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Sammanfattning 
De globala utsläppen av växthusgaser anses av många vara samtidens stora utmaning och en socio-

teknisk omställning av energisektorn framhålls som en nödvändighet för en hållbar framtidsutveckling. 

Elproducenters deltagande i utbyggnad och utveckling av förnyelsebar elproduktion förespråkas som en 

viktig del av denna omställning. I led med den politiska agendan har flertalet stödsystem utvecklats vars 

mål är att stödja utbyggnaden av förnyelsebar elproduktion. I Sverige introducerades 2003 ett stödsystem 

med gröna elcertifikat vars mål är att främja utbyggnaden av förnyelsebar elproduktion i landet. 

Stödsystemet till trots är investeringar i landbaserad vindkraft i Sverige fortfarande associerat med stor 

osäkerhet i form av teknologins och marknadens framtida utveckling. Dessa osäkerheter kan hämma 

fortsatt utbredning av förnyelsebar elproduktion vilket kan leda till fördröjning eller stagnation av den 

nödvändiga omställningen mot en hållbar energisektor. Denna examensuppsats bidrar med kunskap kring 

de osäkerheter som råder inom det svensk-norska certifikatsystemet genom att undersöka två 

huvudsakliga osäkerheter; teknikutveckling samt överskott av certifikat på marknaden. 

 

Osäkerheten kring teknologins utveckling har undersökts genom att statistiskt utforska ett möjligt 

samband mellan teknologins kostnadsutveckling och marknadspriset av elcertifikat. Volymosäkerheten på 

marknaden har undersökts på ett liknande sätt där ett möjligt samband mellan överskottet av elcertifikat 

och marknadspriset av elcertifikat har utforskats statistiskt. Vilka faktorer som bidrar till överskottet av 

elcertifikat på markanden och från vilka källor dagens ackumulerade överskott härstammar har 

identifierats. Vidare har lönsamheten för tidigare investeringar i landbaserad vindkraft i Sverige 

uppskattats och analyserats. 

 

Resultaten antyder att såväl teknikutveckling som överskott av elcertifikat har haft en betydande påverkan 

på marknadspriset av elcertifikat. Detta har i sin tur påverkat lönsamheten för investerare i systemet. 

Teknikutvecklingen har varit svår att förutse vilket resulterat i att investerare upplever stor osäkerhet 

kring framtida lönsamhet. Vidare visar resultaten att 70 % av det totala överskottet av elcertifikat på 

marknaden vid slutet av 2014 har sitt ursprung i Energimyndighetens felaktiga prognoser av kvotpliktig 

elanvändning. Det är även troligt att det finns ett samband mellan teknikutvecklingen och det överskott av 

elcertifikat på som genererats på marknaden. Innebörden av de två analyserade osäkerheterna är att 

investerare potentiellt fördröjer eller helt avstår från fortsatta investeringar. Detta är problematiskt då det 

kan hämma utbredningen av förnyelsebar elproduktion och verka som ett hinder för omställningen mot en 

mer hållbar energisektor i Sverige. Genom att introducera långtidskontrakt för handel med elcertifikat, 

mer frekventa kvotjusteringar samt etablera ett register över investeringsbeslut kan den osäkerhet som 

investerare i systemet upplever idag minskas. 

Nyckelord: Gröna elcertifikat, teknologiosäkerhet, volymosäkerhet, landbaserad vindkraft, 

socio-teknisk omställning  
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Abstract 
The global emission of greenhouse gases is perceived as one of the most prominent threats to the world 

today and a socio-technological transformation (STT) of the energy industry is considered essential for 

long term sustainability. Organisations’ decisions to participate in the diffusion of electricity generation 

from renewable energy sources (RES-E) are deemed essential for achieving the transformation. 

Governments have therefore introduced support systems promoting RES-E, and since 2003 a tradable 

green certificate (TGC) system has been used to support increased diffusion. However, there are a number 

of uncertainties regarding investments in onshore wind power which may, or may not demotivate 

investors to take further part in the diffusion of the technology. Understanding the magnitude and impact 

of uncertainties is of interest as they can act as barriers for achieving STT. This thesis contributes to the 

understanding of uncertainties in the Swedish-Norwegian TGC system by exploring two groups of 

uncertainties; technology uncertainty and volume uncertainty. 

 

Evaluation of the technology and volume uncertainty in the Swedish-Norwegian TGC system has been 

performed by statistically investigating the relationship between technological development of onshore 

wind power and the certificate price, as well as the accumulated surplus of certificates and the certificate 

price. The surplus of certificates accumulated on the Swedish-Norwegian TGC market has also been 

tracked to its source of origin. In addition, the financial results of previous onshore wind power 

investments have been estimated. The results have been validated by interviews with Swedish wind 

power investors.  

 

The results indicate that both the technology development of onshore wind power in Sweden and the 

accumulated surplus on the market have impacted the price of certificates, and thus also the profitability 

of investors in the system. The technology development of onshore wind power has been difficult to 

forecast, resulting in a considerable technology uncertainty perceived by investors. Regarding volume 

uncertainty, of the total accumulated surplus of certificates at the end of 2014, 70 % can be derived from 

forecast errors of quota obliged electricity production by the Swedish Energy Agency. In addition, there is 

a possible relationship between lower costs of onshore wind power and the accumulated surplus of 

certificates on the Swedish-Norwegian TGC market.   

 

The major implication of these uncertainties is that previous investors choose to delay or refrain from 

further onshore wind power investments. If actors choose not to participate in further diffusion of the 

technology, this could potentially harm the STT of the energy industry in Sweden. Introduction of long 

term contracts, more frequent quota adjustments and a record of RES-E investment decisions could 

potentially reduce the uncertainties perceived by investors. 

 

Key-words: TGC system, technology uncertainty, volume uncertainty, onshore wind power, socio-

technological transformation 
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CAPEX  Capital Expenditures 

LCoE  Levelized Cost of Electricity 

LMC Long-run Marginal Cost  

LMCC  Long-run Marginal Cost of Certificates  

MWh Megawatt hour  

NPV Net Present Value  

O&M  Operations & Maintenance  

OPEX Operational Expenditures  

RES  Renewable Energy Source  

RES-E  Renewable Energy Source of Electricity  

SKM Svensk Kraftmäkling  

SMC Short-run Marginal Cost  

TGC  Tradable Green Certificates 

TWh  Terawatt hour  

   



 

 3 / 87 

TABLE OF CONTENTS 
1 Introduction ......................................................................................................................................................... 7 

1.1 Background ................................................................................................................................................. 7 

1.2 Problematization ........................................................................................................................................ 8 

1.3 Purpose, research questions & unit of analysis ..................................................................................... 9 

1.4 Delimitations .............................................................................................................................................. 9 

2 Literature ............................................................................................................................................................ 11 

2.1 Socio-technological transformation ...................................................................................................... 11 

2.1.1 Dynamics of a technological innovation system ....................................................................... 12 

2.1.2 Implications of technological maturity ....................................................................................... 13 

2.1.3 Technological maturity of onshore wind power ....................................................................... 13 

2.1.4 Uncertainty ...................................................................................................................................... 14 

2.2 TGC systems ............................................................................................................................................ 16 

2.2.1 Risks associated with TGC ........................................................................................................... 17 

2.2.2 Two main criticisms of TGC ........................................................................................................ 18 

2.2.3 Price equilibrium on a TGC market ............................................................................................ 18 

3 Empirical context .............................................................................................................................................. 22 

3.1 Performance of the Swedish-Norwegian TGC system ..................................................................... 25 

4 Methodology and research strategy ............................................................................................................... 27 

4.1 Design of the research process .............................................................................................................. 27 

4.2 Technology uncertainty .......................................................................................................................... 29 

4.2.1 Data analysis .................................................................................................................................... 29 

4.2.2 Data collection ................................................................................................................................ 29 

4.3 Volume uncertainty ................................................................................................................................. 33 

4.3.1 Data analysis .................................................................................................................................... 33 

4.3.2 Data Collection ............................................................................................................................... 36 

4.4 The effect on made investments ........................................................................................................... 42 

4.4.1 Data Analysis ................................................................................................................................... 42 

4.4.2 Data Collection ............................................................................................................................... 43 

4.5 Validation of results and data ................................................................................................................ 46 

5 Results ................................................................................................................................................................. 48 

5.1 Technology uncertainty .......................................................................................................................... 48 

5.1.1 The impact of LCoE on certificate price (no lag assumed) ..................................................... 48 

5.1.2 The impact of LCoE on certificate price (1 year lag assumed) ............................................... 50 

5.2 Volume uncertainty ................................................................................................................................. 52 

5.2.1 The surplus of certificates ............................................................................................................. 52 



 

 4 / 87 

5.2.2 The impact of surplus on certificate price .................................................................................. 55 

5.3 The effect on made investments ........................................................................................................... 57 

6 Discussion and analysis .................................................................................................................................... 59 

6.1 Summary of results .................................................................................................................................. 59 

6.2 Findings on technology uncertainty ..................................................................................................... 59 

6.3 Findings on volume uncertainty ............................................................................................................ 63 

6.4 Findings on the effect on made investments ...................................................................................... 66 

7 Conclusions........................................................................................................................................................ 72 

7.1 Policy Implications .................................................................................................................................. 75 

7.1.1 Reducing technology uncertainty ................................................................................................. 75 

7.1.2 Reducing volume uncertainty ....................................................................................................... 76 

7.2 Limitations and future research ............................................................................................................. 76 

8 References .......................................................................................................................................................... 78 

 

 

 

 

 

  



 

 5 / 87 

List of figures 

Figure 1 – The S-curve of a technological lifecycle, showing the different technology phases (Dubaric, 

Giannocaro, Bengtsson, & Ackermann, 2011, p. 145) ........................................................................................ 14 

Figure 2 – Revised price equilibrium in a green certificate market: the role of technology development 

(Agnolucci, 2007, p. 3335) ........................................................................................................................................ 20 

Figure 3 – Schematic illustration of the price equilibrium of certificates and the volume uncertainty 

induced by new investments (Kildegaard, 2008, p. 3416) ................................................................................... 21 

Figure 4 Illustration of the Swedish-Norwegian TGC system, with flows of certificates and money 

displayed (Energimyndigheten & NVE, 2013, p. 7). ............................................................................................ 22 

Figure 5 – Issued certificates by source between 2003 and 2014 (Energimyndigeheten, 2015a) ................ 25 

Figure 6 – Overview of the research process where the different phases of the process, the methods used 

for addressing the three sub-questions, and the means of validating methods and results are presented .. 28 

Figure 7 - Average LCoE of onshore wind power in Sweden by year of investment decision (EY, 2015)

....................................................................................................................................................................................... 31 

Figure 8 - Average certificate spot price in the Swedish-Norwegian TGC-market between 2008 and 2014 

(Svensk Kraftmäkling , 2015) ................................................................................................................................... 32 

Figure 9 - The average yearly certificate spot price in the Swedish-Norwegian TGC system between 2004 

and 2014 ...................................................................................................................................................................... 41 

Figure 10 – Historical and forecasted development of certificate prices ........................................................ 44 

Figure 11 – Historical and forecasted development of electricity prices ......................................................... 45 

Figure 12 – Installed new capacity of onshore wind power in Sweden between 2009 and 2014 

(Energimyndigheten, 2015g) .................................................................................................................................... 46 

Figure 13 – Development of onshore wind power LCoE in Sweden and certificate price.......................... 48 

Figure 14 – Regression line of LCoE and price of certificates .......................................................................... 49 

Figure 15 – Development of LCoE of onshore wind power in Sweden and certificate price (1 year lag 

assumed) ...................................................................................................................................................................... 50 

Figure 16 – Regression line of LCoE and price of certificates with 1 year lag ............................................... 51 

Figure 17 – Historical development of certificate surplus on the Swedish-Norwegian TGC market ........ 54 

Figure 18 – Development of certificate surplus and certificate prices between 2004 and 2014 .................. 55 

Figure 19 – Regression line plot of surplus of certificates and certificate price ............................................. 56 

Figure 20 – Illustration of estimated NPV development by year of investment decision ........................... 57 

Figure 21 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year 

of investment .............................................................................................................................................................. 58 

Figure 22 – Demand is met by established production. Investor W and Investor X have not yet entered 

the market ................................................................................................................................................................... 68 

Figure 23 – Demand is met by marginal producer Investor W. Investor Y and Investor Z  have not yet 

entered the market ..................................................................................................................................................... 69 

Figure 24 – Demand is met by marginal producer Investor X ......................................................................... 69 

Figure 25 – Market equilibrium under the combined impact of technology development and surplus of 

certificates .................................................................................................................................................................... 70 

Figure 26 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year 

of investment .............................................................................................................................................................. 74 

  



 

 6 / 87 

List of tables 
Table 1 - The average consumer cost per kWh quota obliged electricity consumption from 2003-2013 in 

Sweden (Energimyndigheten & NVE, 2014, p. 33) ............................................................................................. 26 

Table 2 - Interview subjects in the pre-study phase. ........................................................................................... 27 

Table 3 - Categorization of surplus origin ............................................................................................................ 33 

Table 4 - Data used for analysis of accumulated surplus ................................................................................... 33 

Table 5 - Annulled and issued certificates on the Swedish-Norwegian TGC market (Energimyndigeheten, 

2015a) ........................................................................................................................................................................... 36 

Table 6 – Quota obligation in Sweden and Norway between 2003 and2014 ................................................. 37 

Table 7 – Quota obligation compliance in Sweden and Norway between 2003 and 2014 .......................... 38 

Table 8 – Forecasts of quota obliged electricity consumption in Sweden and Norway between 2003 and 

2014 .............................................................................................................................................................................. 39 

Table 9 – Actual quota obliged electricity consumption in Sweden and Norway between 2003 and 2014

....................................................................................................................................................................................... 40 

Table 10 - Production forecasted to be phased out at the end of 2012 ........................................................... 40 

Table 11 - Production phased out at the end of 2012 ......................................................................................... 41 

Table 12 - Data type and notation used to calculate NPV ................................................................................. 42 

Table 13 - CAPEX and average full load hours by year of investment decision (EY, 2015) ....................... 43 

Table 14 – Percentage based cost curve relative to OPEX year 1-5 ................................................................ 43 

Table 15 – OPEX development according to used cost curve ......................................................................... 44 

Table 16 - Interviews conducted with on shore wind power investors in Sweden. The interviewees and 

their respective firms have been anonymized upon their request. ..................................................................... 47 

Table 17 – Regression statistics LCoE and certificate price, 0 years lag .......................................................... 49 

Table 18 – Regression statistics LCoE and certificate price, 1 year lag............................................................ 50 

Table 19 – Annual surplus of certificates derived from each source................................................................ 52 

Table 20 – Accumulated surplus of certificates derived from each source ..................................................... 53 

Table 21 – Regression statistics of the effect of accumulated surplus on the price of certificates .............. 55 

Table 22 – Estimate of NPV per installed MW by year of investment ........................................................... 57 

Table 23 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year 

of investment .............................................................................................................................................................. 58 

 

List of equations 

Equation 1 – Surplus due to forecast error of quota obligated electricity consumption .............................. 34 

Equation 2 – Surplus due to forecast error of production phase-out ............................................................. 34 

Equation 3 – Surplus due to quota obligation compliance ............................................................................... 35 

Equation 4 – Surplus due to actor misconceptions of market ......................................................................... 35 

Equation 5 – Net present value ............................................................................................................................. 42 

Equation 6 – Net present value of wind power projects ................................................................................... 42 

 

  



 

 7 / 87 

1 INTRODUCTION  

1.1 BACKGROUND  
There is a political ambition to increase the share of renewable energy sources (RES) in the energy 

industry and decrease the emissions of greenhouse gases. The European Commission Directive 

2009/28/EC dictates that 20% of the European Union’s gross energy consumption in 2020 should stem 

from RES (EU, 2009). The directive is based on the rationale that an increased share of RES is needed in 

order to reduce the emissions of greenhouse gases motivated by the Kyoto protocol. The global emission 

of greenhouse gases is perceived as one of the most prominent threats to the world today and a socio-

technological transformation (STT) of the energy industry is considered essential for long term 

sustainability. There is a wide consensus in scientific literature that increased penetration of RES is 

necessary for achieving the levels of greenhouse emissions required to avoid the potentially catastrophic 

consequences of climate change (Edenhofer, et al., 2009; Popp et al., 2011; Wüstenhagen & Menichetti, 

2012). However, significant technology development, adaptation and diffusion is needed in order to 

achieve a high enough level of RES deployment. An effective system driving socio-technological 

transformation is required in order to meet the challenges of tomorrow (Meijer et al., 2006).  

Several support systems exist for generation of electricity from renewable energy sources (RES-E) 

(Menanteau et al., 2003; Mitchell et al., 2006). Market based systems, tradable green certificates (TGC), 

with quotas as regulators has been advocated as cost-effective way of increasing the production of RES-E 

(Aune et al. , 2012). On the other hand previous research has advocated that a TGC system is an 

inefficient instrument for driving innovation (Bergek & Jacobsson, 2010; del Rio & Bleda, 2012). As a 

result of the political agenda, a TGC market was introduced in Sweden in 2003 (Energimyndigheten, 

2014a). Norway joined the system in 2012, making it a joint initiative with a common objective to 

increase the production of RES-E in Sweden and Norway by 26,4 TWh by 2020 (Energimyndigheten, 

2012a). The TGC system functions as a regulatory mechanism obligating a certain quota of the electricity 

consumed to be produced by RES-E. Parties with a quota obligation are mandated to show that a quota 

of the electricity supplied is generated from RES-E. Quota obliged parties can acquire electricity 

certificates through trade with producers of RES-E to whom the certificates are allocated. Thus, in order 

to meet their certificate quota obligation parties can choose to either build eligible RES-E plants and 

generate certificates themselves, or purchase certificates from existing producers. The cost of acquiring 

certificates faced by electricity suppliers is passed along, ending up on the end-consumer’s electricity bill 

(Energimyndigheten, 2014a). 

The idea of a TGC system is to increase the production of renewable electricity in a cost-effective way. 

For every megawatt hour (MWh) of RES-E generated, producers are issued one TGC by the 

administrative authority1. Electricity producers can then sell the certificates on a market where the price is 

determined between sellers and buyers (Morthorst, 2000). The certificates thus provide additional revenue 

to producers of RES-E, in addition to the electricity sales. While the electricity producers entitled to 

receive certificates serve as supply side, the demand side on the market is constituted by parties with 

quota obligations, which is mainly the electricity suppliers in the Swedish-Norwegian system 

(Energimyndigheten, 2014a). The system is designed to motivate investments in RES-E where the 

certificate sales are thought to compensate for the high marginal cost of RES-E. Since the Swedish-

Norwegian system is technology neutral and the price of certificates is determined by the intersection 

between supply and demand on the common market, the system is meant to promote only the most cost-

effective technologies/projects. The quota is predetermined by the government and is designed to 

increase annually until the goal of added volume is reached in 2020. Thus, if the 2020 goal is reached, the 

                                                      
1 The Swedish Energy Agency in Sweden, and the Norwegian Water Resources and Energy Directorate in Norway 
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idea is that the increased capacity constitutes of a portfolio of the most cost-efficient projects available 

(Andersson et al., 2001; Energimyndigheten, 2014a).  

The energy industry is heavily capital intensive, which is also true for onshore wind power (Irena, 2012). 

Financial reasoning is therefore central in the decision making at energy companies (Darmani et al., 2014). 

The revenue stemming from electricity certificate sales is essential for technologies in a growing phase to 

be competitive on the conventional power market. The market price of electricity certificates has now, 

after a drastic decrease during 2011 and 2012, become somewhat stabilized at historically very low levels 

(Energimyndigeheten, 2015a). The low price puts pressure on both the profitability of established plants 

as well as investors looking to invest in additional RES-E.  

The system is currently under review. In 2015 there will be a checkpoint, evaluating the system and 

presenting possible modifications, mainly by quota adjustments. In this checkpoint all stakeholders, i.e. 

politicians, electricity producers, electricity suppliers, interest organizations etc., are invited to present 

their view on the current support system (Regeringskansliet , 2014). There is therefore of interest to 

evaluate the system in order to conclude whether it provides sufficient incentives for target achievement, 

given the current and future conditions of the market. 

1.2 PROBLEMATIZATION 
There are a number of uncertainties regarding investment in onshore wind power which may or may not 

act as barriers for further diffusion of the technology (Koppenjan & Klijn, 2004; Meijer et al., 2007). 

Examples of uncertainties are technology uncertainty, consumer uncertainty, competitive uncertainty, 

resource uncertainty, supplier uncertainty and political uncertainty. Understanding the magnitude and 

impact of uncertainties is of interest as it can determine the future success of socio-technological 

transformation (Meijer et al., 2006). This thesis aims at contributing to the understanding of uncertainties 

in a TGC system by exploring two groups of uncertainty, firstly technology uncertainty and secondly 

volume uncertainty.  

At the end of 2013, a surplus of approximately 12 million certificates had been accumulated 

(Energimyndigheten & NVE, 2014). This corresponds to an excess supply of 12 TWh. The excess supply 

of certificates is likely to impact the price of certificates according to the supply and demand principles on 

which the market operates (Morthorst, 2000). The surplus is probable to originate from a combination of 

contributing factors. Weather conditions affecting electricity yield, forecast errors of certificate obliged 

electricity consumption, irrational investors overinvesting in the system etc. could all be contributing to 

the excess supply of certificates (Kildegaard, 2008). There is hence a need to analyze the volume 

uncertainty in the system and investigate whether the surplus can be linked to the design of the system. 

Moreover, the technology which has contributed most to the increase of RES-E in the world hisotrically 

is onshore wind power (IEA, 2014). It is considered to be the most cost-competitive RES-E technology 

and is thus forecasted to continue increasing its dominance in the future (IEA, 2014). Within the 

boundaries of the Swedish-Norwegian TGC system, onshore wind power is the RES-E that has 

contributed with the largest increase of new electricity production (Energimyndigeheten, 2015a).  

However, one trend identified by Svensk Vindenergi, an interest organization for wind power in Sweden, 

is that early wind power investors hesitate to venture into new investments since profitability has been 

substantially lower than estimated when the initial investment was made (Energimyndigeheten, 2015a; 

Svensk Vindenergi, 2014). Technology development could be a substantial factor contributing to this 

trend. Investors in wind power are likely to struggle financially if a strong technology development is 

present which stresses the market through lowered marginal costs, thus forcing down the price of 

certificates. This may possibly demotivate new investors and could be problematic for meeting future 
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national goals. However, to the best of our knowledge there are no empirical studies on how technology 

development affects the price of certificates.  

1.3 PURPOSE, RESEARCH QUESTIONS & UNIT OF ANALYSIS 
The purpose of this thesis is to evaluate the impact of technology uncertainty and volume uncertainty on 

onshore wind power investors in the Swedish-Norwegian TGC system. This is important in order to 

address potential barriers for achieving socio-technological transformation of the energy industry.  

This thesis aims at answering: 

How does technology uncertainty and volume uncertainty affect investments in onshore wind power in the Swedish-Norwegian 

TGC system? 

The answer to this main research question is to be found by addressing the following sub-questions:  

1. How has the technology development of onshore wind power in Sweden impacted the price of 

certificates?  

2. How has the accumulated surplus of certificates impacted the price of certificates and from what 

sources are the surplus of certificates derived?  

3. How are previous investments in onshore wind power in Sweden expected to perform 

financially? 

The unit of analysis in this thesis is on a system level. This thesis will contribute to the body of knowledge 

in energy policy literature. It will address the effectiveness of TGC systems as a mean to promote 

diffusion of onshore wind power and its ability to support socio-technological transformation of the 

energy industry. Technological innovation system theory is used as a mean to understand the system 

dynamics of a TGC system and identify potential barriers for further diffusion of onshore wind power. 

Understanding of barriers is important in order to provide policy makers with information needed for 

effective policy design. The thesis will therefore not primarily add to the body of knowledge regarding 

socio-technological transformation and technological innovation systems, but rather address the 

implications of technology and volume uncertainty in a TGC system. 

1.4 DELIMITATIONS 
The quota based support system in Sweden and Norway is technology neutral, meaning that several 

technologies compete on the same market. This study will limit the focus to solely investigate the 

implications of onshore wind power. This limitation is based on the rationale that onshore wind power is 

the RES-E which has contributed most to the increase of RES-E production during the years of the 

support system and is considered to be the most cost-effective technology given the Swedish conditions 

(Energimyndigheten, 2014a; Nohlgren et al., 2014). In addition, technologies are not directly comparable 

to each other as they are different in nature.  

Furthermore, the thesis is limited to the onshore wind power industry in Sweden. This is based on the 

rationale that Sweden was an early adopter of a TGC policy in Europe (Bergek & Jacobsson, 2010), and 

more data is therefore available in comparison to many other TGC systems. Reliable data is available in 

the TGC accounting system Cesar (Energimyndigeheten, 2015a), which facilitates for quantitative 

analysis. In addition the Swedish electricity market is deregulated, which means that all firms can compete 

with each other without restrictions.  

The thesis is also limited to technology uncertainty and volume uncertainty as the pre-study in this thesis 

indicated that these are the most relevant uncertainties with regard to the Swedish-Norwegian TGC 



 

 10 / 87 

system. Moreover, the political uncertainty in the Swedish-Norwegian TGC system has previously been 

assessed by Fagiani and Hakvoort (2014).   
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2 LITERATURE  
The literature chapter of this thesis is divided into two parts. Firstly, the concepts of socio-technological transformation and 

innovation systems are presented. The theory of socio-technological transformation and innovation systems is used as a mean 

to further understand the dynamics of the Swedish-Norwegian TGC-system and the potential implications of uncertainties on 

system performance. In this part the concepts of technology and volume uncertainty are introduced and described. In the second 

part, previous research on TGC systems and the mechanisms in a TGC market is presented. The rationale of technology and 

volume uncertainty in TGC systems from an economic perspective is also presented.    

2.1 SOCIO-TECHNOLOGICAL TRANSFORMATION  
Large socio-technological systems like the railways, telecommunications, agriculture or the infrastructure 

for supply of energy show similarities in terms of structure and innovation characteristics (Markard & 

Truffer, 2006). These systems incorporate much more than just technology, such as networks, actors, 

institutions, material artifacts and knowledge. Together, the interrelationship and interaction between 

these elements form a service for society (Markarda et al., 2012). For several of the large socio-

technological systems of today, not least the energy system, socio-technological transformation (STT) is 

deemed necessary in order to meet future challenges and ensure long-term environmental, economic and 

social sustainability (Meijer et al., 2006). This is widely recognized both by researchers and international 

organizations such as the OECD and the European Commission (Weels, 2005; Hekkert & Negro, 2009; 

Jacobsson & Bergek, 2011; OECD, 2012; EU, 2012). Transformation refers to a change in the direction 

of trajectories, related to a change in rules that guide innovative action (Geels & Kemp, 2007). STT 

differs from technical transitions as it does not only include a technological element, but encompasses 

changes of user practices and institutional structures such as regulations. In addition, STT often includes 

additional technological changes and non-technical innovations, e.g. new business models or services 

(Markarda et al., 2012). One example of a STT is the transition from horse carriages to automobile cars. 

The transition was not merely a simple switch of technology, but a process where technologies like the 

electric tram and the bicycle worked as important stepping stones for the ultimate transformation. In 

addition, the technology led to complementary development of infrastructure such as gas stations and 

services (e.g. repair and insurance). It also enabled complementary development not directly related to the 

technology, but which the technology enabled, such as central business districts and cultural activities as 

theatre, museums and cinemas (Geels, 2005). However, Bolton and Foxon (2015) argue that STT is not 

necessarily based on simple technological and economic rationality but is rather a wide range of social, 

political and institutional factors that together influence the development of the system.    

Climate change is by many considered one of the greatest challenges of our time and politicians have 

already concluded the need to increase development and deployment of RES-E technology. However, 

Hughes (1989) argues that large technical systems currently in place can act as barriers for creation and 

development of a new large technical system. Most RES-E technologies are currently not competitive on 

the conventional power market. Given the energy sector’s need of STT, it is in the interest of policy-

makers to strive to develop effective systems promoting the technological evolution and diffusion of 

RES-E technology. Several researchers introduce policy instruments as the most effective support 

mechanism in the development of RES-E (Bergek & Jacobsson, 2010; del Rio & Bleda, 2012; Darmani et 

al., 2012).  

Facilitation of an effective system providing favorable conditions for technology development and 

diffusion is considered essential in order to overcome the barriers constituted by the socio-technological 

system in place and achieve the needed STT (Foxon T. , 2002; Jacobsson & Johnson, 2000; Meijer et al., 

2006; Bergek et al., 2008). In order to understand STT of the energy industry, i.e. development and 
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diffusion of RES-E, the concept of technological innovation system (TIS) has been used widely since it 

was introduced as a concept by Carlsson and Stankiewicz (1991).  

This thesis addresses the topic of onshore wind power in the Swedish-Norwegian TGC system. Given 

the focus of this study, applying the concept of technological innovation systems, which is socio-technical 

systems focused on the development, diffusion and utilization of a particular technology, is considered to 

be most suitable (Markard & Truffer, 2008). The concept of TIS has been specifically developed for 

informing policy-makers about potential hindrances to the development of a particular technology 

(Carlsson et al., 2010). TIS has been defined by Markard and Truffer (2008, p. 611) as: 

“…a set of networks of actors and institutions that jointly interact in a specific technological field 

and contribute to the generation, diffusion and utilization of variants of a new technology and/or 

new product.” 

2.1.1 DYNAMICS OF A TECHNOLOGICAL INNOVATION SYSTEM 
The basic idea behind TIS is that weaknesses in individual system elements are affecting the performance 

of the system as whole (Darmani et al., 2014). There is therefore important to understand which and if 

elements are impeding the system formation and propose solutions to correct it (Jacobsson & Bergek, 

2011; Painuly, 2001).  

In an innovation system in general, actors interact and serve different purposes in the process of 

developing, diffusing and utilizing products or services (Bergek et al., 2008). One might get the 

impression that the different system components are coordinated, but this is not primarily how an 

innovation system should be viewed. Instead, the system actors are analytical constructs used for 

illustration and understanding of system dynamics and performance. The actors within the innovation 

system assume various roles and are thus positioned differently in the system (Lente et al., 2003; Smits & 

Kuhlmann, 2004). The structures of an innovation system are presented somewhat differently among 

authors, but can be said to include networks of actors throughout the supply chain, institutions and 

sometimes the technology is included as well (Jacobsson & Bergek, 2011; Hekkert et al., 2011).  

Actors involve organizations or individuals that contribute to a technology, as a producer, consumer or 

more indirect as e.g. a financier. It is the choice or actions of actors in a technological innovation system 

that contributes to the generation, diffusion and utilization of the technology. The type of actors serving 

different purposes can vary and be public actors, private actors or universities (Meijer et al., 2006). The 

interactions and interrelation between these actors will affect the overall system performance. 

Relationships between actors that are too strong or too weak can affect the system negatively (Negro et 

al., 2012).   

Institutions are considered as the “rules of the game” in a TIS (North, 1990). Institutions can be 

categorized into formal and informal institutions, where the formal institutions are those who enforce by 

some authority. Examples of formal institutions are government laws and policy decisions. These have an 

impact on the success of a TIS as they can act either as barriers or drivers for development and diffusion 

of the technology. The institutions can therefore affect the choices and expectations of firms (Geels & 

Raven, 2006). It is considered necessary to know how prevailing institutions impact the diffusion of a 

technology to discover which specific institutions need alignment (Jacobsson & Karltorp, 2013).    

The technology also plays a certain role as different technologies need different policies (Jacobsson & 

Bergek, 2011). There is no “one size fits all” innovation system (Tödtling & Trippl, 2004). Technology 

specific aspects such as technology infrastructures, costs-structure and safety can impact how actors 

interact and what institutions are impeding or driving technological development.  
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2.1.2 IMPLICATIONS OF TECHNOLOGICAL MATURITY 

Assessment of the technology development phase within a TIS is of great importance for policy makers 

to consider in order to effectively promote technology diffusion (Bergek et al., 2008; Hekkert et al., 2011). 

The characteristics, and thus needed functionalities an effective policy needs to address, varies if the 

technology is in a formative phase or in phase of growth. The formative phase is highly characterized by 

technology uncertainty (Kemp et al., 1998). Entrepreneurial experimentation is an important functionality 

in this phase where knowledge development and variety creation is essential in order for the TIS not to 

stagnate (Bergek et al., 2008). At this point only rudimentary structures of the TIS are in place and the 

technology diffusion is merely a fraction of its potential (Jacobsson & Karltorp, 2013). If the technology 

is in a growing phase focus is shifted towards system expansion and widespread technology diffusion. A 

robust market formation, subsequently bridging markets into the creation of mass markets, and resource 

mobilization are highlighted as important factors which policy makers should consider (Bergek et al., 

2008).  

Transitioning into a growth phase, Jacobsson and Karltorp (2013) argue that resource mobilization is 

crucial and that the need of such increases by orders of magnitude while Hekkert et al. (2011) highlight 

that creation of functioning markets is essential. It is evident that not all TISs follow the same 

development pattern and a common TIS policy design roadmap does not exist. Guidance can be acquired 

by the fact that certain features in TIS development are common, but evolution time frame, regional 

context, and other determining factors make TIS policy design an exercise that requires a context tailored 

approach (Bergek et al., 2008).   

2.1.3 TECHNOLOGICAL MATURITY OF ONSHORE WIND POWER 
Technological development and diffusion according to the analogy of lifecycles is a useful framework to 

diagnose technological maturity (Christensen, 1992; Meijer et al., 2006). A sigmoid curve, commonly 

denoted an S-curve, depicts the technology development or diffusion by time (Hekkert et al., 2011). 

Sections of the curve exhibit a varied curvature and relates to the phases of technology evolution. The 

varying phases of technological development are a central concept in recognized literature on the 

dynamics of innovation (Utterback, 1994). Statistical analysis of patent data can provide indications of an 

industry’s technological maturity. The correlation between patent applications and technological evolution 

has been applied by researchers to analyse technology development in several different industries 

(Debackere et al., 2002; Haupt et al., 2007; Meister & McGinley, 2006; Pilkington et al., 2002). Empirical 

observations show that the number of cumulative patens applications generally takes the form of a 

sigmoid curve. This S-shaped curve is linked to the analogy of technological lifecycles and phases, shown 

in Figure 1. By aggregating patent applications, it is possible to visualize and analyse the lifecycle of a 

given technology (Dubaric et al., 2011).  
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Figure 1 – The S-curve of a technological lifecycle, showing the different technology phases (Dubaric, 

Giannocaro, Bengtsson, & Ackermann, 2011, p. 145) 

ECLA is a patent classification system developed by the European Patent Office. The ECLA class F03D 

represents “Wind motors”. By mapping all patent applications in the ECLA class F03D cumulatively 

Dubaric et al. (2011) conclude that wind motor technology has passed the emerging phase and has 

entered a phase of rapid growth. Although ECLA class F03D traditionally is a purely mechanical class 

several subgroups to the class cover different electrical and regulatory aspects of a wind turbine. Dubaric 

et al. (2011) thus argue that their findings provide a relevant insight into technological development of 

wind power. Even though the number of filed patent applications in a specific technological field is either 

increasing or decreasing, one cannot conclude that this equals a technological trend. Several other factors 

such as market development and societal challenges affect the innovation climate (Dismukes et al., 2009). 

However, the study by Dubaric et al. (2011) is viewed as a potent diagnostic measure and their findings 

are valued as relevant indications of the technological evolution of wind power technology. From their 

quantitative study, Dubaric et al. (2011) conclude that the maturity phase of wind power lies somewhere 

in the future. Dismukes et al. (2009) also conclude that wind power is in a technological phase of growth 

and suggest that wind power technology will reach the maturity phase somewhere around 2030. 

2.1.4 UNCERTAINTY   

Having described the concepts of socio-technological transformation and technological innovation 

system, the concept of actor uncertainty is introduced here. Actor uncertainty can act as a barrier that is 

hindering the socio-technological transformation (Meijer et al., 2006). Uncertainty can have different 

meanings in different contexts but in this thesis the term uncertainty has the definition from Walker et.al 

(2003, p. 8):  

“Any deviation from the unachievable ideal of completely deterministic knowledge of the relevant 

system”  

Uncertainty does not only regard lack of collected information (van Asselt, 2000), but also factors that are 

non-deterministic in nature such as behavior of other actors. In addition there is a difference regarding 

objective and perceived uncertainty.  Perceived uncertainty, unlike objective uncertainty and risk depend 

on the individual and can therefore not be considered a quantitative measure (Kreiser, 2002; Houwing et 

al., 2008). However, perceived uncertainty has been argued to be linked to the concept of risk, where 

increased uncertainty can increase the risk (Regan, 2012). Perceived uncertainty is related both to what 
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information individuals have but also what information they lack. Lack of information can render 

individuals to perceive the future as uncertain, while collected information is meaningless until it is 

perceived by an individual (Meijer et al., 2006). When uncertainties are mentioned in this thesis, it is 

perceived uncertainties and not objective uncertainties that are intended.  

Uncertainties have proven an important factor for decision making both by psychologists and in strategic 

management and organizational literature (Vlek & Stallen, 1980; Tversky & Kahneman, 1974; March & 

Shapira, 1988). Actors have their own visions of the future and these visions are frequently changing in 

order to adapt and react to changing conditions (Rotmans et al., 2001). The decisions of actors involved 

in a TIS are hence greatly influenced by the uncertainties they perceive. Therefore understanding how 

perceived uncertainties influence the decision making is important for understanding what mechanisms 

might be impeding the system (Meijer et al., 2007). Scholars have also argued that uncertainty is a natural 

element in an innovation process and that uncertainty can act as a driver for actors to undertake 

experiments or learn about the technology, in order to reduce uncertainty (Clark, 1985). However actors 

can respond differently to uncertainties and Koppenjan and Klijn (2004) means that a standard response 

is to delay or abandon engagement in the technology diffusion and utilization. Poorly structured markets 

is considered a major factor that can induce uncertainty which discourage actors from taking part in the 

transition steps necessary to achieve a functioning innovation system leading to socio-technological 

transformation (Baldwin & Scott, 1987; Hashmi & van Biesebroeck, 2014).  

Uncertainties can be derived from different sources, and their weight may vary depending on the 

characteristics of the technology. A source of an uncertainty is the origin of the organizational 

environment which the decision maker experiences installs risk. However, what is considered a source is 

largely dependent on the context. In general, uncertainties can be divided into technology uncertainty, 

resource uncertainty, competitive uncertainty, consumer uncertainty, supplier uncertainty and political 

uncertainties (Meijer et al., 2006).  This thesis focuses on technology uncertainty and volume uncertainty, 

where volume uncertainty is constituted of two of the above mentioned uncertainties.  

2.1.4.1 Technology uncertainty  

It is widely accepted that the process of technological development is unpredictable (Fleming, 2001; 

Jalonen & Lehtonen, 2011; Chesbrough, 2004). Technology uncertainty can in general be classified into 

uncertainty concerning the emergence or performance of other technologies, or the uncertainty 

concerning the development of the technology itself.  However, generally it can be said that a technology 

often gains its competitive advantage compared to other technologies due to a decrease of the marginal 

cost schedule (Cabral, 2009). There is therefore an uncertainty regarding how the costs of the technology 

will develop over time, which includes factors of technology development throughout the whole supply 

chain. The technology development can occur in the manufacturing of the technology (Bernstein & Kök, 

2009) or in the performance of the technology (MacGillivray et al., 2014).  

When it comes to investing in a technology, the uncertainty of technology development and subsequent 

marginal cost reduction can be considered an investment risk. A decision maker’s perception of the 

innovation characteristics of a technology greatly affects a firm’s willingness to invest in a technology 

(Rogers, 1995). In the early phases of technology maturity, the uncertainty is often considered to be 

higher than in later phases. A higher risk profile is induced due to limited information about the progress 

of innovation, especially since information from previous experience is lacking, and due to the fact that 

the future market potential is uncertain. In later phases of development, incremental changes are more 

likely to occur and the uncertainty rather reflects the effects of these incremental changes (Meijer et al., 

2006).  

The rationale of technology uncertainty in a TGC system is further elaborated upon in section 2.2.3.1 
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2.1.4.2 Volume uncertainty  

Volume uncertainty is the possibility of oversupply in the market, i.e. an excessive amount of a good or 

other substance available on the market. Oversupply occurs when demand is lower than supply, thus 

resulting in a surplus (Cappiello, 2005). The volume uncertainty is in turn dependent on the consumer 

uncertainties and competitive uncertainty, as well as their interrelationship with institutions. The 

institutional interrelations and dependencies concerning volume uncertainty differ depending on how the 

market is constructed (Meijer et al., 2006). Essentially, volume uncertainty is uncertainty of supply and 

demand on the market (Fischer et al., 1994).   

Consumer uncertainty normally includes uncertainty of consumer demand, consumer design preferences 

and consumer characteristics (Foxon, o.a., 2005; Jalonen & Lehtonen, 2011). Within the context of 

electricity as a product it is the uncertainty of consumer demand that is essential. However, in general 

uncertainty of consumer demand is constituted of the combination of consumer preferences, consumer 

characteristics and several macro-economic factors such as economic growth, population growth, trade 

conditions and changes in purchasing power of consumers (Meijer et al., 2006).  

Competitive uncertainty concerns how other firms will act or react, and what consequences their actions 

might have. Competitors’ actions and behavior such as first mover advantage (Kerin et al., 1992) or 

economies of scale (Wernerfelt & Karnani, 1987) can have a significant impact on strategic advantages. 

An important factor is that competitors actions can be either unintentional or deliberate, i.e. strategic 

(Sutcliffe & Zaheer, 1998). An extreme example of a deliberate strategic action is to reduce prices to a 

level on which competitors no longer can compete, thus starving the competition. Market liquidity is an 

important aspect to consider regarding actors possibilities to exercise this type of market power. In terms 

of volume uncertainty, the actions of competitors that influence the uncertainty is the quantity of 

production, whether competitors choose to invest, delay investment or refrain from investment 

(Koppenjan & Klijn, 2004).  

The rationale of volume uncertainty in a TGC market is further elaborated upon in section 2.2.3.2  

2.2 TGC SYSTEMS 
The European Union has long had the ambition to tackle the issues of climate change and past decades 

various support system policies designed to stimulate investments and increase diffusion of RES-E have 

been implemented. Among these, TGC and feed-in tariffs have emerged as the most commonly deployed 

policy instruments. A price driven feed-in policy was deployed in Denmark in the 1980s and in Germany 

and Spain in the 1990s while the UK, Belgium, Italy, and Sweden became early adopters of the more 

recently developed quantity driven TGC policy around the beginning of the new millennium (Bergek & 

Jacobsson, 2010; Fagiani & Hakvoort, 2014).  

There exists a considerable body of knowledge on both of these individual systems where many studies 

have focused on comparing the two different regulatory policies (Menanteau et al., 2003; Meyer, 2003; 

Mitchell et al., 2006; Toke, 2007; Butler & Neuhoff, 2008; Fagiani, Barquín, & Hakvoort, 2013). 

Comparison of the different policies is complicated due to the coexistence of multiple evaluation criteria 

and objectives with varying relevance from different perspectives (Kildegaard, 2008). However, the main 

advantages of a feed-in policy argued for in academic literature is that it is administratively easy to 

implement and effective in promoting technology diffusion and development of both mature and 

immature RES-E technology (Morthorst, 2000; Meyer, 2003; Menanteau et al., 2003; Mitchell et al., 2006; 

Fagiani et al., 2013). The main advantages of a TGC policy on the other hand has been advocated to be 

cost-efficiency, a stable development towards set goals, and the ability to drive innovation and cost 

reductions through the dual competition faced by both the electricity and certificate market (Morthorst, 
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2000; Meyer, 2003; Menanteau, Finon, & Lamy, 2003; Agnolucci, 2007; Bergek & Jacobsson, 2010; 

Fagiani et al., 2013). 

A TGC market as a support system policy has been argued as being a cost-effective mean to increase the 

share of RES. Theoretically, investments in less expensive technologies/projects should be premiered and 

incentivized by competition on the common market. By being exposed to market competition, the 

system’s market orientation further increases the drive for producers to continuously lower their 

operating costs (Menanteau et al., 2003) 

2.2.1 RISKS ASSOCIATED WITH TGC  
The risk associated with different policy designs and its implications for policy effectiveness has in 

previous research been touched upon in general as well as addressed in particular. Risk has a price and to 

what extent a policy has the ability to reduce the risk faced by generators is thus of importance. Through 

risk-reduction, a larger number of projects can become economically viable, mainly due to the fact that 

lowered risk reduces the cost of capital. In that sense, mitigating system risk could be an alternative to 

raising compensation levels (Mitchell et al., 2006). Fagiani et al. (2013) agree with this line of reasoning 

and conclude that risk reduction is a driver for an increased level of RES-E deployment making it an 

important factor affecting the efficiency of a policy. At least two studies have analyzed the performance 

of TGC systems in comparison to a feed-in policy with a special focus on risk. Both of these have 

concluded that a TGC policy is associated with greater risk than a feed-in policy (Mitchell et al., 2006; 

Fagiani et al., 2013). However, it is important to point out that the system induced risk is highly 

dependent on the specific design of the policy where a price driven policy under certain conditions very 

well could install a higher risk profile than in a well-designed quota driven policy.  

2.2.1.1 Price volatility  

Certificate price volatility is another potential issue for the efficiency of a TGC-policy. A delay or 

hesitation of investors venturing into the system during a shortage of certificates would result in a 

prolonged market shortage of supply. Due to the relatively long development period, including permit 

application, site evaluations etc., of most RES-E projects before investment decision can be made a delay 

of investments in response to market prices is very real. During a period of shortage existing producers 

would be overcompensated, resulting in society having to bear a heavier economic burden. Moreover, 

high certificate prices could lead to investors overinvesting in the system, resulting in a period of very low 

or null prices until the quota driven demand manages to catch up (Fagiani & Hakvoort, 2014).  

Due to RES-E technology being highly capital intensive and with very low marginal costs2, Kildegaard 

(2008) even argues that overinvestment in a TGC system could lead to the certificate price collapsing, 

resulting in extensive capital loss for investors. The phenomena of over and under investments in the 

system stresses the market and could induce cycles in RES-E technology investments contributing to 

considerable certificate price volatility (Ford et al., 2007). This price uncertainty could be perceived by 

investors as a factor making projects reliant on certificate sales as too high of a risk to venture into. 

Furthermore, due to the price risk investors may require higher expected returns on RES-E projects and 

include high risk premiums on investment (Klessmann et al., 2008). This would lead to higher certificate 

prices and decreased cost-efficiency from a system perspective.  

Fagiani and Hakvoort (2014) argue that regulatory uncertainty, i.e. the risk that political decisions and 

regulation changes impact the market development, has had a significant impact on the price volatility on 

the Swedish market. Political instability in terms of continuous regulation modifications can harm 

investors since future revenues and costs are more difficult to predict. However, Amundsen et al. (2006) 

                                                      
2 With the exception of biomass, RES technology generally exhibit very low or close to null marginal costs  
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shows using a rational expectations model of competitive storage and speculation of TGCs that the price 

volatility of certificates can be reduced significantly if banking of TGC is introduced. Unlimited banking 

of certificates is allowed in the Swedish-Norwegian TGC system. Nonetheless, the price of certificates 

has historically shown large fluctuations. In the long run, the price of certificates has varied more than 

both the electricity spot price and the OMX Nordic 40 stock development index (Energimyndigheten, 

2014b). 

2.2.2 TWO MAIN CRITICISMS OF TGC 

2.2.2.1 Windfall profits  

Haas et al. argue that the risk of windfall profits, i.e. investors gaining higher support levels than necessary 

for investment, gained by less expensive technologies arises in a common TGC market, limiting the 

overall cost efficiency of the system. This issue originates in the fact that different technologies all 

correspond to the same certificate price (Haas, o.a., 2011). Bergek and Jacobsson (2010) have analyzed 

the occurrence of such windfall profits in the Swedish TGC system between the initiation in 2003 and 

2008. In the initial phase of the Swedish market, several existing generators were included in the system in 

order to ensure liquidity. Bergek and Jacobsson’s (2010) research shows that rents, i.e. overcompensation 

to already existing production, in the order of billion 8-11 SEK, equaling up to as much as 79 % of all 

payments to producers, have been generated between 2003 and 2008. Since this already existing 

production was starting to be phased-out first at the beginning of 2012, the current cumulative rents 

generated from this production, and subsequent end-consumer billing, are deemed to be of greater 

magnitude.  

2.2.2.2 Technology neutral design  

It has been advocated in previous research that a TGC policy is an inefficient instrument for driving 

innovation (Bergek & Jacobsson, 2010; del Rio & Bleda, 2012). The nature of a TGC system promotes 

deployment of the most cost-competitive technologies at the expense of diffusion of more immature 

technologies. Meyer (2003) argues that immature technologies are bound to struggle financially in such a 

system. According to Meyer (2003), wind power is probable to gain the largest market share, hydro and 

biomass may be competitive under certain conditions, but the deployment of immature technologies like 

e.g. solar are marginalized (Meyer, 2003). This conclusion is in line with the development on the Swedish-

Norwegian market. During the initial years of the system certificates derived from biomass constituted a 

majority of the market (Energimyndigeheten, 2015a). This can be explained by the financially favorable 

conditions under which combined heat and power (CHP) plants easily could switch to biomass as well as 

the inclusion of established biomass production into the system (Bergek & Jacobsson, 2010). Onshore 

wind power, being a cost-competitive technology, has gradually increased its market share and an absolute 

majority of the certificates issued during recent years are derived from onshore wind power 

(Energimyndigeheten, 2015a). The deployment of solar power has during the years since the introduction 

of the system been negligible in comparison to other RES-E (Energimyndigeheten, 2015a). 

2.2.3 PRICE EQUILIBRIUM ON A TGC MARKET    

The market mechanisms and price equilibrium on a TGC market has been studied by several researchers 

(Morthorst, 2000; Amundsen et al., 2006; Agnolucci, 2007; Kildegaard, 2008). Theoretically, the price of 

certificates is determined by the spot market price of electricity and the intersection of demand dictated 

by the set quota and the supply curve of RES-E technologies/projects. The supply curve is constituted of 

the marginal cost curve of production. Furthermore, the demand curve will be almost totally inelastic due 

to the dependence with electricity consumption. It is important to point out that it will be the marginal 

cost of the marginal producer, or in other words the marginal cost of the producer generating the power 

which enables just the attainment of the given quota, which determines the market price of certificates. 

Certificates are designed to provide additional revenue for producers on top of the earnings from 
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electricity sales, facilitating for investments in RES-E technologies that are not yet competitive on the 

conventional market. A certificate is thus a premium and the market price is therefore determined by the 

intersection of supply and demand less the spot market price of electricity (Agnolucci, 2007).  

To the best of our knowledge, Morthorst (2000) is one of the first to present a comprehensive study of 

the mechanisms and price equilibrium in a TGC market, arguing that the supply curve for TGCs is highly 

dependent on both short and long-run considerations. For already established plants satisfying the 

requirements of being included in the system, short run considerations will be dominant. These producers 

will be willing to sell certificates for at least the difference between their short-run marginal cost and the 

price of electricity. The short run-marginal certificate cost is thus the difference between the short-run 

marginal cost of production and the market price for electricity. A fundamental aspect of any RES-E 

support policy is to promote development of new renewable capacity. The gap between supply of 

certificates from existing RES-E production and the set quota for the specific year is thus intended to be 

filled by new investments. For new plants in the system, long-run considerations will be dominant where 

the long-run marginal cost of certificates equals the difference between the long-run marginal cost of 

production and the forecasted long-run spot market price of electricity.  

Considering development of new plants the cost of generating electricity, regardless of source, is made up 

of capital expenditures (CAPEX) and operating expenditures (OPEX). In e.g. wind power the CAPEX 

include cost of the turbines, building the plant and connecting it to the grid, whereas the OPEX include 

service and maintenance of the plant, as there are no costs for fuel. Wind power is highly capital intensive 

and the capital costs usually constitute between 70 and 89 percent of total costs (Irena, 2012). The long-

run marginal cost of a new wind power plant is thus characterized by levelized investment costs and it is 

obvious that the cost structure of a new plant is fundamentally different from the short-run marginal cost 

of an established plant that is incorporated into the system (Morthorst, 2000). Morthorst (2000) argues 

that fluctuations in electricity yields inherited by many RES in combination with an inelastic demand 

results in an unstable and volatile price of certificates.  

2.2.3.1 Technology uncertainty in TGC 

The effect of technology uncertainty in a TGC-market has been assessed in a few studies, such as 

research of Agnolucci (2007). His reasoning describes the effect that rapid cost reductions of a 

technology can have on the price of certificates when new plants are added into the system. If 

technological development brings the next technology vintage quickly to the market, the firms already 

invested in the previous technology vintage will be undercut by the new plants. This is only true if the 

technological development is rapid, and the recently built plants are not allowed to recover most of their 

fixed costs during a short time. Plants built at the time (t) will be undercut by plants built at the time (t+x) 

if the long term marginal costs are lower for the new technology vintage. A lowered long term marginal 

cost due to technological development and the effect on the market price of certificates is illustrated in 

Figure 2.  
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Figure 2 – Revised price equilibrium in a green certificate market: the role of technology development 

(Agnolucci, 2007, p. 3335)  

In Figure 2, PGC represents the long-run equilibrium price of certificates corresponding to the long-run 

marginal cost of certificates, LMCC, and the target volume of certificates, VGC, dictated by the policy 

quota. B represents the volume of existing capacity that is economically viable to include in the system 

and A represent the volume of existing capacity available. The volume contributed by investments in new 

plants is thus difference between VGC, and B. Figure 2 implicitly assumes the existence of a competitive 

certificate market. Furthermore, the shape of the curves vary with the source of funding where e.g. capital 

from financial institutions, stock market or corporate financing will result in different prices (Agnolucci, 

2007).    
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2.2.3.2 Volume uncertainty in TGC  

The impact of oversupply in a TGC system has been presented by Kildegaard (2008) and is illustrated in 

Figure 3. He argues that the short-run marginal cost, SMC, of new plants are likely to be very low which 

shifts the SMC curve to the right with the amount of new production necessary to achieve the goal, I*. In 

Kildegaard’s (2008) reasoning, the certificate price necessary to stimulate new investments is extremely 

sensitive to the quantity of new investments. Over-investments will spoil the price, which is problematic 

for leveraged investors. The certificate price is determined along the steepest part of the supply curve, 

which for wind power mainly constitutes maintenance cost for old existing capacity. This means that a 

supply or demand shock would greatly affect the price of all certificates. Kildegaard (2008) argues that if 

there is over-investment, certificate prices will fall and recently made investments will suffer capital losses.  

However, this will not reduce the production of these investments as it is unlikely that the sum of the 

certificate price Pc and electricity price, Pt, will fall below the short-run marginal cost of new capacity, 

SMC (New Capacity). This would equal a drop of the electricity price amounting to Ω. The short-run 

operational logic still holds true even if the project suffer capital losses, and the excess capacity will persist 

until demand catches up3.   

 

Figure 3 – Schematic illustration of the price equilibrium of certificates and the volume uncertainty induced 

by new investments (Kildegaard, 2008, p. 3416)  

 

  

                                                      
3 Excess capacity can also disappear if existing units wear out or are phased out of the system.   



 

 22 / 87 

3 EMPIRICAL CONTEXT 
This part covers the Swedish-Norwegian TGC system in specific. A thorough description of the system under study is 

considered necessary in order to understand how the specific design is related to uncertainty and policy effectiveness investigated 

and discussed later on. The chapter is concluded with a short presentation of how the system has performed so far. The intent 

of this is to provide the reader with an overview of the characteristics and dynamics of the Swedish-Norwegian TGC system. 

As a mean to increase the share of RES-E in the energy system, the TGC system was introduced in 

Sweden in May 2003. All producers who fulfill the requirements stipulated in the Electricity Certificate 

Act are entitled to receive one (1) certificate for every MWh of RES-E produced. The different types of 

RES-E that are entitles issuance of certificates in Sweden are biomass, geothermal, solar, small scale 

hydro, wind, and wave energy conversion (Energimyndigheten, 2014b). Plants eligible for certificate 

issuance are entitles to receive certificates during 15 years (Energimyndigheten, 2014b).  

Demand of certificates is created by obligating certain actors to obtain an amount of certificates 

proportionate to a quota of their corresponding electricity consumption. Which parties that are quota 

obligated is manifested by the Electricity Certificate Act. The quota obligation mainly applies to electricity 

suppliers, but also consumers utilizing self-generated electricity exceeding 60 MWh per year produced in a 

plant with capacity exceeding 50 kW are under quota obligation. Furthermore, consumers to the extent 

electricity have been imported or directly bought at the Nordic spot market are also under quota 

obligation. Moreover, certain electricity intensive industries registered by the Swedish Energy Agency are 

required to compensate their electricity consumption with declaring possession of certificates 

(Energimyndigheten, 2015b). Other electricity intensive industries can be granted right to be relieved 

from their quota obligation. 

An overview of the Swedish-Norwegian TGC system is illustrated in Figure 4.  

 

Figure 4 Illustration of the Swedish-Norwegian TGC system, with flows of certificates and money displayed 

(Energimyndigheten & NVE, 2013, p. 7).  

In Figure 4, actors and dynamics of the system is denoted a number from one to five where the numbers 

depict:  
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1. The Swedish or Norwegian government issues one certificate for every MWh of eligible RES-E 

generated. The certificates are transferred to the producers who constitute the supply side of 

certificates.  

2. The certificates are traded on the common market where price is determined by supply and 

demand.    

3. Demand of certificates is created by quota obliged actors who are obligated by law to purchase 

certificates amounting to a set quota of their electricity consumption. 

4. The costs of the quota obliged actors’ certificate purchases are passed along to the end-

consumers where the cost of electricity certificates is added to the electricity bill. It is thus the 

end-consumer that pays for the economic support granted to the producers in the end.  

5. Certificates corresponding to a set quota of the obliged actors’ electricity consumption are 

annulled by the government on April 1st each year. By doing so, the quota obligation is 

considered to be fulfilled. 

The TGC system is goal oriented where the annual system quotas are set to enable that the target volume 

of certificates is reached. The quotas are determined and set beforehand. This requires forecasts of the 

quota obliged electricity consumption of forthcoming years. These forecasts serve as basis for calculating 

and determining quotas that enable target volume fulfillment. The quotas have been modified two times, 

in 2007 and 2011 (Regeringskansliet, 2003; Regeringskansliet, 2012; Sveriges regering, 2006; 

Energimyndigheten, 2009). The quota is designed to be raised annually until the set goal of RES-E 

production is achieved. When the system was initiated in 2003, the goal was to by 2010 generate an 

additional 10 TWh relative to the RES-E production in 2002 (Regeringskansliet, 2003). In 2007 the goal 

was extended to amount 17 TWh of additional RES-E production relative to the production in 2002 by 

the year of 2016. The annual quotas were subsequently changed in order to achieve this goal. 

Furthermore, with pressure to comply with the new EU Renewable Energy Directive it was decided in 

2010 to prolong the TGC system until 2035 and a goal of achieving an additional 25 TWh compared to 

the production in 2002 was legislated (Fagiani & Hakvoort, 2014; Regeringskansliet, 2012). As before, the 

quotas were altered in order to enable achievement of the new goal. Together with the bill, an assessment 

of the viability of creating a common certificate market with Norway was presented. Subsequently, a 

protocol was signed in 2010 to create a common Swedish-Norwegian TGC system by 2012. The joint 

goal of generating 26,4 TWh by 2020 was based on the rationale of what Sweden was short of fulfilling 

their individual goal previously set for the same year (13.2 TWh). In 2011 the bill manifesting the creation 

of the joint market was passed by the Swedish government and the common Swedish-Norwegian TGC 

system was initiated in 2012 (Sveriges riksdag, 2011).   

Quota obligated parties are required to declare their electricity consumption for the previous year no later 

than March 1st. During the month of March, the quota obliged parties are mandated to ensure that they 

possess a sufficient amount of certificates to balance their declared electricity consumption with the 

current quota. On April 1st, the corresponding amount of certificates is annulled (Energimyndigheten & 

NVE, 2013). Cesar is the Swedish accounting system for tradable green certificates. Administrated by the 

Swedish Energy Agency, the system accounts all issuances, transactions and annulations of certificates on 

the Swedish-Norwegian market. Certificates are issued to the producer’s system account when data of 

eligible production is reported into the system. Transactions of certificates in between accounts are 

facilitated within the system in order for quota obliged parties to acquire the amount of certificates 

needed to fulfill their certificate obligation. On April 1st each year, the declared quota obliged electricity 

consumption from previous year and the amount of certificates in possession is balanced and the number 

of certificates declared to meet the quota obligation are annulled (Energimyndigeheten, 2015a). 

Compliance with the quota obligation is enforced by a penalty fee. If a party fails to present an adequate 

amount of certificates, a penalty fee amounting 150% of previous year’s average certificate price is 
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charged for every missing certificate (Energimyndigheten & NVE, 2014). Quota obligation compliance is 

the ratio between the total amount of annulled certificates, and the product of the relevant quota and the 

total quota obliged electricity consumption. In other words, quota obligation compliance is a metric of 

the degree that certificates have actually been annulled as opposed the obligation being disregarded. 

During the first year of system operationalization the quota obligation compliance was 77%, but ever 

since 2003 the quota obligation compliance has been >99% (Energimyndigeheten, 2015a). During the 

initial years of the system, a fixed price cap acted as a penalty fee for noncompliance with the quota 

obligation (Energimyndigheten, 2015c).   

A large amount of old production established prior to the initiation of the TGC system was allowed to 

enter the system when it was opened in 2003. These plants were granted the right to receive certificates 

for 10 or 12 years depending if they previously had received government subsidies or not. A majority of 

the production established prior to May 2003 that was allowed into the system comprised of electricity 

generated in biomass fueled CHP plants 4  (Bergek & Jacobsson, 2010). Furthermore, there was a 

considerable volume of established and “easily accessible” production that relatively effortless could 

become eligible to take part of the support scheme. Most of these plants were CHP plants that could with 

small or no investments become entitled issuance of certificate through fuel conversion and increase of 

full-load hours of power generation (Bergek & Jacobsson, 2010). The total of established and “easily 

accessible” production available amounted to 10.8 TWh (Bergek & Jacobsson, 2010). The rationale 

behind including plants established prior to May 2003 was twofold. Firstly, the main reason was to supply 

sufficient liquidity to the market. Secondly, established CHP plants were included in the scheme in order 

to prevent existing biomass plants to switch back to fossil fuels. Some of these plants had received 

government subsidies before while others had not and were already competitive on the conventional 

market (Bergek & Jacobsson, 2010). A large share of the production established prior to May 2003 was 

phased-out from the system at the end of 2012 (Energimyndigheten, 2012b). The occurrence of this 

phase-out was known in advance and planned for (Energimyndigheten & NVE, 2013). The loss of 

certificate issuances from these facilities had been taken into consideration when determining the quotas 

for the subsequent years and the volume forecasted to be phased out thus impacted these calculations 

(Energimyndigheten, 2009). However, there is a discrepancy between the volume forecasted to be phased 

out at the end of 2012 and the volume that actually was removed from the system. The discrepancy is 

partly explained by uncertainty arising whether specific plants were eligible and operational before or after 

the initiation of the system as well as if there had been any modifications to plants making them once 

again eligible for certificate issuance (Energimyndigheten, 2015d). Furthermore, some plants forecasted to 

be phased out were allowed continued certificate issuance due to experiences of technical malfunctioning 

and production down time (Energimyndigheten & NVE, 2013). 

  

                                                      
4 Part of the of the already established production which was introduced comprised of hydro and wind power 
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3.1 PERFORMANCE OF THE SWEDISH-NORWEGIAN TGC SYSTEM 
The task of performing an exhaustive and fair evaluation of the performance of the Swedish-Norwegian 

support system is major undertaking and is highly dependent on which aspects that are emphasized and 

analyzed. As pointed out earlier, the coexistence of multiple evaluation criteria which in turn are 

perspective dependent make the task of presenting a satisfactory overview of performance problematic 

(Kildegaard, 2008). However, it is important that the reader is familiar with the benefits and shortcomings 

of the current Swedish-Norwegian TGC system in order to acquire the necessary context in which this 

thesis’ subsequent analysis and discussion should be viewed.  

Bergek and Jacobsson (2010) have published a detailed evaluation of the performance of the Swedish 

TGC system between 2003 and 2008 with the expectations of the system outcome previous to the system 

initiation used as evaluation criteria. The expectations of the system prior to initiation were to; (1) 

effectively increase the production of RES-E and meet set targets, (2) increase the generation RES-E in a 

cost-effective way, (3) result in an equitable distribution of costs and benefits, and (4) stimulate technical 

change. Using these criteria, Bergek and Jacobsson’s analysis shows that, (1) the Swedish TGC system up 

to 2008 had performed adequately in terms of increasing electricity production from RES-E and meeting 

set targets. Furthermore, (2) it had also met the expectations of social cost-efficiency, mainly due to the 

fact that a large share of production had been achieved through low-cost increase of output and fuel 

conversions in already existing plants. Moreover, it is argued that the TGC system has, as a result of 

substantial overcompensation, turned into a “rent-generating machine”. Thus, the Swedish TGC system 

is concluded to, (3) have performed badly both in terms of equity and consumer costs. Finally, (4) it is 

concluded that the Swedish TGC system has at best contributed marginally to technological change and 

cost reduction (Bergek & Jacobsson, 2010). 

Serving as complement to the findings of Bergek and Jacobsson (2010), data of more recent development 

is presented in order to provide a more up-to-date overview of the performance of the Swedish-

Norwegian TGC system. The amount of issued certificates by source between 2003 and 2014 is presented 

in Figure 5.  

 

Figure 5 – Issued certificates by source between 2003 and 2014 (Energimyndigeheten, 2015a) 

As this part of the study is intended to provide background information on the performance of the 

system in general, no in-depth analysis and interpretation of the data will be presented. However, from 
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Figure 5 it can be concluded that the system so far has been able to meet set targets. For example, the 

initial goal of the system was to by 2010 increase the production of RES-E with 10 TWh in relation to the 

production in 2002. The existing production of RES-E in 2002 amounted to 6.5 TWh and the issued 

certificates in 2010 corresponded to a production of 18.1 TWh, making the goal in 2010 to be overshot 

by 1.6 TWh (Bergek & Jacobsson, 2010; Energimyndigeheten, 2015a). Furthermore, the goal set in 2007 

to increase the RES-E production by 17 TWh by 2016 relative to the production in 2002 is likely to also 

be fulfilled. However, it is important to highlight the fact that all set goals have been updated prior to 

their initially planned expiration. Investors are likely to be influenced by raised levels of ambition and 

subsequent modifications of the quotas. In light of that, it is problematic to assess the system’s ability for 

target achievement. Furthermore, Figure 5 also distinguishes from what RES-E the certificate issuance 

stems. It can be concluded that the initial years were characterized by the established production 

generating electricity in biomass-fueled CHP plants established prior to May 2003, of which a large share 

was phased out at the end of 2012. It is also evident that production in wind power has increased steadily 

during the years of the system and is the largest contributor to new RES-E production. Immature 

technologies that are not as cost competitive constitute a small share of the market where solar power has 

contributed negligible to the increase in RES-E. 

The consumer cost of a support system is considered an essential factor of system performance. The 

average cost for certificates in Sweden for the years 2003 to 2013 is presented in Table 1. Noticeably 

there is a trend of increasing costs until 2010 (with the exception of 2006), and a reversed trend thereafter 

(Energimyndigheten & NVE, 2014). These are low figures compared to most other countries in Europe 

in terms of consumer cost per gross electricity production. However, it is important to note that many 

countries have a higher consumer cost per kWh of total electricity consumption due to a higher RES-E 

percentage in the electricity production (CEER, 2015).  

Table 1 - The average consumer cost per kWh quota obliged electricity consumption from 2003-2013 in 

Sweden (Energimyndigheten & NVE, 2014, p. 33) 

Year  2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Electricity 
consumers 
average 
consumer 
costs 
[öre/kWh] 

1.5 1.9 2.3 2.1 3.0 4.0 5.0 5.3 4.4 3.6 2.7 

 

There is an accumulated surplus of certificates in the Swedish-Norwegian TGC system. At the end of 

2013 the surplus amounted to 12 million certificates, corresponding to 12 TWh of RES-E production 

(Energimyndigheten & NVE, 2014). As the system has existed longer in Sweden than in Norway, most of 

the accumulated surplus is found in Sweden. At the end of 2012 only about 9 % of the accumulated 

surplus was located in Norway (Energimyndigheten, 2014b). 
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4 METHODOLOGY AND RESEARCH STRATEGY  
This chapter describes the research process, the method used for collecting the empirical data, and the method of analysis used 

in order to answer the research questions and thereby fulfil the purpose of the thesis. The chapter starts with a description of 

the research process followed by the three areas of this thesis; technology uncertainty, volume uncertainty and the effects on 

made investments. The three areas correspond to the three sub-questions used to answer the main research question. Each of 

these three areas consists of a description of method for data analysis, followed by the method for data collection. The methods 

for data analysis and data collection are also continuously discussed in terms of reliability and validity. The chapter ends with 

a description of the interview process with onshore wind power investors used as method to validate the results acquired from 

the quantitative analysis.     

4.1 DESIGN OF THE RESEARCH PROCESS 
The research processes started with an initial semi-structured interview process where investors, 

developers, researchers, traders, and forecasters all either professionally active or experienced research 

wise in the Swedish-Norwegian TGC-system were interviewed. In total, 8 interviews were conducted 

during this phase of the research, and the interviewees are presented in Table 2.  

Table 2 Interview subjects in the pre-study phase.   

Position  Company/University  

Certificate trader  Company X 

Certificate forecaster  Company X 

Wind power project developer  Company X 

Wind power project developer  Company X 

Manager of wind power 
development  

Company X 

Business Controller  Company X 

Manager of regulatory affairs  Company X 

Researcher  KTH  

 

The sample of interviewees was based on the rationale of acquiring an understanding of how different 

actors relate to and experience the system. No data collected from these interviews have been used as 

results or as a basis of analysis. Instead, this round of interviews was, together with the literature review, 

used as an orientation phase in order to develop an understanding of the dynamics, benefits, and potential 

issues of the Swedish-Norwegian TGC system faced by actors positioned with different perspectives. The 

orientation phase was formative in terms of developing the initial purpose of the research, identifying 

surplus volume and technology development as two major sources of uncertainty within the Swedish-

Norwegian TGC system. From this, the main research question was formulated and three sub-questions 

were derived in order to answer the main research question. However, the research process has been 

iterative in the sense that purpose and research questions continuously have been reworked.   

The orientation phase was followed by development of method and an extensive phase of quantitative 

data collection needed in order to address the three formulated sub-questions. This process was 

combined with substantial desk research in order to understand how to interpret and analyze the 

collected quantitative data. The first sub-question addresses technology uncertainty and regression 

analysis of levelized cost of energy (LCoE) of onshore wind power in Sweden and the price of certificates 

was used as method. The second sub-question regards volume uncertainty in the system and regression 

analysis of accumulated surplus of certificates and the price of certificates was used as method. 

Furthermore, analysis of surplus origin was also used in order to answer the second sub-question. The 

third sub-question concerns the effect on made investments and net present value (NPV) calculations 
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were used as method. Theory of socio-technological transformation and technological innovation systems 

was studied in order to further understand the role of a support system in general, and in light of this, 

deepen understanding of the dynamics of the Swedish-Norwegian TGC system in specific. Confidential 

data and information supplied by anonymous Company X, a large investor and onshore wind power 

project developer active in the Swedish-Norwegian TGC system, has been used to align chosen methods 

to industry praxis and to validate collected quantitative data. 

A phase of validating the results followed the phase of data analysis. Semi-structured interviews with  

investors in onshore wind power active in Sweden was conducted in order to validate and deepen our 

understanding of the quantitative results and acquire the investor perspective qualitatively. The 

conclusions were developed by triangulating the quantitative results with the qualitative input from 

interviewed investors and the main research question was answered. 

Figure 6 illustrates an overview of the described research process of this thesis.  

 

Figure 6 – Overview of the research process where the different phases of the process, the methods used for 

addressing the three sub-questions, and the means of validating methods and results are presented 
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4.2 TECHNOLOGY UNCERTAINTY  
This section addresses the first sub-question: How has the technology development of onshore wind power in Sweden 

impacted the price of certificates? Firstly, the method of data analysis is presented. Secondly, the method for 

data collection and data used in the analysis is presented. Reliability and validity of used methods and data 

is continuously discussed. 

4.2.1 DATA ANALYSIS 

4.2.1.1 The effect of technology development on price of certificates 

The technology development of wind power results in a lower marginal cost of electricity production. 

The levelized cost of energy (LCoE) represents the long run marginal cost (LMC) of wind power, which 

is an established way of interpreting the data (Reichelstein & Rohlfing-Bastian, 2013). The effect of 

technology development of onshore wind power on the price of certificates in the Swedish-Norwegian 

TGC market was analyzed by a linear regression, using an ordinary least square (OLS) method where p-

values < 0.05 was considered significant.   

The annual average LCoE of onshore wind power in Sweden between 2008 and 2014 was used as the 

independent variable and annual average certificate price between 2008 and 2014 was used as dependent 

variable. Regression analysis is a valid method of investigating the impact of an independent variable on a 

dependent variable (Field, 2009). Instead of just calculating correlation, a linear regression is preferred 

since it in addition to the correlation also indicates the slope of line. However, the low number of data 

points available needs to be considered when evaluating the results. Given that the results are statistically 

significant, a higher validity of the relationship is attained. The data was tested for the suitability of 

analyzing using a simple linear regression by checking for:  

a. Heteroscedasticity; by examining residual plots, which is an accepted way of testing 

data for hetroscadasticity (Field, 2009).   

b. Goodness of fit; by checking R2, which provides a measure of how well observed 

outcomes are replicated by the model (Field, 2009).  

Due to the possibility of a potential time lag between investment decision and start of electricity 

production, the data has also be tested with one year of lag between investment decision and start of 

production. Lag times of up to as much as two years has been confirmed to be possible with a project 

developer at Company X. However, a two year lag has not been assessed due to losing too many data 

points resulting in inadequate statistical significance. This lowers the validity of the results as potential lag 

has not been able to be properly assessed.  

4.2.2 DATA COLLECTION  

4.2.2.1 LCoE of onshore wind power in Sweden 

As the research is limited to Swedish onshore wind power in the Swedish-Norwegian TGC-market, the 

data collected is only constituted by onshore wind power projects in Sweden. However, to put the 

technological development of wind power in a long-term global perspective global data from Bloomberg 

New Energy Finance of onshore wind LCoE development has also been collected in order to validate the 

Swedish data in relation to the historical global development. This is considered to somewhat increase the 

generalizability of the results.  

Competitors and firms active on the same market are for obvious reasons hesitant to provide first-hand 

data of their project’s cost structures. An empirical study conducted by EY titled Levelized Cost of Energy for 

Swedish wind farms – an empirical study, has been used as data source for the LCoE development of Swedish 

onshore wind power projects (EY, 2015). The study exhibits anonymized financial data of 51 onshore 
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wind power projects, amounting to a total capacity of 2725 MW (EY, 2015). Out of these projects, 35 

were built, 8 were under construction, and 8 were in an advanced procurement stage with all permits and 

measurements in place. The 35 established projects amount to a capacity of 1248 MW which corresponds 

to 23 % of the installed operating wind power capacity in Sweden as of December 31st 2014 (EY, 2015). 

The data has been collected and consolidated into LCoE of each project.  The projects studied have been 

developed by 10 of the largest wind power developers in Sweden and are sequenced between 2008 and 

2015 according to year of investment decision. For the years of 2009 and 2014 the number of projects 

assessed was not considered to be high enough to ensure reliable results. For these two years the LCoE 

has been interpolated between the year before and the year after using a flat average. To validate the 

results, six projects in the portfolio of Company X has been assessed and compared. Due to 

confidentiality, the LCoE for these six projects are not presented.   

The EY study collected data using a standardized MS Excel questionnaire and the LCoE for each project 

was calculated using the following methodology (EY, 2015): 

 Data of operational expenses (OPEX) was provided separately for different yearly time periods. 

This data was weighted into a single measurement by a discount rate of 8% 

 OPEX per kWh was calculated by dividing total OPEX with the average expected production 

volume net after losses  

 Average annual capital expenses (CAPEX) was calculated using an economic lifetime of 20 years 

and a weighted average cost of capital (WACC) of 6%, 8%, and 10% respectively 

 CAPEX per kWh was calculated by dividing average yearly capital charge with average expected 

production volume net after losses 

 LCoE was calculated by adding OPEX per kWh and CAPEX per kWh 

The participants in the EY study reported the costs in EUR and SEK. When reported in EUR the costs 

have been converted to SEK using an exchange rate of 9.33 SEK/EUR (EY, 2015). This can be criticized 

to a certain extent as the exchange rate could have quite significant impact on the total costs, due to the 

proportionally large share of wind turbines traded on an international market. There is however no way to 

adjust the data since the complete set of data is unavailable. This lowers the validity to a certain extent. 

However, the data collected is still considered to be reliant and deemed valid to use for the purpose of 

this research.  

A more extensive data series of LCoE development in Sweden covering a larger number of projects and 

stretching over more years would increase validity. However, for the purpose of this study and with the 

method of analysis in consideration, using a time series beginning in 2008 is highly applicable. Although 

the TGC system was initiated in 2003, a set of LCoE data starting prior to 2008 would not per se increase 

reliability. During the initial years of the system, a large amount of biomass fueled production was added. 

This production constituted of already established and “easily accessible” production that with small or 

no investments could become eligible for certificate issuance (Bergek & Jacobsson, 2010). In 2007 the 

goal was raised from 10 TWh by 2010 to 17 TWh by 2016 (Sveriges regering, 2006). The raised ambition 

increased the attractiveness to invest in the system. With the majority of biomass production added 

during the initial years of the system, most of the already established and “easily accessible” production 

had already been included (Energimyndigeheten, 2015a). Instead, 2008 marked the start of an extensive 

expansion of onshore wind power that has continued up to date (Energimyndigeheten, 2015a). According 

to the research presented in the literature chapter, the price equilibrium on a TGC market is defined by 

the added production and demand dictated by the quota (Morthorst, 2000; Agnolucci, 2007; Kildegaard, 

2008). In light of the extensive expansion, since 2008 onshore wind power is viewed to have been the 

marginal technology for quota attainment. The use of LCoE data from 2008 is thus considered to be 
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relevant for the purpose of this analysis. Including data prior to 2008 when onshore wind power was not 

the marginal technology for quota attainment is instead likely to decrease reliability.    

The LCoE from the EY report is presented below in Figure 7.  

 

Figure 7 - Average LCoE of onshore wind power in Sweden by year of investment decision (EY, 2015) 

The data indicates that the LCoE for onshore wind power in Sweden between 2008 and 2015 has 

decreased with 20%. The decrease corresponds to a compound annual growth rate (CAGR) of -3% 

which can be seen as an indication of the annual learning pace. With the exception of a slight increase 

2012, the LCoE decreases between 2008 and 2013 with a reversed trend between 2013 and 2015. 

Interesting to note is the relatively large drop of LCoE occurring 2011 and 2013. LCoE development of 

six Company X onshore wind power project in Sweden have been evaluated but are due to confidentiality 

not presented in figures. These projects exhibit an average LCoE decrease of 21% between 2011 and 

2014, corresponding to a CAGR of -7.5%. Put in a global perspective, Bloomberg Energy Finance (2012) 

presents data that the long term development of onshore wind power LCoE globally has decreased by 

74% between 1984 and 2012, corresponding to a CAGR of -5%. In a shorter perspective, a report by the 

World Energy Council presents data of a global onshore wind power LCoE decrease of 18% between 

2009 and 2013, corresponding to a CAGR of -5% (World Energy Council, 2013). Both the LCoE 

development of Company X’s projects in Sweden as well as the global onshore wind power LCoE shows 

a decreasing trend of similar magnitude to the data used in this study. This strengthens the validity of data 

used.  

4.2.2.2 Certificate price history  

The trade of certificates is either conducted bilaterally between parties or via a broker. The certificate spot 

price historic data has been collected from Svensk Kraftmäkling (SKM), broker for electricity certificates 

in the Swedish-Norwegian TGC system since the start 2003 (Svensk Kraftmäkling, 2015). The monthly 

average prices are recalculated to yearly average prices. Such configuration of certificate price data has 
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been conducted in previous research on the Swedish-Norwegian TGC system (Bergek & Jacobsson, 

2010). Price data from SKM spot market is chosen instead of the volume weighted average price available 

in the TGC accounting system Cesar due to the fact that the spot price reflects the change of certificate 

price in real time, while the volume weighted price includes forwards and delayed transfers of certificates. 

Thus, the reliability of using the average spot price is deemed higher than using the volume weighted 

average price. Data from SKM has previously been used by other researchers for assessment of the 

certificate spot price of the Swedish-Norwegian market (Fagiani & Hakvoort, 2014). Important to note is 

that the average price of certificates is constituted of a large amount of transactions and should therefore 

not be viewed as a single occurrence.     

The average price of certificates during the period 2008-2014 is displayed in Figure 8 

 

Figure 8 - Average certificate spot price in the Swedish-Norwegian TGC-market between 2008 and 2014 

(Svensk Kraftmäkling , 2015) 

The price of certificates in the Swedish-Norwegian TGC market decreased significantly between 2008 and 

2012, followed by an increase in 2013 and thereafter decreased again in 2014.   
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4.3 VOLUME UNCERTAINTY 
This section addresses the second sub-question: How has the accumulated surplus of certificates impacted the price 

of certificates and from what sources are the surplus of certificates derived? Firstly, the method of data analysis is 

presented. Secondly, the method for data collection and data used in the analysis is presented. Reliability 

and validity of used methods and data is continuously discussed. 

4.3.1 DATA ANALYSIS  

4.3.1.1 Segmentation of the accumulated surplus 

The certificate surplus accumulated on the Swedish-Norwegian TGC-market has been segmented into 

two categories: production surplus generated by the administrative authorities and production surplus 

generated by actors in the system. Production surplus generated by the administrative authorities derives 

from various forecast errors. Production surplus generated by the actors in the system is a result of the 

supply side having misconceptions of the market, i.e. producing actors being irrational and either building 

too much or too little in comparison to what the quota dictates demand to be, as well as parties not 

complying with the quota obligation. The categorization of surplus origin is presented in Table 3 

Table 3 - Categorization of surplus origin 

Category Definition Variable Unit 

Induced by the 
administrative 
authorities 

Surplus due to forecast error of 
quota obligated electricity 
consumption, year n 

Sεn 
TWh (106 certificates) 

Surplus due to forecast error of 
production phase-out, year n 

Sθn 
TWh (106 certificates) 

Induced by actors in the 
system 

Surplus due to quota obligation 
compliance, year n 

Sηn 
TWh (106 certificates) 

Actor misconceptions of 
market, year n 

Smn 
TWh (106 certificates) 

 

The type and notation of data used to analyze the origin of the surplus accumulated on the Swedish-

Norwegian TGC market is presented in Table 4.  

Table 4 - Data used for analysis of accumulated surplus 

Data Variable Unit 

Issuance of certificates in Sweden, year t ISt 
TWh (106 certificates) 

Issuance of certificates in Norway, year t INt TWh (106 certificates) 

Annulation of certificates in Sweden, year t ASt 
TWh (106 certificates) 

Annulation of certificates, in Norway, year t ANt 
TWh (106 certificates) 

Certificate obligation quota in Sweden, year t QSt 
% 
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Certificate obligation quota in Norway, year t QNt 
% 

Quota obligation compliance in Sweden, year t ηSt 
% 

Quota obligation compliance in Norway, year t ηNt 
% 

Forecast of quota obliged electricity consumption in 
Sweden, year t 

εSt 
TWh 

Forecast of quota obliged electricity consumption in 
Norway, year t 

εNt 
TWh 

Actual quota obliged electricity consumption in Sweden, 
year t 

ESt 
TWh 

Actual quota obliged electricity consumption in Norway, 
year t 

ENt 
TWh 

Forecast of production phase-out in Sweden, year t θSt 
TWh (106 certificates) 

Forecast of production phase-out in Norway, year t θNt 
TWh (106 certificates) 

Actual production phase-out in Sweden, year t OSt 
TWh (106 certificates) 

Actual production phase-out in Norway, year t OSt TWh (106 certificates) 

 

The equations for calculating the accumulated surplus derived from the categorized sources presented 

below. 

Surplus due to forecast error of quota obligated electricity consumption  

The surplus generated at the end of year n derived from forecast error of quota obligated electricity 

consumption is calculated as follows:  

Equation 1 – Surplus due to forecast error of quota obligated electricity consumption  

Sε𝑛 = ∑ ((εS𝑡 ∗ QS𝑡 −
AS𝑡

ηS𝑡
) + (εN𝑡 ∗ QN𝑡 −

AN𝑡

ηN𝑡
))

𝑛

𝑡=2003

 , [𝑛 = 2003 … 2014]  

Surplus due to forecast error of production phase-out  

The surplus generated at the end of year n derived from forecast error of production phase-out is 

calculated as follows: 

Equation 2 – Surplus due to forecast error of production phase-out 

Sθ𝑛 = ∑ (θS𝑡 −

𝑛

𝑡=2003

OS𝑡 + θN𝑡 − ON𝑡) , [𝑛 = 2003 … 2014] 

Surplus due to quota obligation compliance  

The surplus generated at the end of year n derived from incomplete quota obligation compliance is 

calculated as follows: 
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Equation 3 – Surplus due to quota obligation compliance 

Sη𝑛 = ∑ (
AS𝑡

ηS𝑡
−

𝑛

𝑡=2003

AS𝑡 +
AN𝑡

ηN𝑡
− AN𝑡) , [𝑛 = 2003 … 2014] 

Surplus due to actor misconceptions of market  

The surplus generated at the end of year n derived from actor misconception of market is calculated as 

follows: 

Equation 4 – Surplus due to actor misconceptions of market 

Sm𝑛 = ∑ (

𝑛

𝑡=2003

IS𝑡 + IN𝑡) − Sε𝑛 − Sθ𝑛 − Sη𝑛 , [𝑛 = 2003 … 2014] 

The surplus of certificates on the Swedish-Norwegian TGC market originating from different sources 

was confirmed during the orientation phase of the research where several interviewees identified aspects 

of both the supply and demand side to contribute to the market surplus. Furthermore, the specific 

sources analyzed in this thesis were validated during this round of interviews to be an exhaustive 

categorization of surplus origin. Symmetric volatility in production, such as varying weather conditions, is 

included in the category ‘actor misconception of market’. Assessment of the source of the surplus in a 

TGC system has to the best of our knowledge not been conducted before in research, which means that 

no established method exists for this particular purpose.  However the general method of assessing what 

was intended and comparing it to the actual outcome is considered as a valid way of conducting research. 

A similar approach was used by Bergek and Jacobsson (2010) when comparing the expectations of the 

Swedish TGC system with the outcome in regards to costs and rents for producers. The method used 

therefore considered valid within this empirical context.  

4.3.1.2 The effect of certificate surplus on price of certificates 

Linear regression, using an OLS method, where p-values < 0.05 was considered significant, was used to 

analyze the impact of accumulated surplus of certificates on the price of certificates. The same method 

used for analyzing the impact of LCoE of onshore wind power on the price of certificates, described in 

section 4.2.1.1, has been used for analyzing the effect of certificate surplus on the price of certificates. 

The total surplus of certificates accumulated on the market between 2004 and 2014 was used as 

independent variable and average certificate price between 2004 and 2014 was used as dependent variable.  

The data has been tested for the suitability of using linear regression by examining heteroscedasticity and 

goodness of fit with the same methods described in section 4.2.1.1.  As the data series includes more 

years, the validity is considered to be higher. However, longer data series would have improved the 

validity further which will be a possibility in the future. A potential lag time before the surplus affects the 

price of certificates has been considered, but not included in the analysis. The rationale behind this is that 

the excess market supply is deemed to have an immediate effect on the spot price in functioning market. 

If e.g. the effect of surplus on the willingness to invest were to be analyzed, a lag between surplus and 

added production would be valid to consider due to the potential difference between time of investment 

decision and operationalization after construction. In this analysis, a time lag is not deemed valid to 

considerate.   
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4.3.2 DATA COLLECTION 

4.3.2.1 Issuance and annulation of certificates 

Data of issued and annulled certificates used in this study have been directly imported from Cesar. This 

data includes all issued and annulled certificates between the years of 2003 and 2014. Cesar is a public 

database and the primary source of data concerning certificate issuance and annulation. The yearly 

issuance and annulation of certificates are presented in Table 5 (Energimyndigeheten, 2015a).  

Table 5 - Annulled and issued certificates on the Swedish-Norwegian TGC market (Energimyndigeheten, 

2015a) 

 Annulled Issued  

Year Sweden [n] Norway [n] Total [n] Sweden [n] Norway [n] Total [n] 

2003 3489979  3489979 5637160  5637160 

2004 7832352  7832352 11048355  11048355 

2005 10119869  10119869 11297649  11297649 

2006 12391446  12391446 12156798  12156798 

2007 14463848  14463848 13256286  13256286 

2008 15321917  15321917 15041291  15041291 

2009 15404630  15404630 15569375  15569375 

2010 17535632  17535632 18058765  18058765 

2011 16526901  16526901 19803880  19803880 

2012 16288691 2381312 18670003 21511144 204351 21715495 

2013 12316310 3921465 16237775 15677806 921469 16599275 

2014 12546950 5296418 17843368 17220015 1523841 18743856 

 

Cesar is a reliable source as it is provides the exact number of registered certificates that have been issued 

and annulled on the Swedish-Norwegian market. It is one of the primary data sources used by researchers 

assessing the Swedish-Norwegian TGC system (Bergek & Jacobsson, 2010; Knutsson, Werner, & 

Ahlgren, 2006). Other researches refer to reports from the Swedish Energy Agency, which in turn refer to 

Cesar (Kildegaard, 2008).  
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4.3.2.2 Certificate obligation quotas 

The annual certificate obligation quotas in Sweden and Norway between the years of 2003 and 2014 have 

been acquired through official reports issued by the Swedish Energy Agency and the Norwegian 

government. The reliability of collected data is considered to be high. The certificate obligation quotas are 

presented in Table 6. 

Table 6 – Quota obligation in Sweden and Norway between 2003 and2014 

 Quota obligation 

Year  Sweden [%] Norway [%] 

2003 7,40%   

2004 8,10%   

2005 10,40%   

2006 12,60%   

2007 15,10%   

2008 16,30%  

2009 17,00%  

2010 17,90%  

2011 17,90%  

2012 17,90% 3,00%5 

2013 13,50%6 4,90%7 

2014 14,20%8 6,90%9 

 

  

                                                      
5 Data for 2012 has been collected from (Energimyndigheten & NVE, 2013) 
6 Up to 2013, data has been collected from (Energimyndigheten, 2014c) 
7 Data for 2013 has been collected from (Energimyndigheten & NVE, 2014) 
8 Data for 2014 has been collected from (Energimyndigheten, 2009) 
9 Data for 2014 has been collected from (Regjeringen Stoltenberg II, 2015) 
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4.3.2.3 Quota obligation compliance 

Data of quota obligation compliance between 2003 and 2014 has been collected from Cesar and reports 

from the Swedish Energy Agency and the Norwegian Water Resources and Energy Directorate (NVE) 

and is presented in Table 7. The reliability of collected data is considered to be high.   

Quota obligation compliance 

Year Sweden [%] Norway [%] 

2003 77,00%  

2004 99,20%  

2005 99,90%  

2006 99,90%  

2007 99,80%  

2008 99,96%  

2009 99,99%  

2010 99,99%  

2011 99,82%  

2012 99,75% 99,97%10 

2013 99,97%11 99,95%12 

2014 99,99%13 99,95%14 

 

  

                                                      
10 Data for 2012 has been collected from (Energimyndigheten & NVE, 2013) 
11 Up to 2013, data has been collected from (Energimyndigheten, 2014c) 
12 Data for 2013 has been collected from (Energimyndigheten & NVE, 2014) 
13 Data for 2014 has been collected from (Energimyndigheten, 2015e) 
14 Data for 2014 has been collected from (NVE, 2015) 

Table 7 – Quota obligation compliance in Sweden and Norway between 2003 and 2014 
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4.3.2.4 Forecast of quota obliged electricity consumption 

In order to identify what forecasts of quota obliged electricity consumption that have served as basis for 

determining the initial quotas, the first modification of quotas and the current quotas subsequent to the 

second modification, bills and propositions from the Swedish government and official reports from the 

Swedish Energy Agency has been backtracked. Data concerning the assumed forecasts at different points 

in time between 2003 and 2014 has been solely collected from official documents available to the public. 

The reliability of collected data is considered to be high. The forecasts of quota obliged electricity 

consumption serving as base for calculating the quota for every specific year is presented table 8.  

Table 8- Forecasts of quota obliged electricity consumption in Sweden and Norway between 2003 and 2014 

 Forecasts of quota obliged electricity consumption 

Year Sweden [TWh] Norway [TWh] Total [TWh] 

2003 97  97 

2004 97  97 

2005 98  98 

2006 98  98 

2007 102  102 

2008 10315  103 

2009 104  104 

2010 10516  105 

2011 96,517  96,5 

2012 96,618 74,019 170,6 

2013 96,620 74,521 171,1 

2014 96,722 74,723 171,4 

 

  

                                                      
15 Up to 2008 the data has been collected from (Energimyndigheten, 2009) 
16 For 2009 and 2010 data has been collected from (Sveriges regering, 2006) 
17 Data collected from (Energimyndigheten, 2009) 
18 Data collected from (Energimyndigheten & NVE, 2013) 
19 Data collected from (Energimyndigheten & NVE, 2013) 
20 Data collected from (Energimyndigheten & NVE, 2014) 
21 Data collected from (Energimyndigheten & NVE, 2014) 
22 Data collected from (Energimyndigheten, 2009) 
23 Data collected from (Regjeringen Stoltenberg II, 2015) 
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4.3.2.5 Actual quota obliged electricity consumption 

Data of the actual quota obliged electricity consumption between 2002 and 2014 has been collected from 

official reports by Swedish Energy Agency and NVE. The reliability of collected data is considered to be 

high. The actual quota obliged electricity consumption is presented in Table 9.  

Table 9 Actual quota obliged electricity consumption in Sweden and Norway between 2003 and 2014 

 Actual quota obliged electricity consumption 

Year Sweden[TWh] Norway [TWh] Total [TWh] 

2003 63,3  63,3 

2004 97,4  97,4 

2005 97,6  97,6 

2006 97  97 

2007 96  96 

2008 94  94 

2009 90,6  90,6 

2010 98  98 

2011 92,5  92,5 

2012 91 79,424 170,4 

2013 91,025 80,026 171,0 

2014 88,427 76,728 165,1 

 

4.3.2.6 Forecast of production phase-out 

Data of the volume forecasted to be phased out at the end of 2012 has been collected from official 

reports from the Swedish Energy Agency. The reliability of collected data is considered to be high. The 

forecast of production phase out is presented in Table10.  

Table 10 - Production forecasted to be phased out at the end of 2012 

 

 

  

                                                      
24 Data collected from (Energimyndigheten & NVE, 2013) 
25 Up to 2013 data has been collected from (Energimyndigheten, 2014c) 
26 Data has been collected from (Energimyndigheten & NVE, 2014) 
27 Data has been collected from (Energimyndigheten, 2015f) 
28 Data has been collected from (Energimyndigheten, 2015f) 
29 Data has been collected from (Energimyndigheten, 2009) 

 Forecasted production phase-out  

Year Sweden [TWh] Norway [TWh] Total [TWh] 

2013 10,629  0 10,6 
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4.3.2.7 Actual production phase-out 

Data of the volume that was eventually phased out at the end of 2012 has been collected from official 

reports from the Swedish Energy Agency and NVE. The reliability of collected data is considered to be 

high. The actual production phase out is presented in Table 11.  

Table 11 - Production phased out at the end of 2012 

 

 

 

 

4.3.2.8 Certificate spot price 

The certificate spot price historic data has been collected from SKM. The monthly average prices have 

been recalculated to yearly average prices following the same method and logic as described in section 

4.2.2.2. This data set contains data series spanning between 2004 and 2014. The first year of the certificate 

system, 2003, has been excluded as the data only stretches from May to December, the price was close to 

the price cap and the quota obligation compliance was low. The yearly average price of certificates during 

the period 2004 to 2014 is displayed in Figure 9. 

 

Figure 9 - The average yearly certificate spot price in the Swedish-Norwegian TGC system between 2004 and 

2014 

It can be concluded that the yearly average price of certificates decreased up to 2006 with a reversed trend 

starting in 2007. The data for 2008 exhibits a substantial increase in price. Subsequent years exhibit a 

relatively stable decrease in price of certificates.  

  

                                                      
30 Data has been collected from (Energimyndigheten & NVE, 2013) 
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 Actual production phase-out  

Year Sweden [TWh] Norway [TWh] Total [TWh] 

2013 8,830  0 8,8 
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4.4 THE EFFECT ON MADE INVESTMENTS 
This section addresses the third sub-question: How are previous investments in onshore wind power in Sweden 

expected to perform financially? Firstly, the method of data analysis is presented. Secondly, the method for 

data collection and data used in the analysis is presented. Reliability and validity of used methods and data 

is continuously discussed.  

4.4.1 DATA ANALYSIS 

Net present value (NPV) is one of the most common profitability evaluation models and used within 

Company X to evaluate investments in electricity production. It has also been used in energy research 

regarding investments in renewable technologies (Lederer & Singhal, 1988). It is considered a valid 

method for assessing project economic profitability. 

NPV is calculated using the following formula (Berk & DeMarzo, Corporate Finance, 2007): 

Equation 5 – Net present value 

NPV = ∑(
Net period cash flow

(1 + 𝑟)𝑡
) −

𝑇

𝑡=1

Initial investment , [𝑡 = 1,2,3 … 𝑇] 

To analyze the effect the certificate price development has had on early onshore wind power investors, 

NPV calculations has been performed based on CAPEX and OPEX from EY (2015) and the revenue 

stream during the time period. The type and notation of data used to calculate NPV is presented in Table 

12. 

Table 12 - Data type and notation used to calculate NPV 

Data Variable Unit 

Net present value per installed MW NPV SEK/MW 

Capital expenditures per installed MW CAPEX SEK/MW 

Nominal operational expenditures during 
time period t 

OPEXt SEK/MWh 

Sum of certificate and electricity price during 
time period t 

Pt SEK/MWh 

Average full load hours during time period h hours 

Discount rate r % 

Time period t years 

Economic life time T years 

Installed capacity C MW 
 

In the context of wind power projects, Equation 6 is modified to NPV per MW and is calculated as 

follows:  

Equation 6 – Net present value of wind power projects 

NPV = ∑(
(𝑃𝑡 − 𝑂𝑃𝐸𝑋𝑡) ∗ ℎ

(1 + 𝑟)𝑡
) −

𝑇

𝑡=1

CAPEX , [𝑡 = 1,2,3 … 𝑇] 

The net period cash flow per MWh is constituted of the difference between total revenues per produced 

MWh, i.e. the sum of yearly average electricity price and yearly average certificate price, and OPEX. When 

this difference is multiplied with the amount of full load hours, the net period cash flow per MW is 

attained. The initial investment is corresponding to CAPEX per MW. According to six confidential 

projects studied at Company X, OPEX varies over the economic life time of the project. This is mainly 
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due to increasing operation and maintenance (O&M) costs. OPEX have been divided into four different 

time segments, the first year 1-5, second year 6-10, third year 11-15, and fourth year 15-20, all of which 

are associated with different OPEX. In accordance with the study by EY (2015), the economic life time 

of an onshore wind power project is set to 20 years. An economic life time of 20 years is confirmed to be 

a valid assumption by analysis of six onshore wind power projects at Company X where 20 years is also 

practiced.   

The NPV has been calculated for different years of investment, 2008-2013, where one year lag between 

investment decision and start of production has been assumed. The NPV has also been scaled up to the 

total installed capacity, C, of the year of the investment decision (with one year lag assumed) in order to 

estimate the total profit of onshore wind power installed in Sweden by different years of investment. 

Discount rates of 6, 8, and 10 percent have been used for calculations. These discounts rates are used in 

EY (2015) and have furthermore been confirmed to be a valid assumption after evaluation of six 

Company X projects.   

4.4.2 DATA COLLECTION  

4.4.2.1 Onshore wind power costs and production  

Data of CAPEX and OPEX has been collected from the study by EY (2015) of LCoE development of 

onshore wind power projects in Sweden described in section 4.2.2.1. For 2009, where data is not 

available, CAPEX and OPEX have been interpolated as a flat average between 2008 and 2010.   

CAPEX and average full load hours per year of investment decision is presented in Table 13.  

Table 13 - CAPEX and average full load hours by year of investment decision (EY, 2015) 

Year CAPEX31 
[SEK/MW] 

Average full load hours32 [hrs] 

2008 16 700 000 3028 

2009 15 550 000 2852,5 

2010 14 400 000 2677 

2011 13 600 000 2851 

2012 13 300 000 2796 

2013 13 200 000 3097 

 

OPEX data of onshore wind power in Sweden is collected from the study by EY (2015). Data of 

levelized OPEX has been converted to nominal OPEX using a discount rate of 8%, economic life time 

of 20 years and the cost curve of OPEX supplied by Company X. The cost curve has been modified to a 

percentage based increase relative to the OPEX during the first time segment, year 1-5. The cost curve of 

OPEX due to increasing O&M costs supplied by Company X is presented in Table 14. 

Table 14 – Percentage based cost curve relative to OPEX year 1-5  

Year 1-5  Year 6-10 Year 11-15 Year 16-20 

1,0 1,08 1,15 1,16  

 

The calculated OPEX by year of investment decision are presented in Table 15 

                                                      
31 Data collected from (EY, 2015) 
32 Data collected from (EY, 2015) 
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Table 15 – OPEX development according to used cost curve 

Year of 
investment 
decision 

Levelized- 
OPEX33 
 
[SEK/MWh] 

Nominal 
OPEX  
year 1-5 
[SEK/MWh] 

Nominal 
OPEX  
year 6-10 
[SEK/MWh] 

Nominal 
OPEX  
year 11-15 
[SEK/MWh] 

Nominal 
OPEX  
year 16-20 
[SEK/MWh] 

2008 180 168,6 182,1 192,2 193,9 

2009 185 173,4 187,3 197,7 199,4 

2010 190 178,0 192,2 202,9 204,7 

2011 150 140,5 151,7 160,2 161,6 

2012 160 149,9 161,9 170,9 172,4 

2013 150 140,5 151,7 160,2 161,6 

 

4.4.2.2 Certificate price 

The same certificate price history data, described in section 4.2.2.1, has been used. Estimation of future 

certificate price development has been conducted by using three different certificate price forecasts from 

energy consultancy firms. Due to non-disclosure agreements, the forecast data and the firms cannot be 

presented in specific. However, the consultancy firms are major and the forecast reports are according to 

Company X well recognized and used throughout the industry. The annual mean of the three forecasts 

has been used as estimate of future certificate price development. The data used, both historical and 

forecasted price of certificates, is presented in Figure 10.  

 

Figure 10 – Historical and forecasted development of certificate prices 

As can be seen in Figure 10 it is believed that the certificate price will increase and reach its peak at the 

same time as current set goal is to be attained, i.e. 2020. Subsequently, the price is believed to decline until 

the closure of the system in 2035. The historical certificate prices are reliable data as it is constituted of 

actual price data. The estimates of future certificate prices are not deemed reliable due to the long time 

horizons and the uncertainty of the certificate price. However, the uncertainty of certificate price 

development is a natural aspect of investment in onshore wind power and these forecasts mirror to some 

extent the price development an investor is likely to expect. Although highly uncertain, the forecast data 

                                                      
33 Data collected from (EY, 2015) 
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is considered to provide the best estimate available which legitimizes its use. As forecasts of future price 

development have been used, the results need to be viewed as estimations of NPV.   

4.4.2.3 Electricity price  

In the Nordic power market electricity can be traded at Nordpool spot market, and even though bilateral 

agreements and an intraday market exist, over 90 % of the electricity is traded at Nordpool spot market 

(Svensk Energi , 2015). Historical annual data of electricity spot price between 2008 and 2014 has been 

collected from Nordpool. The data collected consist of monthly average prices, which are recalculated to 

annual average prices of electricity. As no data of traded volume has been identified, the average 

electricity price has been calculated as a flat average of monthly prices. Since 2011, Sweden is divided into 

four price areas and the price used is the average price of the four areas. The future electricity price has 

been estimated by using two electricity price forecasts from well recognized energy consultancy firms. 

Further information about the specific forecast data and firm names cannot be revealed due to 

confidentiality.  The mean of the two forecasts has been used. The used data for historical and future 

electricity price is presented in Figure 11.  

 

Figure 11 – Historical and forecasted development of electricity prices 

The historical prices are considered to be reliable data since most of the electricity is traded at the 

Nordpool spot market and the price data is constituted of actual transaction data. The estimation of 

future electricity price is not deemed reliable due to the long time horizons and the uncertainty of the 

electricity price. However it is the best available information which legitimizes its use. As forecasts of 

future prices are used the results need to be viewed as estimations of NPV.   

4.4.2.4 Installed onshore wind power capacity 

The capacity of new onshore wind power production introduced into the system each year between 2009 

and 2014 is collected from the Swedish Energy Agency records of approved plants in the Swedish-

Norwegian TGC system and presented in Figure 12. The record system is updated daily and the data is 

thus considered to be reliable (Energimyndigheten, 2015g).  
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Figure 12 – Installed new capacity of onshore wind power in Sweden between 2009 and 2014 

(Energimyndigheten, 2015g)  

4.5 VALIDATION OF RESULTS AND DATA 
Apart from the quantitative data collected, semi-structured interviews were conducted with investors in 

onshore wind power in Sweden. The purpose of such an interview process was to validate the results 

from the quantitative findings and develop further understanding of how technology and volume 

uncertainty impact investors active in the Swedish-Norwegian TGC system.  

The sampling frame of the interview process was the record of member companies in the Swedish 

interest organization for wind power, Svensk Vindenergi (Svensk Vindenergi, 2015). Eight firms, 

categorized by Svensk Vindenergi as ‘Project developers and wind power owners’ was contacted with the 

request of an interview. The sample was restricted to large firms with experience of investment in the 

Swedish-Norwegian TGC system. Out of the eight contacted firms, two firms agreed to conduct an 

interview. The relatively small sample and low response rate decreases reliability of collected qualitative 

data. As the purpose of the concluding interviews was to validate and broaden the perspective of the 

potential implications of the quantitative findings, the research contribution from these interviews are 

deemed to be of value even though the reliability of the qualitative data can justly be questioned. The 

reason for investors declining interview requests was a combination of not having time to be interviewed 

and protecting company secrets. Actor perceptions of the future could be closely tied to their company 

strategies, why disclosing such information is sensitive. In addition there exist a relatively small amount of 

large investors (Svensk Vindenergi, 2015), which makes the offered anonymity somewhat less powerful.   

The two interviewed actors have made previous onshore wind power investments in the Swedish-

Norwegian TGC system and develop onshore wind power projects. All interviewees and their respective 

firms have been anonymized at the request of the interviewees. The interviews are considered to provide 

an idea of the industry beliefs of the TGC system. However, a larger number of interviews would have 

resulted in greater validity. A table of the actors interviewed with a classification of the firm size is 

presented in Table 16.  
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Table 16 - Interviews conducted with on shore wind power investors in Sweden. The interviewees and their 

respective firms have been anonymized upon their request.  

Anonymized actor  Position in firm Firm size  

Investor A CEO Large  

Investor B  Project developer Large  

 

The interviews were conducted with open ended questions, as it gives the interviewee the possibility to 

elaborate their answer (Collis & Hussey, 2009). Using semi-structured interviews also provides the 

possibility to add additional questions, to get more detailed information of specific subjects. This is not 

possible when using structured interviews, which is why it has not been used in this study. The two 

interviews were conducted by both researchers where one had a more prominent responsibility of asking 

the questions, while the other was responsible for taking notes and keeping protocol. The interviews 

followed the same structure where topics addressing technology uncertainty, volume uncertainty, and the 

effect of early investment were discussed in identical order. The response was noted according to these 

topics. All quotations published in this thesis has been controlled and approved by written consent by the 

corresponding interviewee. At the request of the interviewees, no interview was recorded.   

The content from the interviews was classified into categories and themes. The inclusion or exclusion of 

content from the interviews has been done according to criteria of selection, which minimizes the risk of 

only material in support of the researchers hypothesis or own bias beliefs are examined (Collis & Hussey, 

2009). Although content outside the boundaries of set categories and themes has been excluded, the risk 

of including biased content in the thesis is apparent. Inclusion and presentation of a spectrum of opinions 

has been premiered to the best of the authors’ ability. Content from both interviewees, although 

sometimes differing in opinion, has been included and presented in the discussion and analysis chapter.  

The quotes were included in the discussion chapter to give additional support and understanding of the 

results in this thesis. The quotes have been put in perspective of the theme and background surrounding 

them. Studies with a purely qualitative approach are generally considered to have lower reliability as it is 

dependent on how the researcher interprets the data. Triangulation of data from multiple sources is 

considered to increase validity, and the qualitative data collected in the process of validating the results 

has been viewed as a complement to the quantitative data (Collis & Hussey, 2009).  
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5 RESULTS  
In this chapter the results of the quantitative data analyses are presented. The results are presented in the following order: 

technology uncertainty, volume uncertainty and lastly the effect on made investments. These three areas correspond to the three 

sub-questions which together answer the main research questions. Descriptive analyses are presented for better understanding 

of the results. The investor interviews have solely been used to validate and further deepen understanding of the quantitative 

results. Therefore, the content of these interviews is presented in the subsequent chapter discussing the results and not in this 

chapter. 

5.1 TECHNOLOGY UNCERTAINTY  
In this section the regression analyses of technology development and price of certificates are presented. 

The results are used for answering the first research question: How has the technology development of onshore 

wind power in Sweden impacted the price of certificates?   

5.1.1 THE IMPACT OF LCOE ON CERTIFICATE PRICE (NO LAG ASSUMED) 

The LCoE development of onshore wind power in Sweden and the price of certificates are displayed in 

Figure 13.  

 

Figure 13 – Development of onshore wind power LCoE in Sweden and certificate price 

The statistics from the regression analysis of LCoE of onshore wind power in Sweden and the average 

price of certificates between the 2008 and 2014 is displayed in Table 17 and the regression line plot in 

Figure 14.   
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Table 17 – Regression statistics LCoE and certificate price, 0 years lag 

Regression statistics   

Pearson correlation 
coefficient, r 

0.85 

R2 0.72 

Standard error  38.59 

Observations  7  

 

 

Figure 14 – Regression line of LCoE and price of certificates 

The p-value for LCoE are within the boundaries that are considered statistically validated with >95 % 

significance for the predictor LCoE. However due to the low number of observations these results needs 

to be viewed upon critically. There is a strong positive correlation between the LCoE of onshore wind 

power and the price of certificates. A Pearson correlation coefficient above 0.5 is normally considered a 

large effect (Field, 2009). The R2 value indicates that 72 % of the change in certificate price can be 

explained by the change of LCoE of onshore wind power.  

The computed regression line, assuming no lag, has the equation Y=0.74*X – 259.45. This indicates that 

for each change of SEK/MWh of LCoE the change of average price of certificates is estimated to be 

between 0.21 and 1.26 SEK/MWh, with an average estimation of 0.74 SEK/MWh.  

The p-value of the constant does not show statistically validated result for the constant to be statistically 

different from 0, which is not of any concern for the purpose of this research as the certificate price 

cannot be negative in reality. It is the slope of the line that is the essential result in this regression analysis. 
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5.1.2 THE IMPACT OF LCOE ON CERTIFICATE PRICE (1 YEAR LAG ASSUMED) 

The LCoE development of onshore wind power in Sweden and the price of certificates, assuming one 

year of lag, is displayed in Figure 15. 

 

Figure 15 – Development of LCoE of onshore wind power in Sweden and certificate price (1 year lag assumed) 

The statistics from the regression analysis of LCoE of onshore wind power in Sweden and the average 

price of certificates assuming one year of lag is displayed in Table 18 and the regression line plot in Figure 

16. 

Table 18 – Regression statistics LCoE and certificate price, 1 year lag 

Regression statistics   

Pearson correlation 
coefficient, r 

0.68 

R2 0.46 

Standard error  47.35 

Observations  6 
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Figure 16 – Regression line of LCoE and price of certificates with 1 year lag 

As can be seen in Table 18 the p-value with one year lag of both LCoE and the constant is greater than 

0.05. Furthermore, the regression line in Figure 16 exhibits increasing residuals, indicating the issue of 

heteroscedasticity. The results are thus considered to not be statistically significant at a 95% level of 

confidence.  
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5.2 VOLUME UNCERTAINTY  
In this section the results from the analysis investigating the origin of the certificate surplus on the 

Swedish-Norwegian TGC market is presented. Furthermore, the regression analysis of accumulated 

surplus of certificates and price of certificates is also presented. The results are used for answering the 

second research question: How has the accumulated surplus of certificates impacted the price of certificates and from 

what sources are the surplus of certificates derived?   

5.2.1 THE SURPLUS OF CERTIFICATES 
The calculated surplus of certificates derived from each segment and year on the Swedish-Norwegian 

TGC market is displayed in Table 19.  

Table 19 – Annual surplus of certificates derived from each source 

Year Surplus due to 
forecast error of 
quota obliged 

electricity 
consumption 

[no. of certificates] 

Surplus due to 
forecast error of 

production phase-
out 

 
[no. of certificates] 

 

Surplus due to 
quota obligation 

compliance 
 
 

[no. of certificates] 

Surplus due to actor 
misconception of 

market 
 
 

[no. of certificates] 

2003 252893 0 1042461 851827 

2004 -38516 0 63164 3191355 

2005 62001 0 10130 1105649 

2006 -55850 0 12404 -191202 

2007 909166 0 28986 -2145714 

2008 1460952 0 6131 -1747709 

2009 2273829 0 1541 -2110625 

2010 1257614 0 1754 -736235 

2011 716797 0 29802 2530380 

2012 799859 0 41538 2204095 

2013 448067 1800000 5658 -1892225 

2014 1038428 0 3904 -141844 
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The accumulated surplus of certificates derived from each segmented and year is displayed in Table 20  

Table 20 – Accumulated surplus of certificates derived from each source 

Year Accumulated 
surplus due to 

forecast error of 
quota obliged 

electricity 
consumption 

[106 certificates] 

Accumulated 
surplus due to 

forecast error of 
production phase-

out 
 

[106 certificates] 
 

Accumulated 
surplus due to quota 

obligation 
compliance 

 
 

[106 certificates] 

Accumulated 
surplus due to actor 

misconception of 
market 

 
 

[106 certificates] 

2003 0.25 0.00 1.04 0.85 

2004 0.21 0.00 1.11 4.04 

2005 0.28 0.00 1.12 5.15 

2006 0.22 0.00 1.13 4.96 

2007 1.13 0.00 1.16 2.81 

2008 2.59 0.00 1.16 1.06 

2009 4.86 0.00 1.16 -1.05 

2010 6.12 0.00 1.17 -1.78 

2011 6.84 0.00 1.20 0.75 

2012 7.64 0.00 1.24 2.95 

2013 8.09 1.80 1.24 1.06 

2014 9.13 1.80 1.25 0.92 

 

The historical development of certificate surplus generated on the Swedish-Norwegian TGC market is 

illustrated in Figure 17 
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Figure 17 – Historical development of certificate surplus on the Swedish-Norwegian TGC market 

The first year of the system had a relatively low quota obligation compliance, 77 %, which resulted in a 

surplus of approximately one million certificates. Since a certificate corresponds to one MWh, a surplus 

of one million certificates translates to one TWh in excess volume. Since 2003, quota obligation 

compliance has not been a substantial source of surplus, due to compliance being >99% for the 

remaining years up to date. The surplus on the certificate market increased during the early years of the 

certificate system, largely due to actors overinvesting in production. This is mainly explained by the 

already established production of RES-E allowed into the system and the introduction of plants that were 

cheap to convert from fossil production to certificate eligible production using biomass (Bergek & 

Jacobsson, 2010). Between 2006 and 2010 the production of certificates was less than what was to be 

expected, which is likely to be a reaction to the initial overinvestment in the system. During the same time 

period, a considerable surplus of certificates with roots in incorrect forecasts of quota obliged electricity 

consumption started to grow.  In 2010, the trend of investors underinvesting in the system was reversed 

and surplus from producers overinvesting in the system continued until 2012 when the trend reversed 

once again. Most of the production allowed into the system in order to ensure market liquidity was 

phased out in 2013. However, less production than forecasted was phased out, resulting in a single 

occurrence surplus being generated. The surplus derived from forecast errors of quota obliged electricity 

consumption has increased every year since 2007. Since 2007, the surplus from forecast error of quota 

obliged electricity production has been substantial. At the end of 2014, over nine million certificates in 

excess supply had accumulated due to inaccurate forecasts of quota obliged electricity consumption.  
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5.2.2 THE IMPACT OF SURPLUS ON CERTIFICATE PRICE 

The total accumulated surplus of certificates and the average price of certificates are displayed in Figure 

18. 

 

Figure 18 – Development of certificate surplus and certificate prices between 2004 and 2014 

The surplus of certificates seems to be negatively correlated with the certificate price where a low surplus 

seems to result in a high certificate price and vice versa. The statistics from the regression analysis of the 

effect of accumulated surplus of certificates on the price of certificates is presented in Table 21. The 

regression line plot is presented in Figure 19.  

Table 21 – Regression statistics of the effect of accumulated surplus on the price of certificates 

Regression statistics   

Pearson correlation 
coefficient, r 

-0.61 

R2 0.38 

Standard error  46.41 

Observations  11 
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Figure 19 – Regression line plot of surplus of certificates and certificate price 

The Pearson correlation coefficient indicates a strong relationship between accumulated surplus of 

certificates and the certificate price as it is <-0.5 (Field, 2009). The R2 indicates that 38 % of the change in 

certificate price can be explained by the accumulated surplus of certificates. The data shows 

heteroscadasticity, as the residuals are larger for lower values of accumulated certificate surplus, which 

lowers the reliability of the results. The p-value for the predictor accumulated surplus of certificates is 

within the boundaries that are normally considered statistically validated with >95 % significance (Field, 

2009). However due to the low number of observations these results also need to be viewed upon 

critically.  

The computed regression line has the equation Y=-10.64*X + 302.41. This indicates that for each change 

of 106 accumulated certificate surplus the change of average price of certificates is estimated to be 

between -20.96 to -0.32 SEK/MWh, with an average estimation of -10.64 SEK/MWh.  
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5.3 THE EFFECT ON MADE INVESTMENTS 
In this section the results from the NPV calculations of previous investments is presented. The results are 

used for answering the second research question: How are previous investments in onshore wind power in Sweden 

expected to perform financially? 

The results from NPV calculations per installed MW of onshore wind power in Sweden by year of 

investment are presented in Table 22 and Figure 20. One year lag between investment and start of 

production is assumed.  

Table 22 – Estimate of NPV per installed MW by year of investment 

Year of investment 
decision 

NPV (r 6%) 
[MSEK/MW] 

NPV (r 8%) 
[MSEK/MW] 

NPV (r 10%) 
[MSEK/MW] 

2008 -1.7 -3.8 -5.4 

2009 -1.7 -3.6 -5.2 

2010 -1.9 -3.8 -5.2 

2011 1.1 -1.1 -2.8 

2012 1.4 -0.8 -2.4 

2013 4.2 1.8 -0.2 

 

 

Figure 20 – Illustration of estimated NPV development by year of investment decision 

The results show that the average investments made in 2008, 2009 and 2010 are estimated to have a 

negative NPV per installed MW for all used discount rates. Investments made 2011, 2012 and 2013 are 

estimated to have a positive NPV with a discount rate of 6 %. A discount rate of 8% is only estimated to 

be profitable if the investment was made in 2013 while a discount rate of 10% never result in a positive 

NPV. There is a clear tendency of lower NPV for early investments.  
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The results of estimated NPV for the total annual installed capacity of onshore wind power in Sweden by 

year of investment decision are presented in Table 23 and Figure 21. One year lag between investment 

and start of production is assumed. 

Table 23 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year of 

investment 

Year of investment 
decision 

NPV (r 6%) [bn SEK] NPV (r 8%) [bn SEK] NPV (r 10%) [bn SEK] 

2008 -0,57 -1,25 -1,80 

2009 -0,95 -2,02 -2,87 

2010 -1,41 -2,73 -3,79 

2011 0,88 -0,87 -2,27 

2012 0,83 -0,46 -1,48 

2013 3,80 1,60 -0,16 

 

 

Figure 21 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year of 

investment 

The results show an estimation of the expected financial result of the total annual investments in onshore 

wind power in Sweden by year of investment. Using a discount rate of 8%, it is estimated that the total 

financial loss for all investments in onshore wind power made between 2008 and 2013 is expected to 

amount SEK billion 5.7. Investments made in 2010 are estimated to suffer the biggest financial loss 

where a discount rate of 8% is expected to result in a SEK billion 2.7 loss. Investments made in 2013 are 

estimated to expect the highest profit. 
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6 DISCUSSION AND ANALYSIS 
In this chapter the quantitative findings are analyzed and discussed. The results are triangulated with the findings from the 

interviewed investors in order to increase validity and develop further understanding of technology and volume uncertainty in 

the Swedish-Norwegian TGC system. A short summary of results is initially presented and the rest of the chapter is 

structured into three sections addressing the findings regarding technology uncertainty, volume uncertainty and effect on made 

investments. Each section corresponds to one of the three sub-questions of this thesis.  The findings are put in relation to the 

theory of socio-technological transformation and technological innovation system in order to understand system dynamics and 

potential implications for the Swedish-Norwegian TGC system. The results are also discussed with regard to the policy 

makers’ intentions of how the system was meant to work.  

6.1 SUMMARY OF RESULTS 
The results of this thesis indicate that both the technology development of onshore wind power and 

accumulated surplus of certificates have had a significant impact on the price of certificates. At the end of 

2014, over 80 percent of the accumulated surplus on the Swedish-Norwegian TGC market was derived 

from the administrative authority performing inaccurate forecasts. In addition, the net present value 

estimations indicate that investors have not been able to adequately foresee this development.  

6.2 FINDINGS ON TECHNOLOGY UNCERTAINTY  
The collected data of onshore wind power LCoE in Sweden show that the costs associated with the 

technology have decreased during the recent years. Furthermore, the regression analysis of onshore wind 

power LCoE and price of certificates indicates that the technology development of onshore wind power 

has had a significant impact on the price of certificates. This finding is supported by previous research 

using microeconomic theory to show that the certificate price on a TGC market is determined by the 

marginal producer (Morthorst, 2000; Agnolucci, 2007). However, it is important to note that the low 

number of years available to assess renders results that need to be viewed with a critical eye. Nonetheless, 

the findings indicate that it is of high importance for investors to properly consider the future technology 

development, as it can have a significant impact on future revenues.   

Fundamental for a technological innovation system is that diffusion and utilization of the technology is a 

requirement for technology development (Hekkert & Negro, 2009). The technology development of 

onshore wind power is likely to have occurred, at least in part, due to the large increase of utilization of 

the technology. The marginal cost reduction could be argued to be obtained by experience gained 

through utilization of early investments and not by the passing of time itself. That being said, it is 

important to consider the fact that it is not only the utilization of onshore wind power in Sweden that 

contributes to cost reductions of the technology. The development of an innovation system is often 

dependent on the interrelation and competition in other countries. The utilization of onshore wind power 

in Sweden is only a minor part of the global installed capacity. The Swedish share of world wide wind 

power production only amounted to a little under 1.5 percent of the total installed wind power capacity in 

the world in 2014 (Global Wind Energy Council , 2015). However, the utilization and diffusion of the 

technology in Sweden is likely to have generated knowledge and technology development that has 

contributed to the lower LCoE.  

The idea and expected dynamics of the Swedish TGC system introduced in 2003 is presented by the 

system’s “father” Nils Andersson (2001) in the central government inquiry SOU 2001:77 referring to the 

investigation that served as basis for the bill introducing the system in Sweden: 

“An efficient solution that is adjusted to the conditions of the market is to let the quota rise gradually. Investments with low 

marginal cost will be included first and only thereafter will investments with a higher marginal cost be included”.   
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-SOU 2001:77 (Andersson, et al., 2001, p. 125) 

During the initial years of the system, a majority share of the system volume was constituted of electricity 

generated in plants fueled by biomass that with small or no investments could take part in the support 

scheme. The desired system dynamics and results could thus be argued to have coincided with the actual 

outcome.  With a finite amount of cheap, already established production available, raised quotas was 

bound to enable projects or technologies with higher marginal cost to enter the system. The design and 

intended effects of the system is once again discussed in Swedish Government bill 2005/06:154 

suggesting the raised system goal that came to effect in 2007: 

“A basic idea in the system is that the price of the certificates shall mirror marginal costs for a new investment [...] for the 

production of renewable power. This means that investments which are most cost efficient and most simple shall be 

implemented first”.  

-Swedish Government bill 2005/06:154 (Sveriges regering, 2006, p. 29) 

The collected data in this thesis show that due to the rapid technology development of onshore wind 

power, the expectations of the policy makers have only partly been realized during the time period 2008-

2014. The quota increases has not generated inclusion of investments with a higher marginal cost. Due to 

technological development the supply cost curve of RES-E is not static. In the case of onshore wind 

power in Sweden, the cost development during the period 2008-2014 has on average been sloping 

downwards. The choice of support system with regard to the supply cost curve of RES-E has been 

assessed by Saveyn et al. (2008). The two alternatives presented are a relatively flat, but increasing cost 

curve and a steeply increasing cost curve. Generally, TGC systems are considered suitable when the cost 

curve is relatively flat while feed-in systems are more suitable for steeper supply cost curves (Saveyn et al., 

2008). For each new production plant introduced, the supply cost curve of available production in the 

system is transformed. Although the curvature of the available production cost curve is shifting in shape, 

the curve will at each moment in time never exhibit a negative slope. According to the research on TGC 

market price equilibrium, the price of certificates is determined by the marginal cost of the marginal 

producer enabling attainment of the quota (Morthorst, 2000; Agnolucci, 2007; Kildegaard, 2008). 

However, the producer meeting this criterion may change. When new plants with lower marginal cost are 

introduced, established plants with higher marginal cost are shifted to a relative position higher up on the 

cost curve of available production. If within the boundary demand conditions dictated by the quota, the 

new, more cost-efficient plant may become the marginal producer determining the price of certificates on 

the market. Established plants may thus be undercut by new, more cost efficient plants. Cost 

development of onshore wind power in Sweden between 2008 and 2014 shows that the effective cost 

curve has been decreasing with time, suggesting that the supply cost curve of available production in the 

system has changed shape. In accordance with the logic of marginal producer as determinant for 

certificate pricing, this development can potentially punish earlier investors. The results from the analysis 

of the impact of LCoE development on the price of certificates suggests that explained dynamics are 

plausible to historically have come to effect in the Swedish-Norwegian TGC system.  

The effect of technology development in onshore wind power can potentially be counteracted by the fact 

that the most favorable sites for wind power are developed first. It is imbedded in the nature of the 

technology that wind conditions affect electricity yield and thus the profitability of the plant. In the 

interview process of validating the results, Investor A confirms the possibility of the effects of technology 

development being counteracted by rational investors looking for the most favorable sites available:  

“The technology development risk is counterbalanced by the fact that the best locations, with the cheapest connections to the 

power grid are exploited first.”   
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- Investor A 

However, interviewed Investor B disputes this view and expresses two main arguments against. Firstly, 

Investor B argues that the initial assessment of wind power projects are very uncertain due to the high 

impact of wind on profitability in combination with the fact that available wind charts in Sweden being 

very unreliable. Secondly, Investor B means that technological development has enabled the possibility to 

utilize locations which previously would have been considered unsuitable for wind power.  

“The development with higher turbine towers has made it possible to utilize the winds at higher altitudes, which has opened 

up sites that we did not believe to be buildable before.”  

- Investor B 

The perception that there is a strong technology development in the onshore wind power industry in 

Sweden is emphasized by both interviewed investors. Furthermore, both conclude that the technology 

development has led to cost reductions. A strong technology development leading to cost improvements 

is in general positive for further utilization and diffusion of the technology (Hekkert & Negro, 2009). 

Both interviewed investors underline the social benefit of increased cost efficiency of RES-E. Investor B 

recognizes this aspect, but in light of recent market development, elaborates on the effects in a broader 

context:   

 “There is a need for clean energy, and wind power is efficient. The development has been fantastic and been great for the 

consumers. It is just unfortunate that it punishes investments that have been part of enabling the cost reductions of the 

technology. The picture portrayed by the media is that wind power cannot be profitable, which is ironic. If the cost reductions 

would not have been accomplished, it would be profitable!” 

- Investor B.  

An effective market is considered an important catalyst for a functioning innovation system. This is of 

particular importance during the growing phase of the technology (Hekkert et al., 2011). A poorly 

structured market installs uncertainty which is problematic in the sense that it may discourage actors to 

take part in the necessary steps towards socio-technological transformation (Baldwin & Scott, 1987; 

Hashmi & van Biesebroeck, 2014). The interview validation process indicates that investors in the 

Swedish-Norwegian TGC market perceive the future market development to be highly uncertain. Both 

interviewed investors are aware of the potential impact of technology development on future profitability. 

However, the future seems to be associated with great uncertainty and both interviewed investors 

emphasize the difficulty of accurate forecasting:   

 “Our forecasts of how the cost of future generations of wind turbines will develop have not been realized. The costs have 

reduced much more than we ever expected”. 

- Investor B  

Investor A, with regard to forecasts of future revenue, strengthens the notion of future development 

being difficult to accurately predict:  

“To be honest, our forecasts have not coincided at all”. 

- Investor A   

Predicting future technology development, and thereby also future profitability, seems to be perceived by 

actors in the system to be a very complex doing associated with great uncertainty. In order to conduct an 
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economic project evaluation of a potential RES-E investment, forecasting future revenues streams is 

needed. The resources needed to conduct satisfactory forecasts are likely to increase with system 

complexity and degree of uncertainty. Size of the investor may play an important role, as small investors 

are likely to not possess the resources needed to effectively forecast an uncertain future. In the context of 

forecasting future revenue development in the Swedish-Norwegian TGC market, Investor B concludes:   

“Forecasting is very difficult. We have people working full time with forecast analysis”. 

- Investor B 

The exclusion of smaller participants is considered to reduce both liquidity and innovation on the market 

(Poputoaia & Fripp, 2008). Previous research has shown that large actors have better conditions to bear 

risks due to the possibility to hedge uncertainties and because they have a deeper supply of capital 

available to fund the projects. Smaller actors primarily have to debt finance their projects which is likely 

to be more expensive than equity financing (Mitchell, Bauknecht, & Connor, 2006). This could potentially 

harm the competition on the market in the long term which is problematic in terms of market power 

(Amundsen & Bergman, 2012). However, small actors’ lack of back office support and potential inability 

to perform complex forecasts may render them not perceiving the technology uncertainty as being an 

issue. Investments could hence be made by small investors not having full understanding of the risks at 

hand.  

The beliefs of future technology developments differ between the interviewed investors. The varying 

perception enforces the fact that forecasting future technology development is difficult. Investor B has a 

portfolio of buildable projects, but is reluctant to further invest in the Swedish-Norwegian TGC system. 

“We will not invest in the system until 2019 or 2020, as it is only then we know that we will not have to compete with 

superior technology.  This is only likely given that investments are not allowed into the system when the goal is reached and 

that the system is not prolonged”.  

Investor B thus perceives the technology development uncertain enough to refrain from investing in one 

of the buildable projects available. The logic behind this quote being that a foreseeable overview of 

technology development affecting the market is at hand first towards closure of the system. Investor A 

exhibits a different stance towards future technology development, further highlighting the difficulty of 

forecasting. The following quotes from Investor A illustrate the discrepancy between the investors’ belief 

of future development as well as the view that the cost reductions experienced are not only a factor of 

innovation and technological development:  

“The cost decrease we have witnessed is to a large extent due to productivity improvements. The production of wind power 

plants has been industrialized and it is difficult to say how much more the productivity can improve. But I believe that most 

of the major productivity gains have already been realised”. 

- Investor A 

“The technology development is partly due to productivity gains. Furthermore the price of raw materials, such as steel, copper, 

energy and components are factors that has affected the costs reductions”      

- Investor A 

The differing perceptions of future technology development between the interviewed investors further 

underline the difficulty of predicting future development. As future technology vintages need to be 

considered, this uncertainty is an intrinsic characteristic of a TGC policy. From an innovation system 
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perspective this is a clear drawback of the TGC system, as high uncertainty is likely to attract fewer actors 

to participate in the future utilization and diffusion of onshore wind power (Meijer et al., 2006).  

Investor A also believes that the macroeconomic conditions have a significant impact on how well the 

Swedish-Norwegian TGC system can perform in terms of managing the technology uncertainty. Since the 

financial crisis of 2007 and 2008 the economic growth has stalled both in Sweden and on a global scale. A 

strong or average economic growth may to a certain extent make the technology uncertainty manageable 

as the inflation could potentially take away some of the effect of the marginal cost reductions of future 

plants.  

“The technology risk is an apparent problem in the certificate system. However, the risk is much larger with low economic 

growth rate. It is a system with the same problems as the European CO2-system. With no or negative inflation that we have 

experienced in recent years, the technology risk is a significant problem. The system is designed for a growing economy”.  

- Investor A 

Both investors perceive technology uncertainty as an issue in the Swedish-Norwegian TGC system. There 

are potential modifications to the system that could decrease the technology uncertainty within the TGC-

market. Introduction of long-term contracts is suggested by Agnolucci (2007). This means that the price 

of certificates can be contractually predetermined between sellers and buyers. There exist a forward 

market in the TGC-system, but it is very illiquid and encompasses only short-term contracts according to 

Investor B. Introduction of mandatory long-term contracting would reduce the risk of being undercut by 

future plants before most of the initial investment is recovered. However it could have negative effects on 

market liquidity of certificates and price responsiveness to the electricity price. Another potential 

modification is to reduce the certificate issuance per MWh produced to match cost reductions of future 

plants. However, this adds another element of regulatory forecasting, as the administrative authority 

would have to forecast the future cost reduction. The technology uncertainty would thus only be 

relocated rather than eliminated. Gradually decreasing issuance of certificates is therefore not considered 

a suitable policy modification.   

6.3 FINDINGS ON VOLUME UNCERTAINTY  
The results indicate that the accumulation of certificate surplus is affecting the price of certificates. This 

finding is supported by research on oversupply in a TGC market (Kildegaard, 2008). The volume 

uncertainty faced by investors can be said to be constituted of both uncertainty regarding the consumer 

demand and uncertainty regarding competitors actions (Meijer I. , Hekkert, Faber, & Smits, 2006). 

Surplus from forecast error of the quota obliged electricity consumption and surplus from 

noncompliance of quota obligation are both uncertainties of consumer demand.  However, their 

connection to system design and institutional regulations differ.  

The results show that the majority of the accumulated surplus is induced by errors of forecasted quota 

obliged electricity consumption. According to the results, 70% of the accumulated surplus at the end of 

2014 can be derived from forecast errors of quota obliged electricity consumption. As these forecasts 

have such an impact on the demand of certificates the Swedish and Norwegian national energy agencies 

have a significant impact on how well the system functions. Both interviewed investors believe that the 

quota should be adjusted more frequently than what has historically been the case.  

“We realise that it is difficult to forecast the electricity demand. The Energy Agency is doing their forecasts at the best of their 

ability. It is however a fact that the errors have only been in one direction and that is punishing investors. More frequent 

quota adjustments, preferably every year, is a no-brainer”.  
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- Investor B 

Investor A believes that the forecast errors are a significant problem embedded in the system design.  

”There has been many years with forecast errors, which have resulted in us receiving too low certificate prices. This is adjusted 

in the control station, but prices are not changed retroactively which means that we will not get that money back. It would 

have been possible to make quota adjustments earlier”  

- Investor A   

The historical errors in forecasts of quota obliged electricity consumption constitute a significant 

uncertainty as it is used as the basis for the set quota which dictates the demand. Hekkert et al. (2011) 

recognize that a well-defined and critical demand in a functioning market is an important driving force for 

innovation and technology diffusion. This uncertainty in demand serves as an impediment for an 

effective market formation. Policy modifications striving to decrease the impact forecasts induce on 

demand would potentially decrease one of the major components of volume uncertainty experienced 

currently in the system. More frequent quota adjustments is a policy modification which aims to reduce 

the volume uncertainty induced by the forecast errors of the administrative authority. It is likely that it is 

more difficult to perform accurate forecasts of a longer time period than of a shorter and more frequent 

quota adjustments could thus potentially decrease the volume uncertainty in the system. However, 

important to note is that more frequent adjustments would not eliminate risk of inaccurate forecasts and 

although potentially decreasing in magnitude, the surplus of certificates derived from forecast errors 

would still be an issue.    

The noncompliance of quota obligation was only a significant contributor to the surplus during 2003, i.e. 

during the first year of the system. This is explained by the fact that the price of certificates was close to 

the fixed penalty of not declaring obliged certificates, which existed in the first year of the system. This 

led to quota obliged actors choosing to pay the penalty instead of buying certificates. In practice this 

worked as a price cap in the system. Since then the quota obligation compliance has been close to 100 % 

each year, which demonstrates that this is not a significant factor that induces consumer demand 

uncertainty. A penalty fee, which is set too low, would in the long run generate a substantial surplus 

which could potentially lead to a dysfunctional market. This notion is supported by previous research 

discussing penalty levels in TGC-systems where argued that too low penalties lead to the inability to fulfil 

the quota (Haas et al., 2009).    

Even though the majority of the accumulated certificate surplus stem from forecast errors, it is apparent 

that the investors have not reacted by holding back investments to reduce the surplus. This could have 

several explanations, and can partly be explained by uncertainty of competitors’ actions. There is lack of 

transparency concerning the RES-E production planned by investors to be introduced into the system. 

As certificate eligibility is only given after a project is constructed there are limited ways for investors to 

know how much RES-E production that is being introduced into the system by other investors. This 

increases the risk of overinvestment, and Investor A stresses the need of increased transparency:  

”The fact that there is no transparency in the system is a huge problem. What makes the stock market function so well […] 

is that it is a very transparent system.”  

- Investor A 

Increased transparency may decrease volume uncertainty and mitigate the oversupply on the market. In 

the jargon of game theory, Kildegaard (2008) discusses distortion of the system’s Nash equilibrium, i.e. 

the optimal system outcome where no actor is incentivized to benefit from alternating strategy given that 
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the strategies of the competitors remain constant, as a possible explanation to the oversupply of 

certificates generating on a TGC market. Additional investments generating oversupply is negative for all 

leveraged investors in the system. A rational actor would refrain from investment given such market 

conditions. However, another actor may deviate from this strategy and, under the notion that no one else 

will invest under such conditions, conclude that further investment may be profitable. The common good 

of actors in the system is distorted by oversupply on the market. However, no support for this has been 

found during the interviews. Investor A means that the notion of investors reinvesting in the system is 

not entirely accurate:    

”The politicians say that investors keep investing in the system, but that is not entirely accurate as the ones investing today 

are not the same firms that invested five years ago. Everyone who has invested has stopped investing. All new investments are 

made by new investors”.  

- Investor A 

This is view on investments being made is supported by Investor B:  

“The number of strategic investments from developers or utilities is close to zero. They are not willing to accept the risks. The 

investments we see now are from passive investors such as pension funds that try this market in absence of other options. It is 

unlikely these investors will invest again”.   

- Investor B 

History shows that the system has been able to attract and facilitate for continuous investments. Whether 

the system will be able to continuously attract new investors is uncertain. If the trend identified through 

the interview process continues, the question is whether there are enough new investors available to 

achieve future goals. From a technological innovation system perspective this can be viewed as both a 

negative and positive development. It is problematic in the sense that actors who have previously 

contributed to the utilization of the technology refrain from further investments. The knowledge 

development among the utilizers of the technology could be damaged when previous investors choose 

not to participate in further diffusion of the technology. This could potentially hinder future technology 

development (Hekkert et al., 2011).  However, the identified trend could also be argued to be positive in 

the sense that new actors enter the market and choose to invest in the technology (Meijer et al., 2006).  

A relationship between decreasing LCoE and accumulated surplus is also a possible explanation of the 

unexpected low reaction from investors on the accumulated surplus (Kildegaard, 2008). If the supply cost 

curve of RES-E production would be static and more expensive plants would be needed to include in the 

system in order to fulfill the quota, it is likely that the price would increase to match the LCoE of the 

marginal producer. When plants are available at a lower LCoE than the already existing plants and the 

quota is fulfilled, the price of certificates would be high enough for additional new production to be 

profitable. This could be an explanation to why investments seem to be made mainly by new investors. 

An effect of this may be that even when the quota is fulfilled, new plants can be constructed, and hence 

contribute to a surplus development.     

The surplus generated by forecast errors of production phase-out is a combination of competitive 

uncertainty and the system design. The error in production phase-out was an effect of the Swedish 

Energy Agency not knowing how much production that would be phased out at the end of 2012. This 

error is however a onetime occurrence as it only concerns plants that were included in the system at the 

start. The discrepancy between forecast and actual phase-out outcome has been explained by uncertainty 

regarding operational conditions, previous subsidies, new investments and date of operationalization of 

regarded plants. Inadequate information of such factors resulted in uncertainty whether the plants under 
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regard were eligible for issuance during 10 years or would be allowed to receive certificates for a longer 

time period (Energimyndigheten & NVE, 2013). Inaccurate information supplied by the administrative 

authority affects the market and subsequently also results in increased uncertainty faced by investors in 

the system. The supportive infrastructure that the Swedish Energy Agency represents has historically 

induced uncertainty for investors. It is of importance that the information supplied by the agency is 

reliable and not installs more uncertainty on the market. This is also related to lack of transparency in the 

system.  

To summarize, the volume uncertainty is constituted of a combination of uncertainty of consumer 

demand and uncertainty of competitor actions. The uncertainty of consumer demand is in large parts 

connected to the forecasts made by the Swedish and Norwegian national energy agencies, which 

historically has contributed most to the accumulation of surplus. At the end of 2014, over 80 percent of 

the accumulated surplus was derived from the administrative authority performing inaccurate forecasts. 

The actors’ inability to respond to this accumulated surplus can in part be explained by the lack of 

transparency in the TGC-system. Moreover, the LCoE development is likely to also have contributed. 

The system has been able to attract new investors, but there is trend of actors who have previously 

invested in the system choosing not to further participate. This could potentially prove problematic to the 

formation of a successful technological innovation system and socio-technological transformation of the 

energy sector in Sweden.       

6.4 FINDINGS ON THE EFFECT ON MADE INVESTMENTS 
According to Meijer et al. (2006), previous experience of investment in a technology plays a crucial role 

for the willingness of investors to continue investing in the technology. A key Government committee of 

inquiry, used as a basis for the government bill that introduced the TGC system in Sweden also 

recognizes that new investments should not negatively impact investments already made:  

“An effective promotion of electricity from renewable energy sources dictates both that the existing plants should get conditions 

which do not get disadvantages in comparison to newer plants and that the conditions for new plants are attractive enough for 

new investments to be made”.   

- SOU, 2001:77 (Andersson, et al., SOU 2001:77, 2001, p. 125) 

The NPV analysis indicates that early investments are expected to struggle financially. This is supported 

by large write downs made by wind power investors in recent time, an example being the Wallenstam 

write down of MSEK 100 in 2012 (Wallenstam , 2012). Investments made 2008-2010 are according to the 

estimations of NPV expected to experience financial loss for all discount rates considered. A trend of 

early investments being punished is naturally problematic for leveraged investors. However, investors 

making unprofitable investments should not be seen as a negative outcome in itself. The idea of the TGC 

system is that only the best projects and most effective technologies should be built to clear the quota  

and if investors which are not cost effective enough choose to make investments the system is supposed 

to punish such investments (Morthorst, 2000; Agnolucci, 2007). A TGC system is like a scale balancing 

social cost with investor profit. If investors are overcompensated, the bill passed on to society increases. 

On the other hand, if investors are undercompensated the social cost decreases. The system is designed 

to promote deployment of the most cost efficient projects. The fact that investors suffer from financial 

loss may thus be viewed by some actors as a system malfunction, and by others as a sign of system 

potency. However, investors suffering from financial loss are likely to be hesitant to once again enter the 

market. From an innovation system perspective, it would be problematic if investors due to previous 

experience are reluctant to further partake in the diffusion of the technology (Meijer et al., 2006).  
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Although the results from the estimation of NPV of previous investments indicate that earlier investors 

are punished by subsequent entrants on the market it is important to keep in mind that the calculations 

are based on uncertain forecasts of future revenue streams. The forecasts used mirror a belief that 

certificate prices will drastically increase during the next four years, reaching an all-time high of 396 SEK 

in 2019. Furthermore, the electricity price is forecasted to increase constantly during the years considered 

in the NPV calculations. The strong revenue development predicted naturally benefits more recent 

investments and the validity of using the results as support for the notion of earlier investors being 

punished is thus debatable. 

A possible explanation for the NPV estimations indicating that earlier investments are less profitable than 

more recent investments, could be that the earlier investments used lower discount rates due to e.g. lower 

weighted average cost of capital. The weighted average cost of capital is dependent on both cost of debt 

financing and the cost of own capital. However, according to Investor B the changes in weighted average 

cost of capital have not contributed to the identified trend:  

“The weighted cost of capital was at the same level, if not higher, than it is now”  

          - Investor B 

A figurative example of how technology development and surplus of certificates may affect a TGC 

market is beneficial in understanding the dynamics of why early investors potentially can be punished in 

the system. The figurative example aims to conceptualize the impact of technology development and 

surplus of certificates on the market in an explanatory way by presenting snapshots of the market price 

equilibrium under varying conditions. The figurative graphs presented are intended for an illustrative 

purpose. The data is imaginary and is not intended to correctly depict the historical development on the 

Swedish-Norwegian TGC market.   

Suppose that the demand is set by an imaginary quota Q. In Figure 22 the marginal cost curve of 

established production meeting demand dictated by Q is presented. The price set on the market is a result 

of the intersection between the marginal cost of the marginal producer attaining the quota and demand 

dictated by the quota. Corresponding to the LCoE of the marginal producer, the price on the market is 

constituted of the sum of the electricity price and the price of certificates. As illustrated in Figure 22, two 

additional investors, Investor W and Investor X have buildable projects available but have not yet entered 

the market. Due to technology development, the long-run marginal cost, LCoE, of Investor W and 

Investor X are lower than the current marginal producer in the system. 
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Figure 22 – Demand is met by established production. Investor W and Investor X have not yet entered the 

market 

When Investor W and Investor X enter the market, the shape of the cost curve of available production in 

the system is changed, as depicted in Figure 23. Important to note is that all production plants in the 

system have fixed marginal costs, meaning that the plants presented in Figure 23 are positioned in 

correspondence to the same marginal cost as previously illustrated in Figure 22. With the entrance of 

Investor W and Investor X on the market, the cost curve of available production in the system is altered 

in shape due to inclusion of the new plants. Assuming a constant quota, the result of Investor W and 

Investor X entering the system is that a different plant than before becomes the marginal producer for 

quota attainment. In this case, Investor W becomes the marginal producer and a new price is set on the 

market according to the marginal cost of Investor W. Two of the established plants that previously were 

profitable have due to the entrance of Investor W and X been undercut financially and their marginal 

costs are now higher than the price on the market. Two new investors, Investor Y and Investor Z, have 

buildable projects ready but have not yet entered the market. Due to technology development Investor Y 

and Investor Z exhibit lower marginal cost than previous investors W and X.  
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Figure 23 – Demand is met by marginal producer Investor W. Investor Y and Investor Z  have not yet entered 

the market 

The entrance of Investor Y and Investor Z on the market changes the shape of the cost curve of available 

production once again. As depicted in Figure 24 this results in a different plant becoming marginal 

producer meeting demand set by the quota. The quota, Q, is for illustrative purposes once more assumed 

to be constant. In this case, Investor X becomes the marginal producer. As can be seen, the entrance of 

Investor Y and Z results in Investor W being undercut by having higher marginal cost than the market 

price. 

 

Figure 24 – Demand is met by marginal producer Investor X 

The potential effect of technology development, resulting in new plants entering the market with lowered 

marginal cost, has hopefully been clarified by this figurative example. For illustrative purposes, the quota 

Q has been set at a constant demand. This is not the case in reality whereas the quota on the Swedish-

Norwegian TGC market is designed to increase annually. However, the potential effect of technology 

development on the market price is considered to be validly depicted regardless of this limitation. The 

effect of technology development is likely to be highly dependent on the pace of technology 
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development, number of new entrants and the pace in which the quota is increased. These factors are 

likely to greatly impact if previous investors are undercut by more recent technology vintages or not. 

Under specific conditions, the illustrative example is thus considered to validly depict a potential 

development on the Swedish-Norwegian TGC market. During the interview process of validating data, 

Investor A presented a view on technology development and the effect on market pricing well in line 

with the potential development depicted in the illustrative example:  

”The electricity certificate system is like a never ending auction. You bid, you win the auction, but a few years later someone 

else bids lower and sets a new price for you”.  

- Investor A 

Going back to the figurative example once more, Figure 25 depicts the potential effect of a surplus of 

certificates on the market in combination with the impact of technology development previously 

illustrated in Figure 24. As before, demand dictated by quota Q is assumed to be constant. 

 

Figure 25 – Market equilibrium under the combined impact of technology development and surplus of 

certificates 

A surplus of certificates on the market, amounting S, is likely to decrease the effective demand on the 

market and thus lower the market price. As illustrated in Figure 25, the market price in the figurative 

example is now so low that few of the investments in the system are profitable. 

As shown in the figurative example, technology development and surplus of certificates on the market are 

two factors likely to jointly affect the price development on a TGC market. A strong technology 

development in combination with a substantial surplus of certificates is problematic for investors and, as 

illustrated by the figurative example, may punish early investments by decreasing revenue streams.  

Furthermore, in a TGC system where the majority of the new investments are constituted of capital 

intensive RES-E technology with small or no short-term marginal costs, technology development may 

render an increased surplus. Earlier investments in such technology, undercut by new, more cost-efficient 

technology vintages, are unlikely to stop producing certificates even though their long-term marginal cost 

exceeds the market price. Put in other words, if the large investment of building the plant has already 

been made and the operational expenditures are limited, why not produce and secure at least some 

income? The effect of technology development contributing to oversupply on the market could 
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potentially be problematic in the empirical context of the Swedish-Norwegian TGC system where a 

majority of new production is constituted of capital intensive onshore wind power. 

This figurative example of how technology development can lead to surplus of certificates does not 

reflect a quota increase. Depending on the magnitude of the quota increase between years, the effect 

would be completely or somewhat reduced when the quota increases. How much excess production that 

can be built, depends on shape of the available supply cost curve of new production. Interesting to note is 

that a quota increase of one unit would in the figurative example illustrated in Figure 25 still result in 

newly invested Investor W having higher marginal costs than the price on the market. 
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7 CONCLUSIONS 
The final chapter summarizes the findings in this thesis. The three sub-questions are answered, which combined leads to 

answering the main research question. Policy implications and recommendations which potentially can reduce technology and 

volume uncertainty in the Swedish-Norwegian TGC system are presented. The chapter is ended with a discussion of the 

limitations of the thesis and suggestions for future research. 

The purpose of this thesis was to evaluate the impact of technology uncertainty and volume uncertainty 

on onshore wind power investors in the Swedish-Norwegian TGC system. This was accomplished by 

answering the following research question: How does technology uncertainty and volume uncertainty affect 

investments in onshore wind power in the Swedish-Norwegian TGC system? Three sub-questions were derived from 

the main research question, all of which were answered by quantitative data analysis and validated by 

interviews with onshore wind power investors active in the Swedish-Norwegian TGC system.  

Sub-question 1: How has the technology development of onshore wind power in Sweden impacted the price of certificates?  

When no lag is assumed between year of investment and start of production, the results show a 

statistically significant connection between onshore wind power LCoE and price of certificates. The 

results indicate that the LCoE development of onshore wind power in Sweden is likely to have 

contributed to the certificate price drop between 2008 and 2014.  

During the time period assessed, the effective cost curve of available production of onshore wind power 

in Sweden has been decreasing. The technology development has historically been difficult to forecast, 

indicating that technology development constitutes a considerable source of uncertainty for investors in 

the system. This finding is supported by the identified discrepancy between investors’ perceptions of 

future technology development. According to theory, technology uncertainty is not considered to be a 

significant source of uncertainty in later stages of technology maturity (Meijer et al., 2006). However, this 

thesis indicates that within the Swedish-Norwegian TGC system, technology development of onshore 

wind power has a significant impact on future revenues which makes technology uncertainty significant 

even though the technology is considered to have passed the formative phase of development. The 

significant technology uncertainty perceived by investors in the systems renders two major implications:  

 Previously invested investors seem to delay, or refrain from further investments in onshore 

wind power due to the risk of being undercut by future, more cost-efficient technology 

vintages. This could potentially be problematic for achieving socio-technological 

transformation of the Swedish energy industry as actors are reluctant to partake in further 

diffusion of the technology (Koppenjan & Klijn, 2004)  

 The need for accurate predictions of future technology development is potentially problematic 

for smaller actors that lack the resources for advanced forecasting. As smaller actors are 

unlikely to rely on advanced forecasts it is possible that small actors do not perceive the 

technology uncertainty as a major issue 

Smaller actors participating in the power market is potentially one of the major ongoing changes in the 

energy industry, which has historically relied on large utilities with centralized production (Verbong & 

Geels, 2007). Structural changes such as these are essential stepping stones for achieving socio-

technological transformation according to Geels (2005). If small actors are disfavored by their inability to 

adequately forecast future technology development and are thus discouraged from future participation in 

the market, this could prove problematic for the socio-technological transformation of the energy 

industry in Sweden.  
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The technology development of onshore wind power makes the supply cost curve of new RES-E 

dynamic as opposed to static. The impact of technology development on the certificate price is potentially 

enhanced by:  

 Negative or no inflation in the economy 

The impact of technology development on the certificate price is potentially counteracted by:  

 High inflation in the economy 

 The most attractive sites being exploited first 

Sub-question 2: How has the accumulated surplus of certificates impacted the price of certificates and from what sources 

are the surplus of certificates derived?  

The results show a statistically significant connection between accumulated surplus of certificates and 

price of certificates. The results hence indicate that the accumulated surplus of certificates historically has 

impacted the price of certificates in the Swedish-Norwegian TGC system.  

The accumulated surplus of certificates in the Swedish-Norwegian TGC system is derived from four 

sources; forecast error of quota obliged electricity consumption, forecast error of production phase-out, 

quota obligation compliance, and actor misconception of market. Forecast error of quota obliged 

electricity consumption and quota obligation compliance is categorized as uncertainty of consumer 

demand (Jalonen & Lehtonen, 2011). The forecast error of phase out and actor misconception of market 

is instead encompassed and labeled as uncertainty of competitor actions (Koppenjan & Klijn, 2004). 

Identifying the sources of uncertainties is important in order to understand what mechanisms that are 

impeding the formation of an effective innovation system (Meijer et al., 2006). The forecast errors of 

both quota obliged electricity consumption and production phase out are directly related to the Swedish 

and Norwegian national energy agencies’ administrative facilitation of the Swedish-Norwegian TGC 

system. The four sources of surplus have contributed differently to the total accumulated surplus in the 

system.   

 The forecasts errors of quota obliged electricity consumption have generated the majority of the 

accumulated surplus of certificates on the Swedish-Norwegian TGC market 

 At the end of 2014, over 80% of the accumulated surplus of certificates on the Swedish-

Norwegian TGC market was a result of inaccurate forecasts by the administrative authority 

 Noncompliance of quota obligation has historically not been a problem in the Swedish-

Norwegian TGC system. However, surplus generated during the first year of the system indicates 

that a penalty level set too low risks rendering a surplus of certificates 

 Actor misconception of market has historically varied. During the initial years of the system, the 

surplus was mainly derived from actors overinvesting in the system. Between 2006 and 2010 

investors responded to the surplus and issued certificates fell below the quota driven demand 

Forecast errors by the administrative authorities thus constitute a major share of the accumulated surplus 

of certificates in the system. The institutions in place in the Swedish-Norwegian TGC system hence have 

a significant impact on the volume uncertainty in the system. The surplus derived from forecast errors of 

quota obliged electricity consumption is likely to have increased due to the long time periods between 

quota adjustments.  
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The accumulated surplus of certificates in the Swedish-Norwegian TGC system has historically increased. 

Contrary to what would be expected, investments in the system have not decreased as a response to the 

surplus of certificates on the market. This is likely explained by three contributing factors:  

 Lack of transparency regarding future investments in the system  

 Indications that it is not previously invested actors that continue to invest, but new investors 

venturing into the Swedish-Norwegian TGC market 

 Decreasing LCoE resulting in new investments being profitable even though the quota is 

fulfilled   

Sub-question 3: How are previous investments in onshore wind power in Sweden expected to perform financially?  

Based on estimates of future revenue streams, the net present value calculations of previous investments 

show that investments in onshore wind power in the Swedish-Norwegian TGC market are expected to 

suffer capital losses. Early wind power investors are likely to have been undercut by later, more cost-

efficient production introduced into the system. In addition, the surplus of certificates is likely to have 

reduced profitability. The estimated net present value of the combined annual capacity of onshore wind 

power installed in Sweden between 2008 and 2014 is presented in Figure 26 

 

Figure 26 – Estimated NPV of total annual installed capacity of onshore wind power in Sweden by year of 

investment 

According to Meijer et al. (2006) previous experience in investment in a technology can significantly 

impact future decisions of further investments. This has been confirmed by the investor interviews, 

which show that there is reluctance to reinvest in onshore wind power. The historical investment 

experiences can therefore act as a barrier for further diffusion of the technology.  

Main research question: How does technology uncertainty and volume uncertainty affect investments in onshore wind 

power in the Swedish-Norwegian TGC system?  

The findings from the three sub-questions indicate that the technology uncertainty and volume 

uncertainty has effected previously made investments in onshore wind power in Sweden negatively in 

terms of profitability. This has rendered previous investors to delay or refrain from further investments in 

onshore wind power which could possibly act as a barrier for achieving socio-technological 

transformation of the energy industry in Sweden. Policy modifications could potentially reduce the 
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technology and volume uncertainty in the Swedish-Norwegian TGC system and may render investors to 

re-evaluate their perceptions of uncertainty in the system.  

Technology uncertainty is an intrinsic part of the current Swedish-Norwegian TGC system. Technology 

development of onshore wind power has decreased the LCoE for investments in Sweden between 2008 

and 2014. The effective supply cost curve of new RES-E is not static due to technology development 

decreasing the marginal cost of new technology vintages. The introduction of new, more cost-efficient 

production in the system is likely to have undercut previous investments. Future technology development 

is perceived differently throughout the industry and the cost development has historically been difficult to 

forecast accurately. As a consequence, investors perceive substantial technology uncertainty in the 

Swedish-Norwegian TGC system. Furthermore, investors of different size are likely to perceive the 

technology uncertainty differently.  

The technology uncertainty in the Swedish-Norwegian TGC system may be reduced by the introduction 

of long-term contracts. Furthermore, the state of the economy may affect the magnitude of technology 

uncertainty where strong economic growth is likely to partly counteract the impact of technology 

development experienced by investors.   

The Swedish-Norwegian TGC system is associated with considerable volume uncertainty where a 

substantial surplus of certificates has accumulated on the market. The administrative authority has had a 

significant impact on the accumulated surplus of certificates as it is forecast errors of future quota obliged 

electricity consumption by the Swedish Energy Agency that has contributed most to the accumulated 

surplus. The surplus is likely to have impacted the price of certificates, and thus also the profitability of 

investors in the system. Although not eliminating the risk of generating additional surplus deriving from 

forecast errors of quota obliged electricity consumption in the future, more frequent quota adjustments 

by the administrative authority are likely to reduce the volume uncertainty in the Swedish-Norwegian 

TGC system. In addition, the lack of transparency regarding new investments harms investors’ possibility 

to make well informed decisions. A register of investment decisions of RES-E projects eligible for 

certificate issuance is likely to reduce the volume uncertainty. 

Lastly, there seems to be a connection between technology development of onshore wind power and the 

accumulated surplus of certificates on the market as lower LCoE could make new projects profitable 

even though the quota is fulfilled. In a TGC system with a large share of capital intensive technology with 

low operational expenses, the technology development may thus contribute to an oversupply of 

certificates on the market. This could potentially be problematic for the Swedish-Norwegian TGC system 

where a majority of new production is constituted of capital intensive onshore wind power.  

7.1 POLICY IMPLICATIONS 
The Swedish-Norwegian TGC system is currently under review and in 2015 there will be a checkpoint 

evaluating the system and presenting possible modifications (Energimyndigheten, 2014b). It is therefore 

of interest to provide policy makers with adequate information to make informed policy adjustments. 

Below, policy recommendations are presented that can potentially reduce the technology and volume 

uncertainty in the Swedish-Norwegian TGC system.  

7.1.1 REDUCING TECHNOLOGY UNCERTAINTY 

Technology development, leading to more cost-effective technology vintages, has impacted the price of 

certificates and therefore undercut previously made investments in the Swedish-Norwegian TGC system. 

Introduction of mandatory long-term contracts, where the price of certificates is contractually 

predetermined between sellers and buyers, can reduce the technology uncertainty. The system would still 

be market based but the price would partially be predetermined on the market, similar to a decentralized 
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tendering process. Forward certificate contracts exist in the Swedish-Norwegian TGC system today. 

However, on the open market the contract length is only three years (Svensk Kraftmäkling , 2015). Not 

all certificates necessarily need to be traded by long-term contracts. The spot market can still exist 

alongside the long-term contract market.  

Long-term contracts are argued by Angolucci (2007) to decrease the financial risk faced by investors as a 

result of technology development undercutting previous technology vintages. Furthermore, Kildegaard 

(2008) stresses the importance of long-term contracts when the majority of the RES-E in a TGC system 

is capital intensive with low operating costs, such as the conditions in the Swedish-Norwegian TGC 

system where a large share is constituted of onshore wind power. This policy modification would reduce 

the risk of being undercut by future investments, hence reduce the impact of technology uncertainty in 

the TGC system.    

7.1.2 REDUCING VOLUME UNCERTAINTY  

Institutions’ impact on volume uncertainty differs depending on how the market is structured (Meijer et 

al., 2006). Institutions have proven to have a significant impact on volume uncertainty in the Swedish-

Norwegian TGC system. 70 percent of the current accumulated surplus is derived from forecast errors of 

quota obliged electricity consumption made by the Swedish and Norwegian national energy agencies. 

Since 2003 the quotas have only been adjusted twice in Sweden (Sveriges regering, 2006; 

Regeringskansliet, 2012). More frequent quota adjustments can reduce the uncertainty of consumer 

demand installed by forecast errors by the administrative authority. It is likely that it is easier to forecast 

shorter time periods and inaccurate forecasts could be adjusted in the following forecast to compensate 

for previous forecast errors. Quota adjustments therefore need to be made more frequently, e.g. every 

year or every second year. Technology specific aspects further underline the importance of more frequent 

quota adjustments. It is essential for investors in capital intensive RES-E to recover most of their capital 

during the first years of investment (Agnolucci, 2007). If there are long time periods between the quota 

adjustments, investors in e.g. onshore wind power may suffer capital losses induced by the forecast errors 

of demand and may not be able to recover when the quotas are finally adjusted. More frequent quota 

adjustments could hence reduce the uncertainty of consumer demand.  

In order to reduce the uncertainty of competitor actions, a public record of investment decisions could 

increase transparency in the TGC system. Mandatory reporting of investment decision to the Swedish or 

Norwegian energy agencies would provide investors with information of how much RES-E is planned to 

be introduced into the system, reducing the uncertainty of competitor actions.  

Together these policy changes could reduce the technology and volume uncertainty in the TGC system 

and thereby provide support for achieving socio-technological transformation.  

7.2 LIMITATIONS AND FUTURE RESEARCH 
There are several limitations in this thesis that need to be considered. Firstly, the onshore wind power 

LCoE decrease from 2008 is not necessarily an effect of technology development only. Fluctuations in 

raw material prices and currency fluctuations could potentially also contribute to the cost development. 

This means that it is a simplification to say that lower LCoE is only a result of technology development34.  

Secondly, the short data series, especially of onshore wind power LCoE in Sweden, is lowering the 

validity of the results. When one year lag was assumed between investment decision and start of 

production, the impact of onshore wind power LCoE on certificate price did not render statistically 

                                                      
34 The reliability of data and methods has been discussed in details in the method chapter.  
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significant results. This lowers the validity of the results. This will be possible to properly assess in the 

future when more data is available.  

Thirdly, national conditions regarding the potential of onshore wind power vary, both in terms of 

potential and in terms of available projects. In addition, TGC system design can vary significantly. The 

generalizability of this thesis is thus limited to TGC systems with similar design as the Swedish-

Norwegian TGC system and national conditions similar to that of Sweden. However, the concepts of 

technology uncertainty and volume uncertainty are considered to be generalizable to other TGC systems. 

In fourth, the results of this thesis have been validated by interviews with two large onshore wind power 

investors. Interviews were also conducted with a certificate forecaster, a certificate trader, business 

developers, a manager of wind power development, an onshore wind power business controller and an 

experienced researcher in the field in order acquire further understanding of the system dynamics. 

However, it would be interesting to interview more investors and investors of different types to further 

validate the findings and acquire a deeper understanding of their perceptions of technology uncertainty 

and volume uncertainty in the Swedish-Norwegian TGC system.  

Furthermore, this thesis has solely investigated onshore wind power technology in Sweden. The Swedish-

Norwegian TGC system is technology neutral and it could be of interest to conduct a study investigating 

the dynamics between different technologies in the TGC system.  

Lastly, regarding volume uncertainty in the Swedish-Norwegian TGC system it is important to note that 

another source may contribute to the surplus of certificates generated in the system. Varying weather 

conditions may inflict fluctuations in electricity yield and thus result in varying production of certificates. 

This could result in the supply of certificates being either higher or lower than expected. However, the 

weather uncertainty is a symmetrical risk that is likely to even out during the economic lifetime of an 

onshore wind power plant.     

The conclusions of this thesis also render a new set of questions that could be explored in future 

research. If the identified trend of previous investors choosing to refrain from investment continues, the 

plausibility of the Swedish-Norwegian TGC system attracting a continuing stream of new investors 

should be investigated. Is it economically sustainable and even possible to constantly get new investors 

attracted to a market that previous investors turn from?  Long-term contracts has been presented in this 

thesis as a potential solution for reducing the technology uncertainty, however how to practically 

introduce this into the Swedish-Norwegian TGC system need to be assessed. The ratio of long-term 

contracts and certificates traded on the spot market should also be investigated. In addition, other 

support systems’ ability to reduce these uncertainties should be evaluated.    
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