costs and thus have an effect on innovations. In 

addition, it should also be stressed that public RD&D expenses (on which the stock 

variable is built) result in more research being conducted within universities and 

research institutes. In turn, at least some of this research can be expected to be applied 

by firms in their private research efforts.  

 

However, by testing the innovation effects of a RD&D based knowledge stock, an 

environmental policy is implicitly tested (since the stock is constructed on the basis of 

public RD&D expenditures directed at solar PV technologies). In order to explicitly 

control for the effects of these expenditures, this policy is also tested when the 

assumption of cumulative expenses adding up to a knowledge stock is relaxed (the stock 

variable is omitted). It is assumed that public RD&D expenditures supporting solar PV 

technologies affect private R&D investment decisions in that the costs associated with 

these decisions are reduced (see Hall and van Reenen (2000)). As stated previously, 

public RD&D expenses also result in more research being conducted within, e.g., 

universities and this research can be applied by firms in their private research efforts. 

Moreover, a majority of the econometric papers found in the literature overview in 

section 3.2 have included R&D expenditures in their analysis (this makes it an 

important policy to test). 

 

                                                           
25

 See section 6.2 for a discussion of the initial conditions used to construct the stock variable. Arguably, 

this is important to specify given that the stock in year t depends on RD&D expenditures during earlier 

time periods. Moreover, in Appendix D, alternative time lags and depreciation rates are tested.  
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The variable           found in equation (1) represents the total PCT applications 

filed over all patent categories attributed to a given country and year.
26

 This variable is 

included in order to control for country-specific heterogeneity attributed to, e.g., the 

overall propensity to patent. According to the theory of induced innovations, 

appropriability conditions affect R&D investment decisions and thus innovations (Jaffe, 

1988).
27

 In this essay, it is argued that these conditions may correlate with the general 

patenting trend in a given country. Hence, for this reason it is motivated to include a 

patenting trend variable such as           in the econometric analysis.  

 

The variable           represents electricity consumption in country i and year t. 

According to the theory of induced innovations, demand constitutes an important factor 

in inducing innovations (Schmookler, 1966). A larger market results in more 

innovations due to increased incentives to innovate for electricity producers (ceteris 

paribus) (ibid). In this thesis, it is argued that market demand is reflected in electricity 

consumption. Similar reasoning can be found in, e.g., Johnstone, et al. (2010). Finally, 

country dummy variables (  ) have been included in the principal model in order to 

control for country-specific fixed effects attributed to, e.g., institutional factors, the 

regulatory framework, etc. (which are assumed to be constant over the time period 

studied). All residual variation is captured by the error term,     .  

 

Additional variables being tested in this essay are       ,           and          . 

The first variable is a dummy set to unity for the years the Agreement on Trade-Related 

Aspects of Intellectual Property Rights (TRIPS) has been in force.
28

 This agreement was 

negotiated in 1994 and this resulted in a harmonization with respect to patent rules 

across countries during the 1990’s. In this essay, it is argued that it is likely that the 

TRIPS agreement have affected patenting activities since PCT applications (the patent 

                                                           
26

 Total PCT data have been sorted by inventor country of residence and priority date (the same approach 

used for the data used to construct the dependent variable). See chapter 6 for a discussion of this data. 

27
 Appropriability conditions are environmental factors which affect the likeliness of spillover effects to 

occur.  

28
 It should be noted that this variable is the same for all countries included in the panel since the 

agreement sets standards for intellectual property rights within the member countries of WTO (an 

organization where all the countries are included) (see OECD, 2009). Because of this, no country 

subscript is needed.   
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indicator employed in this essay) are regarded as an internationally comparable 

aggregate (see OECD (2009)). The second and third variables (          and 

         ) are the variables used when testing for possible interaction effects between 

the public support policies and public RD&D (an issue raised in sections 3.3 and 4.3). 

These variables are defined as;  

 

                         

                        
(3) 

 

where        represents RD&D expenditures directed at solar PV in country i and year 

t. Moreover, the variables        and        represents the feed-in tariff and tradable 

green certificate policy in country i and year t. In this case, both of these are measured 

as dummy variables and set to unity for the years when the policy has been in force 

(e.g., the FIT dummy equals 1 when a FIT policy is active and 0 otherwise). By testing 

these interaction variables, it is tested whether RD&D expenditures have additional 

effects when in force simultaneously with a FIT or a TGC policy (beyond the effects of 

when the policy is in force but no FIT or TGC policy is active). The recognition of this 

possibility is supported by the theory of evolutionary economics since this paradigm 

stresses that innovations are dependent on an innovation system, consisting of a varied 

and complex set of institutional arrangements and actors (e.g., see Nelson (2009)).  

 

5.2 Econometric issues 

According to Cameron and Trivedi (1998), count data models are suitable for the 

estimation of event counts. In this essay, an event count refers to a patent application 

filed under the Patent Cooperation Treaty (PCT) with respect to solar PV. Rübbelke and 

Weiss (2011) discuss the possibility of using either a Poisson regression model or a 

negative binomial model when estimating innovation effects (using patents as a proxy 

for innovations). Generally, the former model is too restrictive for count data and thus, 

the latter is more suitable to employ (Cameron and Trivedi, 2005). The restrictiveness 

manifests itself in that the predicted probability of zero counts is often less than what is 

actually observed in the sample (there are more zeros in the data than what is being 

predicted). This problem is referred to as the excess zeros problem. Furthermore, the 

Poisson model implies equality between the mean and the variance of a variable 
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(equidispersion) when in practice, the variance usually exceeds the mean in the case of a 

count variable (overdispersion) (ibid). For these reasons, a negative binomial model has 

been employed in this essay. 

 

According to Dougherty (2007), there exist a number of different fixed effects models 

to choose between when running panel data regressions. An important difference 

between them is how the effects of unobserved explanatory variables are dealt with. 

Some models involve adjustments for these effects in order for them to disappear while 

some involve explicit controls for the effects of unobserved explanatory variables 

(bringing the effects into the model) (ibid). In this thesis, a fixed effects model 

explicitly controlling for the effects of unobservable country-specific heterogeneity has 

been employed. This choice is supported by the fact that a similar approach can be 

found in Rübbelke and Weiss (2011) and Johnstone, et al. (2010). 

 

Given the methodological choice of explicitly controlling for the effects of country-

specific heterogeneity, a following decision concerns whether or not to rely on the built 

in function of fixed effects in the econometric software (LIMDEP has been employed 

for the study in this thesis). This issue has been analyzed in Allison and Waterman 

(2002) where the approach of relying on the built in function in LIMDEP is referred to 

as a conditional negative binomial model. The alternative approach, which involves the 

manual inclusion of country dummies, is referred to as an unconditional negative 

binomial model. It is concluded that the conditional model is not a true fixed effects 

model and thus, the unconditional model is recommended to employ when running 

count data panel regressions (ibid). On the basis of this, an unconditional negative 

binomial model has been employed in this essay (the same approach can be found in 

Rübbelke and Weiss, 2011). 

 

Finally, the interpretation of the estimated coefficients of a negative binomial model is 

not straightforward in that it is difficult to understand the magnitude of the innovation 

effects of the variables. According to UCLA (2012), the estimated coefficients are 

formally understood as the difference between the logarithms of expected counts and 

this is mathematically expressed as; 

 



37 
 

            
         

  (4) 

 

where   corresponds to an estimated coefficient and   is the expected count. The 

subscripts denotes where an independent variable ( ) is evaluated, e.g., at    and      

(i.e. a one unit change in the explanatory variable) (ibid). In order to ease the 

interpretation, the estimated coefficients have been transformed to incidence rate ratios 

(IRR’s) in section 7.1. The IRR’s are calculated as exp( ) and may be interpreted as 

percentage factors (arguably, this allow for a more convenient interpretation of the 

results). For instance, an estimated coefficient equal to 0.0039 can be transformed to its 

corresponding IRR which is approximately equal to 1.004 (this is done by using 

exp( )). Hence, for a one unit increase in the explanatory variable, the dependent 

variable is expected to increase with a factor of 1.004 (i.e. 0.4 %).  

 

5.3 Summary of all model specifications tested 

In this section, an overview is provided of all the model specifications (models 1-8) 

estimated in section 7.1 (see Table 3). The main idea of Table 3 is to ease the reader’s 

understanding of how the models differ with respect to the variables included on the 

right hand side (i.e. the explanatory variables). In this essay, it is argued that it is 

motivated to estimate a number of alternative model specifications since this facilitates 

an understanding of how robust the empirical results are.  
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Table 3: Model specifications tested (models 1-8) 

Dependent 

variable 
Explanatory variables 

Patent counts 

Model 1 

(M1) 

Model 2 

(M2) 

Model 3 

(M3) 

Model 4 

(M4) 

Model 5 

(M5) 

Model 6 

(M6) 

Model 7 

(M7) 

Model 8 

(M8) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

FIT’s 

(continuous) 

TGC’s 

(binary) 

TGC’s 

(binary) 

TGC’s 

(continuous) 

TGC’s 

(continuous) 

TGC’s 

(continuous) 

TGC’s 

(continuous) 

TGC’s 

(continuous) 

TGC’s 

(continuous) 

Knowledge 

stock 

Knowledge 

stock 

RD&D 

expenditures 

RD&D 

expenditures 

Knowledge 

stock 

Knowledge 

stock 

RD&D 

expenditures 

RD&D 

expenditures 

Total PCT’s Total PCT’s Total PCT’s Total PCT’s Total PCT’s Total PCT’s Total PCT’s Total PCT’s 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Country 

dummies 

Electricity 

consumption 
  

TRIPS 

agreement 
 

TRIPS 

agreement 
EXPFIT* 

TRIPS 

agreement 

      EXPTGC** EXPFIT* 

       EXPTGC** 

*                         (where the FIT policy is measured as a dummy variable) 

**                         (where the TGC policy is measured as a dummy variable) 
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CHAPTER 6 

DATA SOURCES AND DESCRIPTIVES 

 

 

 

 

This chapter contains a discussion concerning what data sources that have been 

consulted for the study in this essay. Moreover, the data used for the construction of key 

variables are also presented in figures in order to provide a more thorough view of the 

data being employed in the study. Finally, a discussion regarding validity and reliability 

issues is provided in the end of the chapter.  

 

6.1 Patent data 

As stated previously in this essay, patent counts will be used as a proxy for innovations. 

This approach can be found in various articles on the subject, e.g., Johnstone, et al. 

(2010) and Rübbelke and Weiss (2011). As previously recognized, an innovation itself 

cannot be measured and thus, researchers need to employ some sort of proxy. However, 

according to Johnstone, et al. (2010), the amount of available proxies is limited and 

most of these are imperfect indicators at best. Two common indicators, adopted by 

researchers, are number of scientific personnel and R&D expenditures (ibid). In 

Rübbelke and Weiss (2011), it is stated that the reasoning behind the adoption of one of 

the above proxies is that an increase in R&D expenditures or scientific personnel is 

likely to correlate with an increased number of inventions and innovations. However, 

the suitability of these proxies to measure an economy’s innovation performance may 

be questioned because of the fact that these indicators are inputs into innovation 

activities (Johnstone, et al., 2010).  

 

According to Rübbelke and Weiss (2011), patent counts have increasingly been adopted 

by researchers in recent years and patents are in fact outputs of innovation activities (as 

opposed to the previously mentioned proxies). In OECD (2009), it is claimed that 

“patents grants their owner a set of rights of exclusivity over an invention (a product or 

process that is new, involve an inventive step and is susceptible of industrial 

application) as defined by the “claims” ”. In other words, the owner of an invention 

may, when granted a patent protection, exclude others from using it (i.e., exclude others 
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from producing, selling or importing the invention) for a certain time period and in 

certain jurisdictions (ibid).  

 

Some of the advantages of using patents to approximate innovations are that patent 

documents have a close, if not perfect, link to inventions and each document contains 

detailed information about the applicant, the inventor and the invention (OECD, 2009). 

Moreover, one key advantage with patents is that the data is discrete, i.e. ready for 

econometric analysis (Johnstone, et al., 2010). Some of the main disadvantages with 

patent data are that the value distributions of patents are highly skewed (Schankerman, 

1998), and some inventions are never patented (OECD, 2009). Concerning the former 

mentioned disadvantage, most patents lack of industrial application while some are very 

profitable. Another problem with relying on patent data is that there are heterogeneous 

patent laws and practices across countries and the propensity to patent may differ 

between countries as well (ibid). In Johnstone, et al. (2010), it is stated that 

heterogeneous patent regimes may lead to comparisons of “apples and oranges” since a 

patent in one country may protect an invention while it takes several patents in another 

country to protect the same invention.  

 

Despite the above mentioned problems with using patents to reflect economies’ 

innovation performances, patent counts are still the best available source of data given 

the alternatives (Johnstone, et al., 2010). Moreover, most of the disadvantages with 

patent data can be dealt with by making suitable methodological decisions (OECD, 

2009). The most important of these decisions concern the country of reference, the date 

of reference and what internationally comparable aggregate to use (ibid). However, 

before these issues are discussed, a short explanation will follow regarding the general 

patenting process.  

 

According to OECD (2009), in order for an individual to obtain a patent protection for 

an invention, an application has to be filed to a patent office, e.g., a national, regional or 

international patent office. For the application, administrative fees must be paid by the 

individual. The patent office, where the application was filed, then examines whether 
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the application fulfills the patentability criteria or not.
29

 If the application is granted, the 

patent protection lasts in 20 years given that the individual pays renewal fees during the 

time period. Moreover, if the application was filed in a national patent office, then the 

protection is valid only in that country. Usually, patent protection is first sought in the 

applicant’s home country which may be followed by foreign filings. The date of the first 

application is commonly referred to as the priority date (date of reference) and the 

country in which this application is filed is referred to as the priority country (country of 

reference) (ibid).  

 

In OECD (2009), it is argued that the existence of “home advantage” bias motivates 

why it is unsuitable to compile patent statistics from a single patent office. It is reasoned 

that domestic applicants tend to have higher filing counts in their home country than 

non-resident applicants and that this relatively high share is caused by factors not 

directly related to technology.
30

 However, as mentioned previously, there exist 

internationally comparable aggregates for researchers to use when analyzing and 

comparing countries’ inventive performance. Triadic patent families (TPF’s) and 

patents filed under the Patent Cooperation Treaty (simply referred to as PCT’s) are 

relatively free from the home bias problem and, thus, suitable for international 

comparison (ibid).  

 

A PCT application starts with the filing of an international application to either a 

national or regional office, alternatively directly to the international patent office 

(OECD, 2009).
31

 The PCT procedure consists of two principal phases; an international 

and a national/regional phase. In the first phase, the International Search Authorities 

                                                           
29

 According to OECD (2009), the invention must be novel, inventive (non-obvious) and susceptible for 

industrial application in order to be patentable.  

30
 An example of one factor which would affect the relative share of counts of non-resident applicants in a 

foreign country is trade links (OECD, 2009). If there are high export volumes from country A (in this 

example, this would be the country of non-residents) to country B, this will trigger patent applications in 

country B from applicants in A in order for them to protect their technology (ibid). The problem arises 

however when considering the possibility that some countries may not have any interest in trading or 

doing business with country B (some countries may then be underrepresented when analyzing filing 

counts in the patent office of country B exclusively).  

31
 After January 2004, a PCT application automatically designates all the PCT signatory states (OECD, 

2009). Before this, the applicants had to specify for what countries the protection was intended for (ibid).  
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(ISA) conducts a preliminary investigation concerning whether the invention may fulfill 

the patentability criteria or not and the applicant may also request a report containing a 

second evaluation of the potential patentability. The results of the investigation along 

with the application are published 18 months after the priority date (the date of the first 

filing). Since all patent applications must have a national status (patents must be granted 

in national patent offices in order for the protection to be active), the international 

application finally enters the national phase after 30 months from the priority date. After 

the transfer to the second phase, it takes approximately 6 months before this step is 

published at the national patent office (ibid).  

 

One of the drawbacks of using PCT data are that the total global PCT usage saw an 

expansion from 1990 to about 2000 and the existence of this transition period implicates 

that comparisons across countries and time trends should be interpreted with care 

(OECD, 2009). Japan and Korea are two countries which began using the PCT 

procedure relatively late. However, these countries (among others) are well represented 

from the early 2000’s. Other drawbacks are that applicants still make uneven use of the 

procedure across countries and that many PCT applications cover inventions which 

ultimately are proven to have little value (some applications never even result in actual 

patents). Since the international phase involves relatively low costs for the applicant, 

many applications are filed just in case the invention is worthy of taking on additional 

and relatively high costs associated with a potential national filing. Thus, many 

applicants postpone the decision whether to move forward to the national phase as long 

as possible since they then may draw use of additional information concerning the 

potential value of the invention (ibid). 

 

The alternative patent indicator to use is the TPF which is defined as a set of patent 

applications to the Japan Patent Office (JPO), European Patent Office (EPO) and grants 

by the US Patent and Trademark Office (USPTO), all of which sharing one or more 

priority applications (OECD, 2009). The main advantage with using TPF’s is that the 

problem of patent value heterogeneity is eliminated since patentees only file 

applications in multiple countries if it is deemed economically viable. On the other 

hand, TPF data is plagued with weak timeliness due to publication delays and it has 

been recognized that it may be inappropriate to study technologies that focus on specific 

industrial application when using this type of data (OECD, 2009 and Popp, 2007).  
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In this thesis, patent applications related to solar photovoltaics (PV) and filed under the 

PCT have been extracted from the OECD Statistics Database (2011a) to approximate 

innovations.
32

 The patent counts were collected at the international phase, designating 

the EPO.
33

 The PCT data has been sorted by inventor country of residence and priority 

date, an approach that has been recommended in OECD (2009) when the research 

purpose is to study inventive activity.
34

  

 

The main reason behind choosing PCT’s over TPF’s is that the PCT data were available 

for the years 1978-2008 while data with respect to the latter patent indicator were 

available for the shorter time period 1985-2001. This choice is motivated and suitable 

since many countries included in the panel have introduced tradable green certificates 

(TGC’s) during the 2000’s. In addition, some of the countries also introduced feed-in 

tariffs (FIT’s) during the late 1990’s and in the beginning of the 2000’s. Arguably, by 

choosing to collect PCT data at the national phase, the problem of patent value 

heterogeneity is effectively avoided. However, no such data were available in the 

database.  

 

It is meaningful to construct figures of the collected PCT data in order to acquire an 

overview of the recent trends in patenting activities.
35

 Figure 2 displays PCT counts per 

                                                           
32

 The OECD Statistics Database contains patent data which have originally been extracted from the EPO 

(EPO Bibliographic database, publications up to December 2011). The PCT data were extracted from the 

category named “solar PV” in the OECD database. See appendix A for an overview of the included patent 

classifications in this category. 

33
 The EPO designation may seem strange given the previously mentioned change in the PCT procedure 

in 2004 (all PCT signatory states are now designated automatically). However, since applicants had to 

specify for what countries the protection was intended for before 2004, this specific designation makes 

sense. Moreover, remember that the PCT data have been originally extracted from the EPO. It should also 

be noted that the designation was pre-determined in the database and no alternative designation was 

available to choose.  

34
 The data can be sorted by, e.g., applicant and inventor country of residence (OECD, 2009). However, 

choosing to rely on the former is not recommended when studying inventive activity. In addition, the data 

can be sorted by other types of reference dates besides the priority date. Still, it is recommended to rely on 

the priority date when studying inventive activity as well (ibid).   

35
 It should be noted that the following analysis of PCT trends does not account for relative differences in 

the size of countries’ economies. PCT counts could be weighted by, e.g., GDP figures, and this approach 

would yield an alternative view concerning what countries that have the highest counts.  
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year attributed to a selection of the high patenting countries included in the panel during 

the time period 1978-2008.  

 

 

Figure 2. PCT counts with respect to solar PV technology in high patent countries 

included in the panel data set 

Source: OECD Statistics Database (2011a).  

 

As can be seen in Figure 2, Japan has been the most important patenting country with 

respect to PCT applications related to solar PV since 2000. Furthermore, Germany also 

plays a significant role in explaining the total PCT applications during the last few 

years. The use of PCT applications has clearly expanded after the beginning of the 

1990’s (as stated earlier and mentioned as a drawback of using PCT data). A similar 

analysis can be conducted by investigating the corresponding data for a selection of 

countries with relatively low PCT counts (see Figure 3). In the data set employed in this 

essay, the low patent countries include Austria, Belgium, Italy, Spain and Sweden.  

 

 

0 

50 

100 

150 

200 

250 

300 

350 

P
C

T
 a

p
p

li
ca

ti
o
n

s 
(#

) 

Germany Japan Korea United Kingdom 



45 
 

 

Figure 3. PCT counts with respect to solar PV technology in low patent countries 

included in the panel data set 

Source: OECD Statistics Database (2011a).  

 

In Figure 3, the PCT usage expanded a few years later; approximately around 

1995/1996. Moreover, among these countries, Italy, Spain and Austria have the highest 

PCT counts in recent years. However, Belgium and Sweden are on the rise and it can be 

noted that only these two countries exhibit positive trends during 2007/2008. When 

taking both Figure 2 and 3 into account, it may be concluded that the general PCT trend 

has been mostly positive after 2000 and that even though some declines are displayed in 

the data, the patent counts are still significantly higher than in previous decades. These 

conclusions give rise to the question whether the relatively high patenting activities 

have coincided with an expansion of environmental policies directed at solar PV.  

 

6.2 Explanatory variables 

A continuous variable reflecting FIT price levels has been constructed in order to 

estimate the potential innovation effects of one of the most widespread environmental 

policies directed at solar PV (see Campoccia, et al. (2009); Dusonchet and Telaretti 

(2010); Timilsina, et al. (2011)). The FIT variable is categorized on an annual basis and 

in USD and 2005 prices per MWh (a consumer price index was used to deflate the 
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figures since no suitable producer price index was found).
36

 The FIT data originate from 

sources such as IEA (2004, 2012a, 2012b) and Cerveny and Resch (1998) but also from 

various national sources and websites. In Johnstone, et al. (2010), tariff rates were 

documented in years where policies were updated or enacted (for some countries, 

annual rates were documented however). In this essay, tariffs were documented 

annually after an enactment and before any policy changes (given that there were no 

reasons to believe that this should not be the case). This approach allowed for the 

collection of annual tariff rates for the majority of countries in the panel. Finally, it 

should be mentioned that the FIT dummy variable was constructed on the basis of the 

continuous FIT variable (the dummy was set to unity for the countries and years when 

the continuous variable was positive and zero otherwise).  

 

TGC’s have been constructed as a binary and a continuous variable and the sources used 

for these are primarily IEA (2004, 2012a, 2012b) and various country-specific sources 

and websites. The binary variable was set to unity for the countries and years when a 

TGC policy was in force.
37

 To measure the stringency level with respect to the 

continuous TGC variable, the variable has been constructed so that it reflects the 

percentage of electricity that electricity suppliers have to generate with renewable 

energy technologies or cover with a certificate. This stringency construction approach 

borrows heavily from the work in Johnstone, et al. (2010).  

 

Most of the countries included in the panel have introduced FIT’s during the 1990’s but 

the TGC policy has been implemented later with the majority of introductions occurring 

after the 2000’s. Figure 4 displays an overview of the historical development of these 

policies.  

 

                                                           
36

 It is assumed that the original FIT’s were presented in nominal figures. The consumer price index was 

extracted from the OECD Statistics Database (2011a) which contains price index data originally collected 

from the IMF publication “International Financial Statistics”. Data concerning exchange rates were also 

extracted from the above mentioned database. However, these data were also complemented by data from 

Antweiler (2012)). In both exchange rate data sources, national currencies per USD were presented.  

37
 The variable was set to unity after an enactment and before any policy changes (given that there were 

no reasons to believe that this should not be the case). A similar approach was employed when 

constructing the continuous TGC variable.  
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Figure 4. Average FIT’s per kWh and the number of countries with TGC’s in the 

panel data set 

Source: IEA (2004, 2012a, 2012b).  

 

As can be observed in Figure 4, the average FIT per kWh has increased strongly during 

the 1990’s and 2000’s. In 1991, the average FIT was about 0.02 USD per kWh and in 

2008, the corresponding figure was about 0.33 USD. Moreover, in 2000, there was only 

one country with a TGC policy in force while in 2008, the corresponding figure was six. 

On the basis of the analysis of Figures 2-4, it can be concluded that the patent expansion 

with respect to solar PV has coincided with the deployment of environmental policies 

such as TGC’s and FIT’s. 

 

In accordance with the induced innovation literature, it is safe to assume that R&D 

investments, and thus innovations, are dependent on the cost of R&D activities. Hence, 

a variable representing economies’ accumulated knowledge stock has been included in 

the econometric analysis since the existence of this should reduce the R&D investment 

costs. In addition, public RD&D expenses (on which the stock variable is built) result in 

more research being conducted within, e.g., universities, and some of the produced 

know-how may be applied by firms in their private research efforts. The data used when 

compiling this variable stem from the OECD Statistics Database (2011a), which 

contains data on public research, development and demonstration (RD&D) expenditures 
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in million USD and 2010 prices and exchange rates directed at solar PV technologies.
38

 

The construction of this variable relies heavily on the work in Söderholm and Klaassen 

(2007) and Klaassen, et al. (2005).  

 

When taking into account that the accumulated stock in country i and year t depends on 

the depreciated stock from the previous year and that there is a time lag between RD&D 

expenditures and their addition to the stock, a precision of the initial conditions 

becomes important. In IEA (2010b), RD&D expenditures are available from 1974 and 

this constituted the initial conditions when constructing the stock variable. According to 

Rübbelke and Weiss (2011), several countries introduced R&D programs with the 

purpose to find more efficient ways of harnessing renewable energy resources after the 

first oil price shock in 1973. On the basis of this, it is reasonable to assume that RD&D 

expenditures were virtually zero before 1974 in many countries.  

 

As has been recognized previously, when testing the effects of a RD&D based 

knowledge stock, a public policy is implicitly tested since the stock is constructed on 

the basis of public RD&D expenditures directed at solar PV technologies. In this essay, 

this policy is also explicitly tested when the assumption of a cumulative knowledge 

stock in an economy is relaxed.
39

 The theoretical reasoning motivating the inclusion of 

the stock variable in the analysis applies for this variable as well. 

 

The RD&D expenditure data employed in this essay display an overall increasing trend 

during 1978-2008 (see Figure 5). In 1978, the panel data countries devoted, on average, 

about 4 million USD directed at solar PV technologies (2010 value). The corresponding 

figure in 2008 was about 20 million USD (2010 value). This suggests that public 

RD&D expenses have increased significantly during the time period. It can be seen that 

average public RD&D expenses increased substantially in the end of the 1970’s and in 

the beginning of the 1980’s and this might be interpreted as a policy response to the 

second oil crisis in 1979. Moreover, average RD&D expenses have been on the rise 

with few downturns between 1994 and 2006. This is interesting to note since both FIT’s 

and TGC’s were first introduced during this time period in the countries included in the 
                                                           
38

 The RD&D data in the database have originally been extracted from IEA (2010b).  

39
 Since the stock variable was constructed on the basis of RD&D expenditure data, the data used for 

constructing this variable has already been referred to.   
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panel data set (this suggests that environmental issues received more political attention 

during this time period since multiple policies were enacted and in force 

simultaneously). Finally, given that the knowledge stock variable is constructed on the 

basis of public RD&D expenditure data, the developments displayed in Figure 5 are 

important also for this variable. Higher RD&D expenses implicate a larger knowledge 

stock (ceteris paribus).  

 

 

Figure 5. Average public RD&D expenditures directed at solar PV technology in 

the countries included in the panel data set 

Source: OECD Statistics Database (2011a). 

 

In order to control for the effects of country-specific heterogeneity attributed to, e.g., the 

propensity to patent and scientific capacity, a variable representing total PCT 

applications (attributed to a given country and year) has been included in the analysis as 

stated earlier. A similar approach can be found in Johnstone, et al. (2010). The data used 

to construct this variable has been extracted from the OECD Statistics Database (2011a) 

and has been sorted by inventor country of residence and priority date (the same 

approach as for the dependent variable).
40

 The data constitute of PCT applications (in 

thousands) at the international phase, designating the EPO, across all patent categories 

                                                           
40

 The OECD Statistics Database contains patent data which have originally been extracted from the EPO 

(EPO Bibliographic database, publications up to December 2011).  
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(not just solar PV). Hence, this variable may be interpreted as a trend variable. 

According to Jaffe (1988), appropriability conditions affect R&D investment decisions 

(and thus innovations).
41

 By assuming that these conditions correlate with the general 

patenting trend in a given country, it is motivated to include a variable reflecting total 

PCT applications in the analysis.  

 

Finally, a variable reflecting electricity consumption (i.e. overall market demand) has 

been included in the analysis in order to control for the effect of market size on 

innovations. According to the induced innovation literature, the larger the market for 

innovations with respect to solar PV, the higher are the incentives for electricity 

producers to innovate (e.g., see Jaffe (2002) and Schmookler (1966)). A larger market 

for innovations implicates larger profit opportunities and since the producers are profit 

maximizers, the incentives are positively affected. The consumption data were extracted 

from the OECD Statistics Database (2011a) and are measured in total TWh.
42

 In order 

to acquire an overview of the explanatory variables, see Table 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                           
41

 Appropriability conditions are environmental factors which affect the likeliness of spillover effects to 

occur.  

42
 The database contains observed electricity consumption figures which are based on IEA (2011b).  
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Table 4: Descriptive statistics for the explanatory variables (1978-2008) 

Variable Obs. Mean SD Min. Max. 

FIT’s (continuous, USD/MWh, 

2005 prices) 
403 106.7280 203.6410 0 784.1550 

FIT’s (binary) 401 0.3716 0.4838 0 1 

TGC’s (continuous, percentages) 385 0.3534 1.7207 0 16.3000 

TGC’s (binary) 403 0.1017 0.3027 0 1 

Knowledge stock (based on 

RD&D expenditures, million 

USD, 2010 prices and exchange 

rates) 

403 196.9358 318.1078 1.9902 1927.9920 

RD&D expenditures (million 

USD, 2010 prices and exchange 

rates) 

403 17.8406 29.7707 0.2900 210.9990 

Total PCT’s (thousands) 403 2.1494 4.1183 0 27.2315 

Electricity consumption (TWh) 403 219.4920 219.4670 20.7640 1025.7600 

TRIPS agreement (binary) 403 0.4839 0.5004 0 1 

Interaction variable* 401 10.2933 26.1661 0 210.9990 

Interaction variable** 403 2.9542 18.0010 0 210.9990 

*                         (where the FIT policy is a binary variable) 

**                         (where the TGC policy is a binary variable) 

 

6.3 Validity and reliability issues 

When dealing with patent data, there are two essential sources of error; inclusion of 

irrelevant patents (patents with respect to other technologies not related to solar PV) and 

exclusion of relevant patents (Rübbelke and Weiss, 2011 and Johnstone, et al., 2010). 

Both error types would affect the validity of the econometric analysis. However, when 

compiling patent data connected to renewable energy technology, these errors are 

minimized because the definitions of relevant patent classifications allows for easy 

identification of relevant patents (Johnstone, et al., 2010). Since PCT’s were extracted 

from a category called “solar PV” in the OECD Statistics Database (2011a), no patent 

search has been conducted for the study in this essay. It has been assumed that both 

error types mentioned above have been minimized when the data were originally 

compiled.  
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As discussed earlier, PCT data have several flaws. First, the usage of the PCT procedure 

saw a transition period during the 1990’s with the implication that cross-country 

comparisons and time trends should be interpreted with care. In this thesis, it is 

recognized that there is a potential risk that the innovation effects of environmental 

policies might be overestimated due to this late expansion of PCT usage. According to 

Figures 2 and 3, virtually no PCT applications were filed until the 1990’s and around 

the time when the use of PCT’s expanded, the environmental policies were introduced 

in many countries. This suggests that the estimated relationship between policies and 

innovations might be overestimated since innovators may have sought patent protection 

through other patenting routes before the PCT expansion period. If the above is true, the 

validity of the analysis would be affected since the possibility of alternative patenting 

routes is ignored. Second, PCT data are associated with the patent value heterogeneity 

problem. In other words, many PCT applications are associated with inventions which 

ultimately prove to have little economic value while some are associated with 

inventions which have high value. Some applications never even result in actual patents. 

This problem affects the validity of the analysis.  

 

Another issue associated with the PCT data is that applicants had to designate the EPO 

explicitly before the change in the procedure in 2004 (after this, all PCT signatory states 

are designated automatically). Given that some countries may have been more interested 

than others to designate the EPO in their filings, the PCT data are troubled by home bias 

to some extension (though, PCT’s are recognized as being a suitable internationally 

comparable aggregate given the alternatives). It should also be remembered that 

countries still make uneven use of the PCT procedure as a patenting route. Home bias 

and uneven use of the patenting route results in poorer validity of the analysis (though, 

in this essay, it is argued that the country dummy variables should take care of this 

issue).  

 

The reliability issues in this essay are mainly associated with the construction of the FIT 

variables (though, validity issues are also present with respect to these variables). As 

stated previously, tariffs were categorized annually after an enactment and before any 

policy changes (given that there were no reasons to believe that this should not be the 

case). Behind this approach lie several assumptions made by the author concerning, e.g., 

tariff levels and when certain policies were changed, ended or enacted due to equivocal 
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information. It is likely that others would end up with a differently compiled tariff data 

set on the basis of alternative assumptions. In this thesis, the collection of the FIT data 

and the associated assumptions has relied on the work of Sijm (2002) (as stated earlier).  

 

Concerning the FIT variable, it should be stressed that the policy design sometimes 

differs between countries. Some of the most usual variations with respect to the design 

concern what PV systems that are eligible for support and for how long the support will 

be available (IEA, 2004). In most countries included in the panel, small, home-based 

PV systems are eligible for higher tariffs than relatively large, industrial scale PV 

systems. Thus, the tariff levels are dependent on the type of PV systems being 

supported and on the basis of this, it needs to be stressed that some tariff rates have been 

collected, directing, e.g., ground-mounted (large-scale) systems while others direct 

home-based systems. In addition, inadequate information concerning what systems that 

were actually eligible for a certain tariff rate made the data collection process even more 

difficult. On the basis of this, the estimated innovation effect of the FIT variable should 

be interpreted with care since both validity and reliability issues are likely to be present.  
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CHAPTER 7 

EMPIRICAL RESULTS AND ANALYSIS 

 

 

 

 

This chapter covers the econometric results with respect to the different model 

specifications tested. The chapter ends with a discussion in which the findings in this 

essay are related to the findings in the scientific literature. 

 

7.1 Empirical results 

As was noted earlier, several alternative model specifications have been tested. See 

Table 5 and 6 for a presentation of the results where the columns correspond to the 

different models (see Table 3 for an overview of all the models tested).
43

 According to 

UCLA (2012), the estimated coefficients are formally interpreted as the difference 

between the logarithms of expected counts and this is mathematically expressed as; 

 

            
         

  (4) 

 

In the above expression,   corresponds to an estimated coefficient and   is the expected 

count. The subscripts denotes where an independent variable ( ) is evaluated, e.g., at    

and      (i.e. a one unit change in the explanatory variable) (ibid). In order to provide 

for a more convenient interpretation of the results, the coefficients have been 

transformed to incidence rate ratios (IRR’s). However, note that both estimated 

coefficients and IRR’s are reported. The IRR’s are calculated as exp( ) and may be 

interpreted as percentage factors. For instance, an estimated coefficient equal to 0.0039 

can be transformed to its corresponding IRR which is approximately equal to 1.004 (this 

is done by using exp( )). Hence, for a one unit increase in the explanatory variable, the 

dependent variable is expected to increase with a factor of 1.004 (i.e. 0.4 %).  

 

                                                           
43

 Concerning the country dummies, note that the omitted category (the reference category) is Germany in 

all regressions. The estimated coefficients for the country dummies can be found in Appendix B.  
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Looking on the results in the first column in Table 5 which is attributed to model 1 

(M1), it can be observed that the estimated coefficients for feed-in tariffs (FIT’s) and 

tradable green certificates (TGC’s) are statistically significant and positive. Both 

policies positively affect innovations with respect to solar PV with the largest effect 

attributed to the TGC instrument. According to the IRR associated with the FIT 

coefficient, an increase of a country’s FIT with one USD per MWh (the measured unit) 

would result in 0.4 % higher patent counts. Moreover, if a country has a TGC policy in 

force, its rate of patents would be expected to increase by a factor of 4.339 (based on the 

IRR associated with the TGC coefficient).  

 

Table 5: Estimation results (models 1-4) 

 M1 M2 M3 M4 

FIT’s (continuous) 

0.0039*** 

(0.0000) 

IRR: 1.004 

0.0050*** 

(0.0000) 

IRR: 1.005 

0.0040*** 

(0.0000) 

IRR: 1.004 

0.0031*** 

(0.0000) 

IRR: 1.003 

TGC’s (binary) 

1.4677*** 

(0.0000) 

IRR: 4.339 

1.5563*** 

(0.0000) 

IRR: 4.741 

  

TGC’s (continuous)   

0.1459*** 

(0.0000) 

IRR: 1.157 

0.1674*** 

(0.0000) 

IRR: 1.182 

Knowledge stock 

-0.0006 

(0.3141) 

IRR: 0.999 

0.0013* 

(0.0656) 

IRR: 1.001 

  

RD&D expenditures   

0.0203*** 

(0.0000) 

IRR: 1.021 

0.0111*** 

(0.0011) 

IRR: 1.011 

Total PCT’s 

0.0777** 

(0.0226) 

IRR: 1.081 

0.1423*** 

(0.0001) 

IRR: 1.153 

0.2442*** 

(0.0000) 

IRR: 1.277 

0.0977*** 

(0.0002) 

IRR: 1.103 

Electricity consumption 

0.0114*** 

(0.0000) 

IRR: 1.011 

   

TRIPS agreement    

1.7436*** 

(0.0000) 

IRR: 5.718 

Log-likelihood -732.92 -761.13 -725.93 -659.17 

χ
2 

517.52 914.38 276.95 206.07 

N 403 403 385 385 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 
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The coefficient associated with the RD&D based knowledge stock with respect to solar 

PV is not significantly different from zero, suggesting that innovations within solar PV 

technologies are not affected by the size of the knowledge stock. The coefficient 

associated with total patent applications filed under the Patent Cooperation Treaty 

(PCT) is statistically significant at the 5 % level and positive, indicating that an increase 

in the general propensity to patent is positively correlated innovations within solar PV 

technologies. Looking on the last variable, electricity consumption, it can be observed 

that the associated coefficient is significantly different from zero at the 1 % level and 

positive. This suggests that the market size, measured in TWh, is positively correlated 

with higher patenting activities directed at solar PV. Hence, electricity producers are 

more willing to innovate when there is a larger market for their innovations. If a 

country’s electricity consumption would increase with one TWh (the measured unit), its 

rate of patents would be expected to increase by a factor of 1.011 or by 1.1 %. The 

estimated coefficients for the country dummy variables can be found in appendix B. 

Looking at these coefficients, it can be observed that innovations with respect to solar 

PV are partly explained by country-specific fixed effects attributed to, e.g., legislation 

and institutional factors.  

 

One concern with the first model (M1) is multicollinearity (see Appendix C for a 

correlation matrix). There is a strong positive correlation between the knowledge stock 

variable and total PCT’s (0.83). Also, the latter variable positively correlates with the 

electricity consumption variable (0.68). Given this, it is not surprising that the electricity 

consumption variable correlates with the stock variable (0.78). These strong correlations 

may explain why the coefficient for the knowledge stock variable is statistically 

insignificant and that the coefficient for total PCT’s is significant only at the 5 % level 

(the correlations cause overestimation of the standard errors). To avoid this issue, the 

variable approximating market size, i.e. electricity consumption, is dropped.
44

 This 

allows for a further test of whether innovations within solar PV technologies are really 

                                                           
44

 An alternative approach to avoid the problems of multicollinearity could be to use a theoretical 

restriction, defined as a relationship between the correlated variables. However, due to the obvious 

difficulties in interpreting the individual effects of the variables when employing this approach (which is 

desirable in this study), this method was rejected. Still, it is recognized that there are problems associated 

with dropping highly correlated variables (e.g., the risk of introducing omitted variable bias). 
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independent of a country’s knowledge stock.
45

 The choice of holding on to total PCT’s 

instead of electricity consumption is based on the reasoning that it is harder to see a 

theoretical connection between innovations and market size than between innovations 

and the general propensity to patent.
46

 The results with respect to the second model can 

be found in the column M2 in Table 5. 

 

Again, FIT’s and TGC’s are statistically significant and positive. If a country would 

increase its FIT’s by one USD per MWh (the measured unit), its rate of patents would 

be expected to increase by a factor 1.005, i.e. 0.5 %. Also, if a country has a TGC policy 

in force, its rate of patents is expected to increase by a factor of 4.7412. Looking at the 

coefficient associated with the variable of most interest in this regression, it can be 

observed that the effect of a country’s knowledge stock on innovations is statistically 

significant and positive at the 10 % level. If a country’s knowledge stock would 

increase by one million USD (the measured unit), its rate of patents is expected to 

increase by 0.1 %. Moreover, as in M1, the effect of total PCT’s is statistically 

significant and positive (an increase in the general propensity to patent is positively 

correlated with solar PV patents). Checking the country dummy variables in Appendix 

B, it can be seen that innovations are partly explained by country-specific fixed effects. 

Still, fewer of the coefficients associated with the country dummies are statistically 

significant in the second regression compared to the results of M1.  

 

 

 

 

 

 
                                                           
45

 It should be noted that the country dummy for Japan is correlated with the variables electricity 

consumption (0.74) and knowledge stock (0.53). The issue of correlation between the country dummy and 

electricity consumption is effectively dealt with when the latter is dropped from the second regression. 

However, the correlation between the Japan dummy and knowledge stock remain since it is difficult to 

avoid this issue. Moreover, remember that the correlation between knowledge stock and total PCT’s 

remains the same (this correlation is not avoided since both variables are included in M2).  

46
 In Johnstone, et al. (2010) it is found that the general propensity to patent positively affects innovations 

within solar technology while innovations are independent of the growth of electricity consumption. 

These findings support the choice of holding on to total PCT’s instead of electricity consumption.  
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Table 6: Estimation results (models 5-8) 

 M5 M6 M7 M8 

FIT’s (continuous) 

0.0042*** 

(0.0000) 

IRR: 1.004 

0.0032*** 

(0.0001) 

IRR: 1.003 

0.0048*** 

(0.0000) 

IRR: 1.005 

0.0035*** 

(0.0000) 

IRR: 1.004 

TGC’s (continuous) 

0.1799*** 

(0.0000) 

IRR: 1.197 

0.1599*** 

(0.0000) 

IRR: 1.173 

0.0873** 

(0.0498) 

IRR: 1.091 

0.0442 

(0.4682) 

IRR: 1.045 

Knowledge stock 

0.0009** 

(0.0295) 

IRR: 1.001 

0.0004 

(0.5575) 

IRR: 1.000 

  

RD&D expenditures   

0.0144*** 

(0.0004) 

IRR: 1.015 

0.0173*** 

(0.0056) 

IRR: 1.017 

Total PCT’s 

0.1933*** 

(0.0000) 

IRR: 1.213 

0.1351*** 

(0.0048) 

IRR: 1.145 

0.1941*** 

(0.0000) 

IRR: 1.214 

0.0971** 

(0.0259) 

IRR: 1.102 

TRIPS agreement  

1.6189*** 

(0.0000) 

IRR: 5.048 

 

1.6410*** 

(0.0000) 

IRR: 5.160 

Interaction variable 

(RD&D 

expenditures*FIT’s) 

  

0.0066** 

(0.0399) 

IRR: 1.007 

0.0028 

(0.4619) 

IRR: 1.003 

Interaction variable 

(RD&D 

expenditures*TGC’s) 

  

0.0733*** 

(0.0000) 

IRR: 1.076 

0.0834*** 

(0.0000) 

IRR: 1.087 

Log-likelihood -737.14 -638.87 -702.19 -620.02 

χ
2 

288.83 304.86 263.91 242.47 

N 385 385 385 385 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 

 

When including the knowledge stock variable in the regressions, an environmental 

policy is implicitly tested since the stock is constructed on the basis of public RD&D 

expenditures directed at solar PV. In order to test this policy explicitly, the stock 

variable is dropped and actual RD&D expenditures are instead included in the analysis. 

Even though the stock variable is replaced by actual expenditures, the correlation with 

electricity consumption remains high (see Appendix C). Given this, the latter variable is 

omitted in the third regression.
47

 Furthermore, because of the obvious limitations of 

measuring policy stringency when controlling for the innovation effects of TGC’s with 

a dummy variable, a continuous variable is tested instead. To measure the stringency, 

                                                           
47

 Still, there is a high correlation between the country dummy for Japan and RD&D expenditures (0.60) 

which is not remedied in M3.   
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the variable has been constructed so that it reflects the percentage of electricity that 

electricity suppliers has to generate with renewable energy technologies or cover with a 

certificate. The results from running this alternative model specification can be found in 

the column M3 in Table 5.
48

  

 

As can be seen, the effects of FIT’s and TGC’s are significantly different from zero and 

positive with the estimated effect of the latter policy being smaller than in the previous 

regressions. The coefficient associated with RD&D expenditures is statistically 

significant and positive at the 1 % level, suggesting that if a country would increase its 

expenditures by one million USD, its patent counts would increase by 2.1 %. Looking at 

the coefficient for total PCT’s, it can be observed that the innovation effect of the 

general propensity to patent is statistically significant and positive. Moreover, as the 

other models suggests, innovations concerning solar PV are partly explained by 

country-specific fixed effects (see Appendix B).  

 

In section 6.3, concern was raised regarding the potential risk of overestimation of the 

innovation effects of FIT’s and TGC’s due to the fact that the expansion of the PCT 

patenting route coincided with the introduction of these policies (especially FIT’s). If 

patents directed at solar PV were filed before the PCT expansion period but in 

alternative patenting routes, the innovation effects of the policies are overestimated 

since the models do not explicitly control for this possibility. Thus, in order to avoid this 

issue, a dummy variable representing the Agreement on Trade-Related Aspects of 

Intellectual Property Rights (TRIPS) is included in the fourth model (M4) and set to 

unity for the years during which this agreement was active. The reasoning behind the 

inclusion of this variable is that a harmonization with respect to patent rules took place 

across countries during the 1990’s, notably through the creation of the TRIPS 

agreement which was negotiated in 1994 (OECD, 2009).
49

 In this essay, it is assumed 

that this harmonization have caused the PCT expansion during the 1990’s displayed in 

Figures 2 and 3 in chapter 6. As in the previous model, electricity consumption is 

                                                           
48

 It should be mentioned that some observations had to be dropped because LIMDEP cannot handle 

blank cells (the continuous TGC variable contained some blank cells because of the lack of data). This 

reduced the sample size from 403 to 385 observations.  

49
 The TRIPS agreement is an international treaty managed by the WTO and sets minimum standards for 

intellectual property rights within the member countries of WTO (OECD, 2009).  
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omitted, the TGC variable is continuous and RD&D expenditures replace the 

knowledge stock variable. The results of the fourth regression can be found in column 

M4 in Table 5. 

 

As in previous models, the coefficients for FIT’s and TGC’s are statistically significant 

and positive. The innovation effect of FIT’s is now estimated to be 0.l percentage 

smaller than in M3. Somewhat unexpected, the estimated effect of TGC’s is now 2.5 

percentage points higher than in the previous model. Accordingly, if a country would 

raise the amount of electricity that has to be produced by renewable energy (or be 

covered with a certificate) by 1 %, its rates of patents directed at solar PV are expected 

to increase by as much as 18.2 %. The coefficients associated with RD&D expenditures 

and total PCT’s are significantly different from zero and positive as in the previous 

model. However, the estimated innovation effects of these variables are now smaller 

compared to M3 and this is the case especially for total PCT’s. Finally, the coefficient 

for the TRIPS dummy variable is statistically significant and positive, suggesting that a 

country’s PCT applications are positively correlated with the introduction of the TRIPS 

agreement.
50

  

 

In order to test the dependence of innovations on the knowledge stock with respect to 

solar PV further, models 5 and 6 are run. As in the previous regressions, the electricity 

consumption variable is omitted due to the high correlation with the stock variable.
51

 

Moreover, TGC’s are measured as a continuous variable in order for the models to 

control for the different TGC stringency levels. In the fifth model, M5, the TRIPS 

                                                           
50

 Checking the correlation matrix in appendix C reveals that the TRIPS dummy is positively correlated 

with FIT’s (0.53). However, since the coefficients associated with both variables are statistically 

significant, this correlation is not considered being a serious issue. Moreover, the country dummy for 

Japan is correlated with the RD&D expenditure variable (0.60). As in the case above, this is not 

considered problematic since both coefficients are statistically significant.  

51
 Still, the variables knowledge stock and total PCT’s are positively correlated (0.74) and this is also the 

case for FIT’s and the TRIPS dummy where the associated correlation coefficient is 0.53. Due to a lack of 

suitable approaches to deal with these potential issues, the correlations are not remedied. Moreover, since 

the coefficients associated with the stock variable and the total PCT variable have been statistically 

significant (when omitting electricity consumption) in M2, the correlation issue is of less concern. A 

similar reasoning has been made concerning the correlation issue between FIT’s and the TRIPS dummy 

(this issue is also of minor concern since both coefficients are statistically significant in M4).  



61 
 

dummy variable is excluded while in the sixth model, M6, it is included.
52

 The results 

with respect to both models are found in Table 6 and the associated country dummy 

variables are found in Appendix B.  

 

As can be seen when checking the columns M5 and M6 in Table 6, the effects of FIT’s 

and TGC’s are statistically significant and positive. However, the coefficient for the 

knowledge stock variable is statistically significant only in model 5 (where it is 

significant at the 5 % level).
53

 Thus, when controlling for the effect of the TRIPS 

agreement in M6, innovations are independent of the knowledge stock with respect to 

solar PV. Furthermore, the effect of total PCT’s is statistically significant and positive 

in both models while the coefficient for the TRIPS dummy is significantly different 

from zero and positive in M6 (the TRIPS dummy was not included in M5). By 

comparing the IRR values between models 5 and 6, it can be observed that the 

estimated innovation effects of both FIT’s and TGC’s are lower when controlling for 

the effect of the TRIPS agreement. This is also the case for the effect of the variable 

representing total PCT’s. 

 

In the models regressed so far, the policies have been tested individually in order to 

estimate their differential innovation effects. However, it is also possible to test whether 

there are any synergy effects when certain policies are in force simultaneously (an issue 

recognized and discussed in sections 3.3 and 4.3). According to the data collected for 

the study in this thesis, many countries included in the panel have focused on RD&D 

expenditures directed at solar PV since the 1970’s while the introduction of FIT’s and 

TGC’s have taken place much later. FIT’s were first introduced in the beginning of the 

1990’s while TGC’s were first introduced during the end of the same decade. This gives 

rise to the question whether RD&D expenditures are more effective in spurring 

innovations when used in tandem with FIT’s or TGC’s. To test whether this is the case, 

two interaction variables have been constructed and these are defined as; 

 

                                                           
52

 Models 5 and 6 are repeats of models 3 and 4 but with modifications. Instead of testing the innovation 

effects of RD&D expenditures, the knowledge stock variable is now included and tested instead.  

53
 As a simple sensitivity analysis, the assumptions behind the construction of the stock variable (i.e. the 

time lag and depreciation rate) have been adjusted when running M5. The results can be found in 

Appendix D. 
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(3) 

 

where        represents RD&D expenditures directed at solar PV and in country i and 

year t. Moreover, the variables        and        represents the feed-in tariff and 

tradable green certificate policy in country i and year t. In this case, both variables are 

measured as dummy variables and set to unity for the years when the policy has been in 

force in a given country. For instance, if a FIT policy has been in force in country i and 

year t, the        variable equals 1 while it is equal to 0 otherwise (see also section 5.1).  

 

To test whether there are any interaction effects between RD&D expenditures and FIT’s 

or TGC’s, models 7 and 8 are run. The results can be found in columns M7 and M8 in 

Table 6 (country dummies are found in Appendix B). As can be noted, electricity 

consumption has been omitted here and the models explicitly control for the effects of 

FIT’s and TGC’s (both continuous) since these variables are included separately from 

the interaction variables. In M7, no dummy capturing the effect of the TRIPS agreement 

is included (while this dummy variable is included in M8).   

 

In model 7, the effects of FIT’s and TGC’s are statistically significant and positive. The 

coefficient for total PCT’s is also statistically significant and positively correlated with 

innovations. It can be observed that the effect of RD&D expenditures is positive and 

significantly different from zero but also that the innovation effect of this policy is 

dependent on whether there is a FIT or TGC policy in force (both interaction variables 

are significantly different from zero). If a country were to increase its RD&D 

expenditures by one million USD (the measured unit), its rates of patents with respect to 

solar PV is expected to increase by 1.5 % (given that no FIT or TGC policy is in force). 

However, if a FIT policy but no TGC policy is in force and a country were to increase 

its RD&D expenditures with one million USD, the corresponding increase in patent 

counts is 2.2 % (1.5 + 0.7 %). Moreover, if a TGC policy but no FIT policy is in force 

and a country were to increase its RD&D expenditures by one million USD, the 

increase in patents is 9.1 % (1.5 + 7.6 %). Finally, if both policies are in force and a 

country were to increase its RD&D expenditures by one million USD, the increase in 
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rates of patents is 9.8 % (1.5 + 0.7 + 7.6 %). Thus, synergy effects exist between RD&D 

expenditures and FIT’s or TGC’s. 

 

In model 8, the effect of FIT’s is statistically significant while this is not the case for 

TGC’s. The coefficient for total PCT’s is also significantly different from zero and the 

estimated effect is about half the size of the corresponding value in M7. The coefficient 

of the TRIPS dummy is significantly different from zero, suggesting that innovations 

are positively correlated with the TRIPS agreement. The effect of RD&D expenditures 

is statistically significant and positive in this model as well and this is also the case for 

the interaction variable capturing the effect of RD&D expenditures when a TGC policy 

is in force. However, the alternative interaction variable is statistically insignificant, and 

this suggests that the innovation effects of RD&D expenditures are independent of 

whether there is a FIT policy in force. If a country would increase its RD&D 

expenditures by one million USD, its patent counts are expected to increase by 1.7 % 

(given that no TGC policy is in force).  Moreover, if a TGC policy is in force and a 

country would increase its RD&D expenditures by one unit, its patent rates are expected 

to increase by 10.4 % (1.7 + 8.7 %). Thus, synergy effects appear to exist between 

RD&D expenditures and TGC’s.  

 

When checking the correlation matrix in Appendix C, it can be observed that the 

variable representing interactions between RD&D expenditures and FIT’s is highly 

correlated with both RD&D expenditures (0.67) and total PCT’s (0.65). These 

correlations may explain why the coefficient for the interaction variable is statistically 

insignificant in model 8. As previously, FIT’s are positively correlated with the TRIPS 

dummy variable with the correlation coefficient being 0.53. Finally, the country dummy 

for Japan is correlated with RD&D expenditures since the associated correlation 

coefficient is 0.60. Nothing is done here to remedy these correlations due to a lack of 

suitable approaches to deal with these potential issues. Moreover, given that all 

coefficients for these variables are statistically significant in models 7 and 8, except for 

the one associated with the variable representing interactions between RD&D expenses 

and FIT’s, the problem of multicollinearity is likely to be of limited concern.  

 

Finally, in order to test the robustness of the results with respect to the coefficients for 

TGC’s and FIT’s, the panel data set is restricted to the time period 1990-2008. The 
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choice of this particular restriction is based on the fact that the expansion of the use of 

the PCT patenting route coincided with the introduction of FIT’s and TGC’s (especially 

the former one). As reasoned previously, given that the models do not control for the 

possibility of innovators filing patents directed at solar PV through different patenting 

routes before the PCT expansion period, the innovation effects of FIT’s and TGC’s may 

be overestimated. Instead of explicitly controlling for the effects of the harmonization of 

patents rules through the inclusion of the TRIPS dummy variable, this alternative 

approach is also tested. The models tested using this restricted time period are M3 and 

M5 and the results from running these can be found in Appendix E. The choice of these 

particular models is based on the reasoning that both contain a measure of the TGC 

policy as a continuous variable which reflects policy level stringency. Also, in M3, 

RD&D expenditures replace the knowledge stock variable and vice versa is true for M5 

(thus, both RD&D expenditures and the knowledge stock variable is then tested).  

 

When checking the results in Appendix E, it can be seen that the estimated effects of 

FIT’s and TGC’s are still statistically significant and positive but now smaller compared 

to the estimated effects associated with M3 and M5 in Tables 5 and 6 in this chapter. 

This suggests that the innovation effects of these policies may be overestimated in the 

previous regressions. It can also be observed that the coefficient for RD&D 

expenditures is found to be statistically significant and positive but now larger while the 

coefficient for the knowledge stock variable is statistically insignificant. Finally, the 

coefficients for total PCT’s are significantly different from zero and positive in both 

models (this is also the case when checking the corresponding coefficients related to M3 

and M5 in Tables 5 and 6 in this chapter). However, the estimated innovation effect of 

the general propensity to patent, captured by total PCT’s, is now larger with respect to 

M3 but smaller with respect to M5 (comparing the results attributed to M3 and M5 in 

Appendix E with the results related to M3 and M5 in Tables 5 and 6 in this chapter). 

 

7.2 Analysis 

In this section, the empirical results are related to the findings of other researchers on 

the subject. Accordingly, the results in this essay suggest that both FIT’s and TGC’s 

induce innovations with respect to solar PV technologies. In contrast, in Johnstone, et 

al. (2010) it is found that the former policy positively affects innovations while the 

coefficient associated with the latter is statistically insignificant. It is important to note 
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that the authors of that article have not distinguished between the main solar energy 

technologies, i.e. solar PV and solar thermal (concentrating solar power (CSP) and solar 

technologies applied for heating and cooling) (see Braun, et al. (2011)). Arguably, it is 

likely that this approach “blurs” the results when the research purpose is to inform the 

design of technology-specific policies (ibid). In this thesis, it is argued that by design, a 

TGC policy does not incorporate off-grid solar energy technologies, e.g., solar thermal 

technologies applied for heating and cooling (since such technologies do not involve 

feeding electricity into the grid). Given this, it is not surprising that the innovation effect 

of the TGC policy was found being insignificant in Johnstone, et al. (2010) (the authors 

focused partly on innovations attributed to technologies not explicitly directed by a 

TGC policy). Furthermore, in Johnstone, et al. (2010), the analysis is restricted to the 

time period 1978-2003 while in this essay, a panel data set stretching from 1978 to 2008 

is employed. This may also explain why the results differ since most of the countries 

included in the panel have introduced TGC policies during the 2000’s (see Figure 4 in 

section 6.2).
54

  

 

The findings in this thesis provide some support for the supposition that innovations 

with respect to solar PV are dependent on cumulative RD&D expenses directed at solar 

PV (adding up to what might be referred to as a RD&D based knowledge stock). 

However, no paper presented in the literature overview (see section 3.2) has tested for 

this possibility and thus, no comparisons can be made. When testing the implicit 

environmental policy (RD&D expenditures) on which the stock variable has been 

constructed, the evidence suggests that innovations within solar PV are positively 

correlated with such expenses. This finding is supported by similar results in Johnstone, 

et al. (2010). Furthermore, the innovation effect of this policy has been proven to be 

statistically significant and positive in other articles on the subject focusing on other 

renewable energy technologies besides those related to solar PV (e.g., see Noailly 

(2011), Rübbelke and Weiss (2011)).  

 

The coefficient for total PCT’s is found to be positive and statistically significant in all 

regressions in this essay. This result is supported by the findings in Johnstone, et al. 

                                                           
54

 However, it should also be noted that more countries are included in the panel data set employed in 

Johnstone, et al. (2010).  
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(2010) where the corresponding variable representing total patent applications directed 

at the European Patent Office (EPO) is found being positively correlated with 

innovations in solar energy technologies. Moreover, in this thesis some evidence is 

provided that the variable approximating market size, i.e. electricity consumption, is 

positively correlated with innovations within solar PV technologies. In Johnstone, et al. 

(2010), the corresponding coefficient, measuring the innovation effect attributed to 

growth of electricity consumption, is found being statistically insignificant. 

 

Finally, the findings in this thesis suggests that there are synergy effects between 

RD&D expenditures and TGC’s or FIT’s (though, the evidence is more equivocal 

concerning the latter interaction). In the literature overview, the only paper recognizing 

the issue of interaction effects between public policies is Walz, et al. (2008). In their 

article, some limited evidence is provided which suggests that innovations are affected 

by the policy environment (as a whole) to some extent. The present thesis provides 

quantitative support for this notion.  
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CHAPTER 8 

CONCLUDING REMARKS AND DIRECTIONS FOR FUTURE RESEARCH 

 

 

 

 

This essay examines the differential effects of environmental policies on innovations 

with respect to solar photovoltaic (PV) technologies. To study this issue, a balanced 

panel data set of 13 OECD member countries and 31 years (1978-2008) has been 

employed where patent applications filed under the Patent Cooperation Treaty (PCT) 

have approximated innovations. The main contribution of this essay is that it has a focus 

on the differential innovation effects of policies while studying the specific case of solar 

PV technologies. This is an approach not found in the scientific literature and it is 

interesting and motivated through a policy making perspective. 

 

The descriptive analysis indicates that a significant increase in patenting activities 

within solar PV technologies took place during the 1990’s and the 2000’s. In this panel 

data set, most PCT applications are attributed to Germany, Japan, Korea and the United 

Kingdom with Japan being the patenting dominant from the beginning of the 2000’s. 

The increase in patenting activities has coincided with the introduction of feed-in tariffs 

(FIT’s) and tradable green certificates (TGC’s), most notably with the former policy. 

This suggests that these policies have encouraged innovations within solar PV 

technologies. Concerning the third policy covered in this essay, public research, 

development and demonstration (RD&D) expenditures, the descriptive analysis 

indicates that average expenses have increased significantly during the time period 

studied. 

 

The empirical results indicate that both FIT’s and TGC’s have a statistically significant 

and positive effect on innovations within solar PV technologies with a generally higher 

effect being attributed to the latter policy. These findings may be interpreted through the 

perspective of the theory of induced innovations. Accordingly, these policies are 

positively correlated with innovations because electricity producers innovate to 

economize the use of the conventional energy sources since these production factors 

become relatively more expensive when a FIT or a TGC policy is in place (favoring 
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solar energy and also other renewable energy sources). Hence, it can be concluded that 

policy makers should introduce or maintain FIT’s and TGC’s when wishing to stimulate 

innovations with respect to solar PV technologies (this is the case, especially for 

TGC’s). 

 

The findings in this essay also support the notion that public RD&D expenditures are 

positively correlated with innovations in solar PV technologies. Interpreted through the 

perspective of the induced innovation literature, this is the case since the R&D 

investment costs faced by electricity producers are reduced when public RD&D 

expenditures are increased. In addition, public RD&D expenses result in more research 

being conducted in, e.g., universities, and some of the produced know-how may be 

applied by firms in their research efforts. Interestingly, the evidence also suggests that 

there are synergy effects between RD&D expenditures and FIT’s or TGC’s (with 

strongest support for a positive interaction between expenditures and TGC’s). 

According to the theory of evolutionary economics, this is the case since the innovation 

outcomes of public policies are dependent on the innovation system as a whole. 

Technological change requires both learning and R&D and thus, R&D programs should 

not be implemented in isolation from practical application (the latter is supported by the 

use of TGC’s or FIT’s). Hence, through an innovation maximizing perspective, it can be 

concluded that policy makers should devote financial resources to both RD&D 

expenditures, FIT’s and TGC’s since there are synergy effects between these categories 

of policies.   

 

While the results are robust and useful for policy makers, further work should be 

undertaken on the subject. More specifically, future research efforts could focus on the 

differential innovation effects of policies with respect to the specific case of solar PV 

technologies while controlling for other possibly influential policies besides those 

included in this study. Such policies could be, e.g., capital subsidies and net metering. 

Such studies would most certainly yield interesting and useful results for policy makers. 

In addition, the issue of innovation synergies between public policies could be 

examined further (are there interaction effects between other policies besides the ones in 

this essay?). According to the literature overview in this essay, such studies are scarce. 
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Additional research efforts could be directed at studying the issue of knowledge stocks 

further. In this thesis, some limited evidence indicates that innovations within solar PV 

technologies are dependent on cumulative RD&D expenses while it has been implicitly 

assumed that spillover effects between countries do not occur. Future research efforts 

could provide additional evidence on whether innovations are positively correlated with 

cumulative RD&D expenses or not. Moreover, the assumption of no spillover effects 

between countries could be relaxed and it can thus be tested whether innovations are 

dependent on, e.g., the cumulative RD&D expenses of other OECD member countries. 

In this essay, it is argued that studies focusing on these issues are scarce. Finally, 

another related issue to study in the future is the notion of diminishing marginal utility 

of increased RD&D expenditures. If this notion is proven to be accurate, this would 

have implications for the innovation maximizing level of public RD&D expenditures 

and this makes it an interesting topic to study in the future.  
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APPENDIX A 

PATENT CLASSIFICATIONS RELATED TO SOLAR PV 

 

Below follows an overview of the included patent classifications in the category 

referred to as “solar photovoltaic (PV)” in the OECD Statistics Database (2011a). It 

should be noted that “ECLA” is an abbreviation for “European Classification” which is 

a patent classification system managed by the European Patent Office (EPO).  

 

Table A1: ECLA codes for solar PV technologies 

Solar photovoltaic (PV) energy ECLA class 

PV systems with concentrators Y02E10/52 

Material technologies (not used, see 

subgroups) 
Y02E10/54 

CulnSe2 material PV cells Y02E10/54B 

Dye sensitized solar cells Y02E10/54D 

Solar cells from Group II-VI materials Y02E10/54F 

Solar cells from Group III-V materials  Y02E10/54H 

Microcrystalline silicon PV cells Y02E10/54J 

Polycrystalline silicon PV cells Y02E10/54L 

Amorphous silicon PV cells Y02E10/54N 

Power conversion electric or electronic 

aspects 
Y02E10/56 

for grid-connected applications Y02E10/56B 

concerning power management inside 

the plant, e.g., battery 

charging/discharging, economical 

operation, hybridization with other 

energy sources 

Y02E10/56D 

Maximum power point tracking (MPPT) 

systems 
Y02E10/58 

Source: OECD (2011b). 
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APPENDIX B 

COUNTRY DUMMY ESTIMATION RESULTS 

 

See the tables below for the estimated coefficients associated with the country dummy 

variables. The columns refer to the different models (M1-M8).  

 

Table B1: Estimated coefficients of country dummies (models 1-4) 

 M1 M2 M3 M4 

Dummy (Austria) 
2.2530*** 

(0.0004) 

-1.0432* 

(0.0704) 

0.8885*** 

(0.0013) 

-1.6418*** 

(0.0000) 

Dummy (Belgium) 
2.8986*** 

(0.0000) 

0.2604 

(0.6520) 

1.9936*** 

(0.0000) 

-0.4163 

(0.2788) 

Dummy (Denmark) 
2.8383*** 

(0.0000) 

-0.2504 

(0.6709) 

1.5252*** 

(0.0000) 

-1.4751*** 

(0.0002) 

Dummy (France) 
0.5802 

(0.2142) 

1.1149* 

(0.0524) 

2.2376*** 

(0.0000) 

0.2936 

(0.3460) 

Dummy (Italy) 
-0.5005 

(0.2356) 

-2.1597*** 

(0.0000) 

0.5506** 

(0.0107) 

-1.4018*** 

(0.0000) 

Dummy (Japan) 
-3.1636*** 

(0.0000) 

1.0009*** 

(0.0033) 

1.5594*** 

(0.0000) 

0.7602*** 

(0.0001) 

Dummy (Korea) 
0.2700 

(0.5752) 

-0.3494 

(0.5546) 

1.1483*** 

(0.0000) 

-0.5761* 

(0.0507) 

Dummy (Netherlands) 
3.5588*** 

(0.0000) 

0.8028 

(0.1063) 

1.7756*** 

(0.0000) 

-0.2005 

(0.5123) 

Dummy (Spain) 
1.3199*** 

(0.0021) 

-0.1476 

(0.7592) 

1.7352*** 

(0.0000) 

-0.8379** 

(0.0190) 

Dummy (Sweden) 
2.2531*** 

(0.0001) 

0.2403 

(0.7003) 

1.7481*** 

(0.0000) 

-1.5707*** 

(0.0000) 

Dummy (Switzerland) 
4.6586*** 

(0.0000) 

1.4744*** 

(0.0013) 

3.0172*** 

(0.0000) 

0.5796** 

(0.0443) 

Dummy (United 

Kingdom) 

1.7710*** 

(0.0002) 

1.8233*** 

(0.0045) 

3.1885*** 

(0.0000) 

0.9794*** 

(0.0015) 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 
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Table B2: Estimated coefficients of country dummies (models 5-8) 

 M5 M6 M7 M8 

Dummy (Austria) 
-0.6090 

(0.1126) 

-1.8668** 

(0.0136) 

0.0731 

(0.8399) 

-1.3876** 

(0.0365) 

Dummy (Belgium) 
0.9841*** 

(0.0041) 

-0.8009 

(0.2568) 

1.7175*** 

(0.0000) 

-0.3071 

(0.6235) 

Dummy (Denmark) 
0.4425 

(0.2695) 

-1.5899** 

(0.0227) 

1.2993*** 

(0.0002) 

-1.0341* 

(0.0864) 

Dummy (France) 
1.4617*** 

(0.0000) 

-0.0259 

(0.9691) 

1.8277*** 

(0.0000) 

0.3504 

(0.4711) 

Dummy (Italy) 
-0.6596*** 

(0.0085) 

-1.8210*** 

(0.0007) 

-1.0234*** 

(0.0084) 

-2.4225*** 

(0.0001) 

Dummy (Japan) 
2.1462*** 

(0.0000) 

0.7695** 

(0.0456) 

1.7132*** 

(0.0000) 

0.1412 

(0.6347) 

Dummy (Korea) 
0.5497 

(0.1479) 

-1.0907 

(0.1219) 

0.7215** 

(0.0118) 

-0.8652* 

(0.0743) 

Dummy (Netherlands) 
0.9396*** 

(0.0017) 

-0.4290 

(0.4859) 

1.5806*** 

(0.0000) 

-0.0066 

(0.9894) 

Dummy (Spain) 
1.1687*** 

(0.0003) 

-1.0758* 

(0.0998) 

0.7485** 

(0.0107) 

-0.7345 

(0.2195) 

Dummy (Sweden) 
0.9262** 

(0.0192) 

-1.3869* 

(0.0594) 

1.2690*** 

(0.0000) 

-0.4535 

(0.4550) 

Dummy (Switzerland) 
2.3529*** 

(0.0000) 

0.3795 

(0.4856) 

3.1181*** 

(0.0000) 

0.8300* 

(0.0825) 

Dummy (United 

Kingdom) 

2.3387*** 

(0.0000) 

0.5610 

(0.4185) 

3.0559*** 

(0.0000) 

1.0805** 

(0.0295) 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 
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APPENDIX C 

CORRELATION MATRICES 

 

Below follows an overview of the correlations between the explanatory variables used 

in the different models. In this essay, values larger than 0.5 are considered potentially 

problematic and thus worth highlighting (such values are presented in bold face in the 

tables below). Country dummies are excluded from the matrices since these were not 

seriously correlated with each other. In the cases where country dummies are correlated 

with other explanatory variables, this is reported in the text. 

 

Table C1: Correlation matrix (models 1-2)* 

 
FIT’s 

TGC’s 

(binary) 
STOCK TOTPAT ELCONS 

FIT’s 1.0000 0.0412 0.2316 0.2420 0.0889 

TGC’s 

(binary) 
0.0412 1.0000 0.2250 0.3326 0.1233 

STOCK 0.2316 0.2250 1.0000 0.8268 0.7819 

TOTPAT 0.2420 0.3326 0.8268 1.0000 0.6786 

ELCONS 0.0889 0.1233 0.7819 0.6786 1.0000 

* N = 403 

 

Table C2: Correlation matrix (models 3-4)* 

 FIT’s TGC’s EXP** TOTPAT ELCONS TRIPS 

FIT’s 1.0000 -0.0272 0.0687 0.4009 0.1310 0.5284 

TGC’s -0.0272 1.0000 -0.0586 0.1009 -0.0147 0.2229 

EXP** 0.0687 -0.0586 1.0000 0.4259 0.7627 0.0267 

TOTPAT 0.4009 0.1009 0.4259 1.0000 0.5947 0.4840 

ELCONS 0.1310 -0.0147 0.7627 0.5947 1.0000 0.1747 

TRIPS 0.5284 0.2229 0.0267 0.4840 0.1747 1.0000 

* N = 385 (TGC’s are measured as a continuous variable) 

** RD&D expenditures 

 

Table C3: Correlation matrix (models 5-6)* 

 FIT’s TGC’s STOCK TOTPAT TRIPS 

FIT’s 1.0000 -0.0272 0.3241 0.4009 0.5284 

TGC’s -0.0272 1.0000 -0.0485 0.1009 0.2229 

STOCK 0.3241 -0.0485 1.0000 0.7389 0.2603 

TOTPAT 0.4009 0.1009 0.7389 1.0000 0.4840 

TRIPS 0.5284 0.2229 0.2603 0.4840 1.0000 

* N = 385 (TGC’s are measured as a continuous variable) 
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Table C4: Correlation matrix (models 7-8)* 

 FIT’s TGC’s EXP** TOTPAT TRIPS EXPFIT EXPTGC 

FIT’s 1.0000 -0.0272 0.0687 0.4009 0.5284 0.2901 0.1930 

TGC’s -0.0272 1.0000 -0.0588 0.1009 0.2229 -0.0441 0.4973 

EXP** 0.0687 -0.0588 1.0000 0.4259 0.0267 0.6711 0.0083 

TOTPAT 0.4009 0.1009 0.4259 1.0000 0.4840 0.6454 0.1139 

TRIPS 0.5284 0.2229 0.0267 0.4840 1.0000 0.3185 0.2226 

EXPFIT 0.2901 -0.0441 0.6711 0.6454 0.3185 1.0000 0.0511 

EXPTGC 0.1930 0.4973 0.0083 0.1139 0.2226 0.0511 1.0000 

* N = 385 (TGC’s are measured as a continuous variable) 

** RD&D expenditures  
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APPENDIX D 

ADJUSTED KNOWLEDGE STOCK ASSUMPTIONS 

 

Below follow several regressions where model 5 is tested using different assumptions 

concerning the time lag and depreciation rate of the knowledge stock variable (note that 

the initial assumptions were a time lag of two years and a depreciation rate of 3 %). For 

convenience, the estimated coefficients for the country dummy variables are omitted in 

the table below.  

 

Table D1: Estimation results (model 5, adjusted knowledge stock assumptions) 

 M5 M5 M5 M5 M5 

FIT’s 
0.0047*** 

(0.0000) 

0.0050*** 

(0.0000) 

0.0042*** 

(0.0000) 

0.0042*** 

(0.0000) 

0.0042*** 

(0.0000) 

TGC’s 

(continuous) 

0.1664*** 

(0.0000) 

0.1479*** 

(0.0000) 

0.1799*** 

(0.0000) 

0.2070*** 

(0.0000) 

0.2078*** 

(0.0000) 

Knowledge 

stock (2 

year, 5 %) 

0.0016** 

(0.0224) 
    

Knowledge 

stock (2 

year, 7 %) 

 
0.0024*** 

(0.0011) 
   

Knowledge 

stock (3 

year, 3 %) 

  
0.0005 

(0.2108) 
  

Knowledge 

stock (3 

year, 5 %) 

   
0.0012 

(0.2096) 
 

Knowledge 

stock (3 

year, 7 %) 

    
0.0017 

(0.1242) 

Total PCT’s 
0.1748*** 

(0.0000) 

0.1788*** 

(0.0000) 

0.2029*** 

(0.0000) 

0.2828*** 

(0.0000) 

0.2779*** 

(0.0000) 

Log-

likelihood 
-702.15 -721.34 -733.46 -672.19 -671.66 

χ
2
 346.30 298.14 304.87 416.55 408.44 

N 385 385 385 385 385 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 
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APPENDIX E 

ROBUSTNESS TEST OF THE ESTIMATION RESULTS 

 

In this appendix, models 3 and 5 have been tested when the time period of the panel 

data set has been restricted to 1990-2008 (as a test of the robustness of the results). For 

convenience, the estimated coefficients for the country dummies have been omitted in 

the table.  

 

Table E1: Estimation results (models 3 and 5, time period: 1990-2008) 

 M3 M5 

FIT’s 
0.0016*** 

(0.0052) 

0.0033*** 

(0.0000) 

TGC’s (continuous) 
0.1155** 

(0.0105) 

0.1267*** 

(0.0015) 

Knowledge stock  
0.0009 

(0.5842) 

RD&D expenditures 
0.0316*** 

(0.0000) 
 

Total PCT’s 
0.2898*** 

(0.0000) 

0.1788*** 

(0.0048) 

Log-likelihood -571.91 -561.66 

χ
2
 182.98 252.61 

N 229 229 

p-values in parentheses; * p < 0.10; ** p < 0.05; *** p < 0.01 


