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Overview 

Using panel data on 13 OECD countries between 1979 and 2008 this paper examines the affect climate and energy policies have 

had on the rate of bioenergy innovations. The relationship between environmental policies and innovations in renewable energy 

technologies in general has been the subject of many previous studies (e.g., Brunnermeier and Cohen, 2003; Lanjouw and Mody, 

1996; Noailly and Batrakova, 2010; Walz, et al., 2008). However, relatively few studies have focused on the effect of policies on 

bioenergy innovations. Even fewer have focused on this issue using a cross-country perspective (see Johnstone, et al., 2010 and 

Rübbelke and Weiss, 2011). The rationale for using a cross-country perspective is multiple. For instance, there is a lack of studies 

with a similar purpose that exploit the benefits from using a cross-country focus. The main benefit is that it allows an analysis of 

the effect of a variety of policy types, including feed-in tariffs, public research expenditures and green certificates. Secondly, there 

is currently much interest in the role of energy and climate policy in inducing innovations in technologies which help reduce e.g., 

climate impacts of economic activity. For this reason, energy economists have increasingly started to analyse the links between 

energy and climate policy and innovation.  It has been recognised that the policy framework can affect the rate and direction of 

energy innovations. For instance, the role of innovation has been assessed empirically in a number of recent papers and the body of 

literature which assesses the role of policy instrument choice on the rate of innovation is growing. A seminal review is done by 

Jaffe et al. (2002). Thirdly, the International Energy Agency (IEA 2006) has listed three generations of renewable energy 

technologies that all include some form of bioenergy technology. First-generation technologies, which have reached maturity, 

including e.g., hydropower, biomass combustion, and geothermal energy. Second-generation technologies, which are undergoing a 

fast development including e.g., solar energy, wind power, and modern forms of bioenergy. Third-generation technologies, which 

are presently in various stages of pre-development, including concentrating solar power, ocean energy, improved geo-thermal, and 

integrated bioenergy systems. In all three generations bioenergy is included making it an important area of research. 

 

Currently, the utilisation of bioenergy, although increasing, remains limited. It can be argued that the production cost of bioenergy 

will remain relatively high compared to alternative fuels in the absence of policy intervention favouring their development. 

However, policy-makers have not been idle. Several policies have been implemented with the purpose of reducing the relative cost 

of bioenergy and thus facilitating an expansion of production capacity. These policies include tradable renewable energy 

certificates, feed-in tariffs, production quotas, and tax credits. Most of the implemented policies do not have the explicit purpose to 

stimulate innovation in bioenergy but implicitly it is desired. However, the effectiveness of policies to encouraging innovation has 

yet to be tested empirically. As such, bioenergy is an interesting context in which to assess the effect of different types of policy 

measures on technological innovation. The purpose of this paper is to empirically estimate the determinants of innovation in 

bioenergy technologies with a special focus on the effect of energy and climate policies. 

Using patents as a measure of innovation 

From an economic perspective it is of interest to detect the driving forces behind innovations. However, quantitatively measure 

innovation is not an easy task. Usually some sort of proxy is used. However, available proxies are limited and most of these are 

imperfect indicators at best (Johnstone, et al., 2010). Two commonly used proxies are the number of scientific personnel and R&D 

expenditures. Rübbelke and Weiss (2011) state that the rationale for adopting one of these proxies is that they are likely to correlate 

with an economy’s innovations performance. However, there suitability may be questioned because they are inputs to the 

innovation activities, not the output which is what we want to measure. Another approach that has gained increasing attention is 

the use of patents as an innovation measure. Compared to other proxies, patents actually measure the output of the innovation 

performance and could thus be considered a superior proxy. In addition, patents provide detailed information on the applicant, 

inventor and invention and can relatively easy be quantitatively compiled according to county, year and technology. That is, patent 
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data provide good information on the nature of the invention, the data is readily available and relatively easy to implement 

econometrically. In addition, it can be disaggregated to specific technological areas. 

 

Besides its advantages, patent data also have some disadvantages that need to be addressed. For instance, it has been shown that 

the value distribution of patents are skewed (Schankerman, 1998). Moreover, not all inventions are patented suggesting that 

observed number of patents might underestimate the innovation performance. 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 

(Johnstone, et al., 2010). Despite the disadvantages of using patents to measure an economy’s innovation performance, they are 

still better than the alternatives. Most of the disadvantages can anyhow be dealt with by making suitable methodological decisions 

(Johnstone, et al., 2010; OECD, 2009). 

 

For the purpose of this study, we have opted to use patents filed under the Patent Cooperation Treaty (PCT).
1
 The PCT are 

relatively free from the home bias problem and, thus, suitable for international comparison. In addition it does not have the same 

problems with weak timeliness as other patent filing systems. Thus, PCT is more appropriate to use when analysing technologies 

that focus on specific industrial application (Popp, 2007). Another reason for choosing PCT is that it is available in longer time-

series (both more recent and further back in time) compared to other patent filings.  

 

Figure 1 presents the total number of patents in biofuel technologies for the sample countries between 1979 and 2008. In addition, 

the share of biofuel patents in relation to the total number of patents filed (regardless of area and technology) is presented. As the 

figure illustrates, both the number of biofuel patents and its share starts to increase in the mid-90s. There are a number of factors 

that might explain this trend shift. In the coming sections we will elaborate and empirically test what these factors might be but our 

hypothesis is that it can be attributed to the implementation of various energy and climate policies related to the development of 

renewable energy. 
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Figure 1: Number of patents in biofuel technologies and its share of total number of patents between 1979 and 2008 for 

sample countries 

Source: OECD (2011). 

 

Climate and energy policies 

The policy areas of climate change and renewable energy are relatively new policy areas. These policy areas are aiming at either to 

increasing the share of renewable energy or are addressing the emission of greenhouse gases (or a combination of the two). The 

policies implemented vary considerably between countries and over time. They could be designed as e.g., framework policies or 

short-term investment subsidies. Some are designed to support to research and development (R&D) in general and R&D for 

bioenergy in particular. 

 

There are a few studies investigating the affect climate and energy policies have on the innovative performance in a country (e.g., 

Johnstone, et al., 2010;  Rübbelke and Weiss, 2011). They find that certain policies are more effective to stimulate innovations in 

                                                           
1
 The Triadic patent families are another type of patent filing. 
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certain technologies. For example, targeted subsidies, such as feed-in tariffs, are needed to stimulate innovations in costly 

technologies while more general policies, such as tradable energy certificates, are more likely to stimulate innovations in 

technologies that competing with fossil fuels. It might be argued that bioenergy is both relatively costly and, in certain areas, 

compete with fossil fuels. It is also suggested that price-based policies, such as feed-in tariffs, are more effective in encouraging 

innovations in markets open to competition (this is also the case for combinations of price-based policies). In addition, it is found 

that non-price-based policies, such as grants or low-interest loans, are independent of whether the energy market is open to 

competition or not. Based on these insights we will henceforth focus on feed-in-tariffs (FIT) for renewable energy and on tradable 

green certificates (TGC). 

 

Sijm (2002) defines FIT 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, the FIT is defined as containing both the average 

market electricity price and a premium above or additional to this while excluding other production subsidies and tax rebates. This 

definition of FIT is commonly used and will thus also be used when constructing the FIT policy variable in this study.
2
 

Sawin (2004) state that one of the main types of quota policies is the renewable portfolio standard (RPS). This type of policy can 

be supplemented with a trading regime, often referred to as tradable green certificates (TGC). With the policy, targets are set for 

renewable energy in the energy mix. The basis of the policy is that energy suppliers are obligated to supply a certain amount of 

energy generated by renewable sources. For instance, electricity producers are credited with a certificate when a certain amount of 

green electricity has been produced and fed into the grid. Consumers in turn need to satisfy a certain quota of renewable energy in 

their energy consumption which is achieved by purchasing certificates.
3
 

 

Figure 2 illustrates the development of the average FIT for the sample countries between 1979 and 2008. The FIT were first 

introduced 1991and averaged 0.02 US$ per kWh and increase to 0.25 US$ per kWh in 2008. The number of sample countries with 

TGC is also presented in Figure 2. The introduction of TGC occurred later than FIT, the first country had the policy implemented 

1998 but ten years later they had increased to six countries. Comparing Figure 1 and 2 suggests a high correlation between the 

increase in the patent activity for biofuel technology and the development of FIT and TGC.  

 

0

1

2

3

4

5

6

7

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

1979 1983 1987 1991 1995 1999 2003 2007

Green 

certificates

Feed-in-tariff

A
v
er

a
g
e 

fe
ed

-i
n

-t
a
ri

ff
s 

(U
S

$
 p

er
 k

W
h

) C
o
u

n
tries w

ith
 g

reen
 certifica

tes  (#
)

 
Figure 2: Average feed-in-tariffs for sample countries and number of countries with tradable green certificates between 

1979 and 2008 

Source: IEA (2004; 2012a; 2012b). 

 

There are a number of other climate and energy policies that might be argued to influence innovation in biofuel technologies. 

However, investors’ perception of the future viability of different policy measures is likely to influence the impact of the policy on 

innovation. Barradale (2008) identifies a potential concern with tax policies, noting that investors do not believe policies which 

                                                           
2
 The levels of FIT’s are sometimes based on avoided costs of using non-renewable power when generating electricity and 

sometimes the FIT’s may be fixed without any direct relation to the avoided costs. FIT’s may be guaranteed for certain time 

periods and are sometimes differentiated with respect to renewable energy technologies such as solar PV, biomass and wind 

(Campoccia, et al., 2009; Sijm, 2002). Moreover, the tariffs may also be differentiated on the basis of when (time or season) the 

electricity is fed into the grid. 
3
 Sometimes quota obligations are differentiated with respect to the different renewable energy technologies. However, no country 

included in the analysis has implemented such an approach (in the given time period studied). 
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depend upon public finance are likely to remain in place as long as other policies without the direct link to public finance. In the 

case of voluntary programmes there is a considerable body of literature which supports the finding that such programmes often 

merely confirm business-as-usual (Johnstone et al., 2010). The failure of voluntary programs to induce innovation suggests that 

binding policy commitments are needed to foster technological change. 

Model 

According to Jaffe, et al. (2001; 2002), economic theories of technological change can be traced back to the ideas of Schumpeter 

(1934). According to Schumpeter, the process of technological change consists of three stages: (1) invention; (2) innovation and; 

(3) 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 commercialisation of the new process or 

product. Firms can in fact innovate without actually inventing something by, for instance, identifying a previous idea which was 

never been commercialised. The third stage – diffusion – refers to the process where a new product or process becomes widely 

spread for use in relevant applications through adoption. Schumpeter also argues that the first two stages are essentially carried out 

in private firms (R&D). 

 

The invention and innovation stage can be further described by the theory of induced innovations, first introduced by Hicks (1932). 

Hicks claims that a change in the relative prices of two production factors would spur innovations with the aim to economise the 

use of the factor which have become relatively costly (Popp, 2002; Newell, et al., 1999). 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 maximise the expected discounted present value of future returns. On the 

basis of this view, it’s motivated to suppose that the direction and rate of innovations are likely to respond to changes in relative 

prices. 

 

As stated, the purpose of this paper is to empirically estimate the determinants of innovation in bioenergy technologies with a 

special focus on the effect of energy and climate policies. For this reason, the model is extended to include a vector of policy 

variables, categorised and quantified either as continuous and discrete variables. 

 

[1]       (              )  
 

Where I represent the number of patents in country i and time period t. That is, the dependent variable in the equations is the 

number of biofuel patents (including liquids, solids and biogases) which represents innovation in the biofuel technology. A is a 

vector of policy related variables, D is a vector of R&D related variables and P a vector of market related variables. 

 

A negative binomial model is used to estimate Equation (1). Count data models, such as the Poisson and negative binomial, have 

been suggested for estimating the number of occurrences of an event, or event counts (Maddala 1983; Cameron and Trivedi 1998). 

In this paper, an event count is the number of patent applications. Formally, an event count is defined as a realisation of a non-

negative integer-valued random variable. We suppose that the number of patents (Ii,t) follows a negative binomial distribution. 

Data 

In total 13 countries are included in the sample (Austria, Belgium, Denmark, France, Germany, Italy, Japan, Korea, Netherlands, 

Spain, Sweden, Switzerland and United Kingdom) in a balanced panel data set for the years 1979-2008. 

As a measure for innovation the PCT filing system is used according to inventor’s country of residence and priority date 

(dependent variable in Equation 1). The chosen measure for PCT is based on the recommendations made by OECD (2009). The 

patent data is filtered to only include biofuel technologies (ECLA Y02E50/1). The patent data have been obtained from the OECD 

Statistics database (2011). In cases where the patent data are reported with decimals (as might be the case when countries share the 

credit for a patent) it is rounded to the nearest integer.  

 

The policy vector (A) in Equation 1 is based on two policy measures: Feed-in-tariffs (TIF) and tradable green certificates (TGC). 

The feed-in-tariff is measured as a continuous variable in US$ per MWh (2005 value). The FIT data originates from IEA (2004, 

2012a, 2012b) and Cerveny and Resch (1998). In case of missing observation, various international sources and websites have 

been consulted. The TIF observations were categorised annually after an enactment and before any policy changes (given that no 

information indicates otherwise). Behind this approach lie several e.g., equivocal information regarding tariff levels and when 

certain policies were changed, ended or enacted. It’s likely that others would end up with a differently compiled tariff data set on 

the basis of alternative assumptions. The collection of the FIT data and the associated assumptions is similar to Sijm (2002). The 

TGC variable is constructed as a binary variable set to unity for countries and years a TGC policy was active. The sources are IEA 

(2004, 2012a, 2012b) and various country-specific sources and websites. 
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The R&D vector (D) is based on a measure on a country’s propensity to patent and a measure on a country’s accumulated 

knowledge stock. A country’s propensity to patent is measured by the total number of patents filed regardless of area and 

technology (thousands). The data are retrieved from OECD Statistics database (2011). This variable serves both as a scale and as a 

trend variable in that it controls for differences in the effects of the size of an economy and its research capacity on innovation as 

well as changes in general propensity to patent over time and across countries. The sign on this variable is expected to be positive. 

A country’s accumulated knowledge stock is constructed based on total research, development and demonstration (RR&D) 

expenditures in billion US$ in 2010 prices and exchange rates with respect to biofuels (incl. liquids, solids and biogases). The data 

are retrieved from OECD (2011). The construction of the accumulated knowledge stock follows the work by Söderholm and 

Klaassen (2007) and is defined as:  

 

         (   )                     

 

where STOCK is the accumulated knowledge stock, δ is rate of depreciation and x is the time lag before RR&D expenditures is 

added to the knowledge stock. Klaassen (2005) suggest a time lag of two years (x=2) and a depreciation rate of 3 percent (δ=0.03).  

 

The market vector (P) includes the relative price between roundwood and coal and the relative price between roundwood and 

electricity. The price of roundwood is based on export value and quantity expressed in US$ per cubic meter in 2005 prices and 

obtained from FAO (2012). The electricity price is from IEA (2011) and expressed in US$ per MWh in 2005 prices. The coal price 

is also from IEA (2011) and refers to steam coal used in industry and measured in US$ per tonne in 2005 prices. In addition, a 

variable reflecting total energy consumption has been included to control for the effect of market size on innovations. According to 

the induced innovation literature, the larger the market for innovations, the higher is the incentives for energy producers to 

innovate.  The consumption data was extracted from the OECD Statistics Database (2011) and is measured in TWh. 

Table 1 provides basic descriptive statistics for the independent variables. The correlation matrix for the independent variables 

indicates no mentionable problems. The highest correlation of 0.75 is between the two relative price variables. 

 

Table 1: Descriptive statistics of independent variables 

Variables  Mean Std.Dev. Min Max 

Policy variables     

 Feed-in-tariffs 78.9 175 0 784 

 Tradable green certificates     

R&D variables     

 Total number of patents 2.047 3.956 0 28.535 

 Accumulated knowledge stock 98.5 82.5 1.073 492 

Market variables     

 Relative price: roundwood and steam coal 1.763 1.827 0.248 11.823 

 Relative price: roundwood and electricity 1.478 0.895 0.380 6.964 

 Market size 1152 1024 143.1 4035 

N=390     

     

 

Results 

A linear representation of Equation 1 is used to estimate the determinants of biofuel innovations. In addition to the variables 

already discussed a vector of county dummy variables is added to the regression equation.
4
 The use of country dummy variables is 

an appropriate approach to capture the fixed effects of unobservable country-specific heterogeneity in negative binomial models 

(Guimarãs, 2008; Allison and Waterman, 2002).  Furthermore, in 1994 the Agreement on Trade-Related Aspects of Intellectual 

Property Rights (TRIPS) was negotiated. The TRIPS agreement introduced intellectual property law into the international trading 

system for the first time and remains the most comprehensive international agreement on intellectual property to date. Specifically, 

TRIPS contains requirements that nations' laws must meet for copyright rights, including industrial designs and patents. To capture 

the effect of TRIPS on biofuel patents an additional dummy variable is included set to unity for the years the agreement been 

active. 

 

                                                           
4
 The country dummy for Austria has been excluded in the regression to avoid perfect multicollinearity. 
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Table 2 presents the estimation results including individual country dummies.
5
 In general the model performed well. The only 

coefficient that was not statistically significant was the relative price between roundwood and steam coal. In general, policies and 

general R&D activities, rather than market variables, appear to be the main driver of innovation in biofuel technologies. In contrast 

with the finding of Johnstone (2010) our results suggest that the total number of patents filed does have a statistically significant 

effect on biofuel technologies. 

 

The results suggest that both feed-in-tariffs and tradable green certificates are significant determinants of patenting in biofuel 

technologies. Both policy variables are however not specifically designed towards bioenergy but rather towards renewable energy 

in general. But amongst the renewable technologies, bioenergy is fairly cost competitive (wind and geothermal have lower cost). 

Thus, when policies require firms to make use of additional renewables and given the choice as to how to meet these targets, firms 

will choose the least cost technology option. Since feed-in-tariffs and tradable green certificates is not generally distinguished by 

energy source, this is consistent with the notion that when given the option firms will focus innovation on ways to comply with the 

policy as cheaply as possible (Popp, 2003).  

 

Table 2: Estimated coefficients of the negative binomial model using country dummy variables 

Variables 
Coefficient 

(s.e) 
 IRR 

Policy variables    

 
Feed-in-tariffs 

0.002 

(0.0005) 

*** 1.002 

 

 
Tradable green certificates 

0.79 

(0.26) 

*** 2.203 

R&D variables    

 
Total number of patents 

0.07 

(0.02) 

*** 1.073 

 
Accumulated knowledge stock 

0.0037 

(0.0014) 

*** 1.004 

Market variables    

 
Relative price: roundwood and steam coal 

0.12 

(0.08) 

 1.127 

 
Relative price: roundwood and electricity 

-0.32 

(0.15) 

** 0.726 

 
Market size 

0.002 

(0.0004) 

*** 1.002 

TRIPS agreement -0.58 

(0.20) 

***  

Country dummies 13DV   

Log-likelihood -506.96   

Chi-squared (prob) 56.3  (0.000) 

***  1 percent significance    

**  5 percent significance    

*  10 percent significance    

 

Table 2 reports the estimated coefficients and their respective standard errors. The regression coefficients are formally interpreted 

as the difference between the logarithms of expected counts.
6
 This interpretation leaves little room for an intuitive understanding of 

the magnitude the independent variables affect innovation in biofuel technologies. Instead, the estimated coefficients are 

transformed to incidence rate ratios (IRR), which is somewhat easier to interpret.
7
. The interpretation made henceforth is based on 

the incidence rate ration. 

 

                                                           
5
 The regression results for the county dummies are presented in the appendix. 

6
 Formally, this can be expressed as      (     )     (   ) where β is the regression coefficient, µ is the expected count and 

the subscript represent where the independent variable (x) is evaluated at x0 and x0+1 (i.e., a one unit change in the independent 

variable).  
7
 The incidence rate ratio is calculated as exp(β). 
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Overall, the incidence rate ratios suggest that the estimated determinants, although statistically significant, have a small impact on 

the rate of patents in biofuel technologies. For instance, if a country were to increase its feed-in-tariff by 1 US$ per MWh (the 

measured unit), its rate for patents in biofuel technologies would be expected to increase by a factor of 1.002 or by 0.2 percent. 

Moreover, an increase in the accumulated knowledge stock with 1billion US$ (the measured unit), the rate for patents in biofuel 

technologies would be expected to increase by a factor of 1.004 or by 0.4 percent and an increase in energy consumption by 1 TWh 

(the measured unit), the rate for patents in biofuel technologies would be expected to increase by a factor of 1.002 or by 0.2 

percent. A somewhat bigger affect is derived from the total number of patents. If a country were to increase its total number of 

patents by 1,000 (the measured unit), its rate for patents in biofuel technologies would be expected to increase by a factor of 1.073 

or by 7.3 percent. 

 

However, the relative price between roundwood and electricity has a stronger economic significance. If a country would face an 

increasing relative price between roundwood and electricity by 1 point (i.e., the ratio US$ per cubic meter roundwood and US$ per 

MWh), its rate for patents in biofuel technologies would be expected to decrease by a factor of 0.726 or by 27.4 percent. That is, if 

the price for roundwood (acting as a proxy for the price of biofuels) would increase relative the price of electricity, the results 

suggest that the innovation activity in biofuel technology would substantially decrease. This finding stresses the importance of 

relative inexpensive sources of biofuels in stimulating innovations in biofuels technologies and its sensitivity towards alternative 

energy sources. In addition, the implementation of tradable green certificates has a moderate effect on the rate of patents in biofuel 

technologies. Countries with TGC compared with countries without TGC are expected to have a rate 2.2 times greater for patens in 

biofuel technology. 

Conclusions 

This paper examines the effects of energy and climate policies on innovation in the area of biofuel technologies in a cross-section 

of OECD countries over the period 1979–2008. Patent counts are used as a proxy for innovation and the effects of different policy 

types are assessed in addition to market and R&D variables. An inspection of the data on the rate of patents in biofuels and on the 

development of energy and climate policies suggests that the latter has played in important role for the rate of patents. 

 

The empirical results indicate that policy play important roles in stimulating innovations in biofuel technologies. They have had a 

significant influence on the development of new biofuel technologies. The development of feed-in-tariffs and the implementation 

of tradable green certificates have had a positive and significant impact on patent activity. In addition, R&D activities (measured as 

total number of patens filed and accumulated knowledge stock) have also had a positive and significant effect on innovation. The 

market variables are all but one also significant. Only the relative between roundwood (acting as a proxy for the price of biofuels) 

and steam coal fail to be statistically significant. 

 

The most economically significant result of our empirical study relevant for policy-makers was that a reduction of the price of 

biofuels relative electricity would affect the rate of innovation in biofuel technologies the most. That is, by continuously working 

towards the internalization of all the external costs associated with producing electricity, would stimulate the rate of innovation in 

biofuels. Thus, the effect on the climate work towards reducing emissions would improve both from internalizing more of the 

externalities and from an increasing and, hopefully, cost reduced use of biofuels.  
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Appendix 

 

Appendix: Estimated coefficients of the individual county dummies 

Country 
Coefficient 

(s.e) 
 

Austria (intercept term) 
-1.146       

(0.390) 

 *** 

Belgium 
-0.895       

(0.465) 

 * 

Denmark 
1.903       

(0.308) 

 *** 

France 
-2.014       

(0.791) 

 ** 

Germany 
-3.744      

(1.187) 

 *** 

Italy 
-2.406      

(0.747) 

 *** 

Japan 
-6.260      

(1.655) 

 *** 

Korea 
-2.280       

(0.754) 

 *** 

Netherlands 
-0.624       

(0.387) 

 

Spain 
-2.092       

(0.497) 

 *** 

Sweden 
-0.005       

(0.353) 

 

Switzerland 
-0.237       

(0.401) 

  

United Kingdom 
-1.017       

(0.706) 

 

***  1 percent significance   

**  5 percent significance   

*  10 percent significance   
 

 

 

 


