
 

 

. 

Master’s Thesis 
Copenhagen Business School 2013 

 
 
 

4th of January 2013 

 
 

Renewable Energy in Great Britain:  
An Empirical Study of the Impact on the Wholesale Electricity Price 

 

 

 

 

Master of Science in Applied Economics & Finance 
 
 
 
 

Anna Ljungqvist 
 
 
Academic Advisor: Anette Boom, Department of Economics 
 
Characters (incl. space): 181.949; Number of pages: 181.949/2.275 = 80 

 



 

 

Executive Summary 

 

Background: In 2009 the European Union adopted a new directive on renewable energy. To fulfill the 

directive, Great Britain (GB) is obliged to increase the amount of electricity generated by renewable sources 

from 9.4 % in 2011 to 30 % in 2020. In order to reach this target GB has implemented a renewable support 

mechanism based on a tradable green certificate system.  After the introduction of the support system GB 

has experienced a significant growth in investments in renewable technology. Today the largest share of 

renewable electricity is generated by wind capacity followed by hydro capacity. 

Methods and analysis: The main question for the thesis to answer is: How does electricity from renewable 

sources and the renewable support system affect the wholesale electricity price in Great Britain? To answer 

this question the competition on the British electricity wholesale market has been analyzed. It was found 

that electricity generators are able to sell electricity above marginal costs, indicating the presence of 

market power. Secondly, the functioning of the renewable support system has been analyzed and the 

investigation showed that the renewable certificates price in practice is fixed at the maximum level. Based 

on the analyses it is found that a Cournot model can capture the strategic behavior of electricity 

generators. The theoretical model has been adjusted to incorporate specific characteristics of the British 

electricity market.  

Two hypotheses were derived from the theoretical model: 

a) The wholesale price will decrease following an increase in renewable electricity generation.  

b) As more renewable capacity is available the volatility of the wholesale price will increase.  

In order to test the hypotheses empirically an econometric model has been developed. Data has been 

collected from the time period 2009-2012. To make sure that the regression results produced are reliable 

the data is investigated for stationarity, co-integration and according to the classical linear regression 

model assumptions. 

The theoretical model also explains that the introduction of the support system should have resulted in a 

decrease in the wholesale price. Unfortunately, due to data constraints it has not been tested if the support 

system has led to a decrease in the wholesale price.    

Findings and conclusions: Hypothesis “a “could be confirmed as the results from the econometric model 

confirmed that wind generation decreases the wholesale price. The results from testing hypothesis “b” 

were not statistically significant. Therefore it is concluded that increased renewable electricity generation 

has no explanatory power on the wholesale price volatility. 

The fact that wind generation leads to a decrease in the wholesale price, is following the Cournot model a 

sign that market power in the industry has decreased. The consequences for the industry from a decreased 

wholesale price might be decreased investment incentives both for traditional and renewable technologies. 

On the other hand, since the wholesale price volatility has not increased the industry should not expect to 

be charged risk premiums on borrowed capital. This is positive in terms of access to capital for investments.  
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1- Introduction 
 

The European Union (EU) has set very ambitious goals to increase the share of energy generated from 

renewable sources1. Increasing the share of renewable energy is one way to overcome the challenges of 

global warming and secure the energy supply. In 2001 the EU signed a directive which states that out of the 

EU’s energy mix 12% should come from renewable sources. However, the 12% target was not binding and it 

became evident that the target would not be met. Therefore, a new renewable directive was adopted in 

2009. This directive states that the overall mandatory goal for the EU is to raise the share of renewable 

energy to 20% by 2020. To meet this target each member state has set up individual targets for the share of 

renewable energy. The targets are based on each member state’s individual potential in the energy mix. For 

example Sweden will increase the renewable share from 39.8% in 2005 to 49% in 2020 whereas Great 

Britain (GB) will raise their share from 1.3% in 2005 to 15% in 20202 (EurActiv, 2012).  

In order for GB to meet the overall 2020 energy target, separate renewable goals have been defined for 

heating (12%), electricity (30%) and transportation energy (10%). With a renewable share target of 30%, 

electricity generation is a crucial contributor to the overall goal (DECC, 20093). To secure that the 2020 

target is reached, GB has set up yearly goals for the share of renewable electricity generation (REG). In 2011 

a record of 9.4% of electricity was produced from renewable sources (DECC, 2012a). However, GB did still 

not meet the target of 11.4% for 20114(OFGEM, 2012a5).  

GB, as many other European countries, has a liberalized electricity market. As REG technologies often 

require substantial investments, the private companies need incentives to invest in renewable plant 

capacity. Therefore, subsidy schemes for REG have been developed. GB introduced a support system in 

2002 – the so called renewable obligation (RO). The design of RO is based on a tradable green certificate 

(TGC) system where renewable electricity generators earn renewable obligation certificates (ROCs). 

Electricity retailers have to buy the ROCs from the generators according to a proportion of their electricity 

sales (ROCs/MWh). In this way, renewable generators make income both from selling electricity and selling 

ROCs (OFGEM, 2012a). The result has been that GB has seen a significant increase in investments in REG 

capacity – especially wind generation capacity (DECC, 2012a)6.  

The growth in electricity produced from renewable resources poses a range of challenges to the traditional 

electricity systems. The literature suggests transmission problems, shift in cost structures, need for 

increased balance capacity and costly interconnectors (Gil et al., 2012; Verbruggen & Lauber, 2009). One of 

the most studied topics is the impact REG has on electricity prices. Secondly, as the increased requirements 

to REG caused the introduction of support systems, much attention has been devoted to investigating the 

effects from subsidy schemes on electricity markets. 

                                                           
1
 A list of abbreviations can be found in appendix 1. 

2
 The goal applies to United Kingdom which also includes Northern Ireland.  

3
 Department of Energy and Climate Change 

4
 Strictly speaking GB had 9.4 % of electricity generated from renewables in the calendar year 2011 whereas the target 

of 11.4 % follows the renewable obligation year April 2011 – Marts 2012.  
5
 Office of Gas and Electricity Markets 

6
 The increase in capacity has especially taking place following the reform of the RO system in 2009. For more 

information on the reform see for example Wood & Dow (2011). 
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In former research on the European electricity markets these two topics have typically been studied 

separately. Moreover, former research has mostly relied on theoretical and simulation models whereas 

empirical studies have been very limited (Gil et al., 2012; Ketterer, 2012; Sáenz de Miera et al., 2008).  

 

1.1 - Problem Statement 

This thesis will focus on the British wholesale electricity market. As stated in the introduction GB is not a 

forerunner in terms of the share of electricity generated from renewable sources. However, the market is 

experiencing a steep increase in renewable capacity. As a transition market, the GB market presents an 

interesting case for studying how REG and subsidy schemes affect electricity markets.  

The following research question will serve as the focal point throughout the thesis:  

How does electricity from renewable sources and the renewable support system affect the wholesale 

electricity price in Great Britain? 

Investigating the research question raises additional questions which need to be answered. These sub 

questions are denoted as the operational research questions. When combined they will offer insights that 

will ultimately lead to a concluding answer of the research question.  

1. What is the competitive situation between electricity generators? 

2. How can the renewable obligation certificates impact electricity prices? 

3. How can the strategic behavior of electricity generators be modeled? 

4. Can the modeled impacts from renewable generation and the subsidy scheme be empirically tested? 

The thesis will add to current literature by both considering the impacts from REG and the renewable 

support system in one study. The aim is to capture the characteristics of the GB market in a theoretical 

model that can be empirically tested. Whereas former research on the GB market has relied on simulation 

models, this thesis will use actual data from the British market to test the theorized impacts. 

After it has been analyzed how the increased renewable capacity affects the wholesale price, these results 

are tied to a more general discussion on how this can influence the industry. 

 

1.2 - Delimitations 

In order to answer the research question the thesis imposes some demarcations which will be explained in 

this section. 

First of all, the thesis will focus on the impacts on the wholesale electricity price7. The GB wholesale market 

is divided into volumes traded on the power exchanges and volumes traded on contracts. This thesis will 

use the spot price obtained from the power exchange. In 2010, 9% of electricity was traded on the power 

exchanges (OFGEM, 2011a). The situation repeats itself in 2011 with exchange trading being just below 10% 

(OFGEM, 2012b). The spot market has the advantage of only including trade in physical electricity whereas 

the contract market also constitutes financial contracts used for hedging. Other studies have used the 

                                                           
7
 The terms “electricity price” and “power price” will be used interchangeably throughout the thesis. 
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wholesale price as departure for analyzing how REG influences electricity markets (Gil et al., 2012; Hu et al., 

2010; Sensfuß et al., 2008). The downside of using data from the spot market is of course that it only makes 

up 9% of total volumes. However, using the contract market as point of departure is difficult as data on 

contract set-ups and prices are not readily available.  

As highlighted in the introduction, the increased renewable capacity is assumed to pose several challenges 

for traditional electricity markets. This thesis will not investigate the technical constraints, transmission 

problems, need for interconnectors etc. The focus will be on the impacts on the wholesale price due to 

increased REG and the RO system.  

Fourthly, the empirical investigation will be based on a data sample from January 2009 – June 2012. The 

starting date of the sample was given as the collection of wind generation data on a separate basis began in 

2009 (Elexon, 2012). It was decided to stop the data gathering in October 2012. As per ultimo October 2012 

the newest generation data was Q2 2012. The data will be presented in detail in section 8. 

Lastly, the RO system’s influence on the electricity market is the only impact from environmental programs 

which will be investigated.  The RO system was implemented in 2002 and is the main system for renewable 

support in GB. In addition to the RO, GB introduced a feed-in-tariff (FiT) system in 2010 for renewable 

capacity less than 5 MW (OFGEM, 2012a)8. Another environmental program is the European Union 

Emission Trading System which is a multi-country, multi-sector program to target greenhouse gas emission. 

The concept of this program is that each participant in the system gets allocated a number of carbon 

emission allowances. In case a participant exceeds its emission allowance, additional allowances have to be 

bought on the market from other participants who have excess allowances (DECC, 2012b). In the electricity 

industry generators who are causing greenhouse gas emission are covered by the program. Since the 

financial crisis of 2008 there has been an overflow of carbon emission allowances and prices have 

decreased significantly9. 

 

1.3 – Disposition of Thesis 

In section 2, the research strategy and methodology applied in this thesis will be explained. Section 3 

provides a range of background information on the GB renewable targets, the subsidy schemes and 

functioning of wholesale markets.  It is found that it is necessary to establish a more thorough subject 

understanding before conducting the literature review. Following this, section 4 contains a literature 

review, where existing research within the field is discussed. The GB wholesale market is analyzed in 

section 5 including the industry concentration and market power. In section 6, the mechanisms of the RO 

system is analyzed in order to incorporate the impacts from the ROCs in a theoretical model. Based on the 

findings in section 5 and 6 a theoretical model will be developed in section 7. Section 8-10 will contain a 

preparation of the empirical analysis and presentation of data. The actual empirical analysis and testing of 

the hypotheses will be conducted in section 11-12. Section 13 discusses the results found in section 11-12 

by investigating the assumptions applied and analyzing the possible influences the results can have on the 

industry. Finally, section 14 summarizes and adds some further perspective to the topic.  

  

                                                           
8
 The concept of a FiT system will be presented in section 3. 

9
 See appendix 2. 
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2 - Research Strategy and Methodology 
 

The objective of this section is to explain how the research question will be answered. More specifically the 

overall research approach and the research instruments will be described.  

 

2.1 - Overall Research Approach 

According to Saunders et al. (2007) a research approach can be described as deductive or inductive. The 

deductive research approach tests hypotheses based on existing theory. Therefore, the nature of this 

approach is to search for causal relationships between variables. To test the hypotheses the deductive 

approach normally relies on large quantitative data samples.  

Whereas theory is the starting point in the deductive approach, data collection is the starting point in the 

inductive approach. Therefore the inductive research approach is more explorative in its origin. Based on 

the data collected a theory is build. To capture details and unique contexts the inductive research approach 

more often relies on small qualitative data samples.  

As highlighted in the problem formulation this thesis is concerned with investigating the causal 

relationships between REG and the wholesale spot price in GB. This will be investigated by testing 

hypotheses derived from current theory. This thesis can therefore mainly be defined to follow a deductive 

research approach. However, the thesis is also focused on adjusting the theory to fit the GB electricity 

market. As the theoretical model is developed based both on current theory and empirical observations the 

thesis will also draw upon the inductive approach.  

 

2.2 - Research Instruments 

As described above the deductive research approach relies on formulating hypotheses based on current 

theories. After the hypotheses have been formulated an empirical model is developed and data is collected 

to test the hypotheses. This section will therefore elaborate on the theoretical foundation, the data sources 

and the econometric foundation that will be used in this thesis. 

2.2.1 - Theoretical Foundation 

The thesis derives from industrial organization (IO) literature. IO is generally concerned with market 

dynamics and the competition between firms. Broadly speaking two research approaches are apparent 

within this field of research; a) the Structure-Conduct-Performance (SCP) paradigm and b) the Post-Chicago 

paradigm (Pepall et al., 2008). The SCP paradigm relies on the assumption that any observable industry 

structure will effectuate a conduct in the market and result in a specific market performance. The Post-

Chicago paradigm challenges this assumption by arguing that a given structure does not always lead to the 

same market performance. The strategic behavior of the market players in itself can also affect the 

structure and hence the performance.  

Following the SCP paradigm the structure of the industry will be analyzed. This will give an indication of the 

degree of market power present in the industry and how the market players are expected to behave. Based 
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on the structure of the GB industry and the observed characteristics an oligopoly model will be applied. An 

oligopoly model incorporates the strategic interaction among generators. Hence, the model will predict 

how the players should operate and how the market will perform. More precisely, the model will theorize 

how REG and the RO system impact the behavior of strategic firms and thereby the wholesale price. The 

main objective of the thesis is to test the hypotheses derived from the theoretical model. Therefore it relies 

on the SCP paradigm.  

However, the points made by the Post-Chicago paradigm are also taken into account as the findings of this 

thesis will be linked to how this can affect the industry. This follows the argument of the Post-Chicago 

paradigm that the strategic interaction among players captured by the oligopoly model can also affect the 

structure of the industry. 

2.2.2 - Data Sources 

The thesis will be based both on qualitative and quantitative data. 

The qualitative data will be used to understand the market mechanisms and serve as input to adjust the 

oligopoly model to fit the specific situation. The qualitative data sources are the literature in general 

including former research on electricity markets. In addition, interviews have been conducted with Lars 

Blaaberg, Director of Renewables Sales & Revenue Management at DONG Energy and Geoffrey Wood, PhD 

student at University of Dundee10. The interviews have been conducted mainly with the intention to 

understand the mechanisms of the RO system and why GB is not performing at target levels. 

Qualitative data is applied both in the analysis of the market structure and in the empirical model testing. 

In order to analyze the market structure data on market shares, fuel mix, electricity prices and marginal 

cost is needed.  Market shares and fuel mix can be calculated based on the individual players’ generation 

information which can be extracted from public information sources. The electricity spot price is also 

publically available from the APX spot exchange platform (APX, 2012). Marginal cost of generation on the 

other hand is confidential data not available to the public. Therefore these calculations will be based on 

previous studies on the GB market.  

In order to test the hypotheses derived from theory, quantitative data has been collected. This includes 

electricity wholesale prices, fuel costs and amount of electricity generated from nuclear and renewable 

sources. As mentioned the electricity spot price can be obtained from the APX database. Data on fuel costs 

are available in the Bloomberg database which students at Copenhagen Business School have access to. 

Lastly, data on generation levels is extracted from Elexon’s webpage. Elexon is the company managing and 

measuring the amount of electricity in the GB system (Elexon, 2012). All data will be presented in detail in 

section 8 and in connection to this general considerations in terms of generalizability and validity are 

highlighted. 

  

                                                           
10

 The Interviews can be found in appendix 3 and 4. 
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2.2.3 - Econometric Foundations 

The hypotheses will be tested by performing regression analyses on the data collected. The link between 

the theoretical foundation and the data analysis is described by Kendall & Stuart (1979): “A statistical 

relationship, however strong and however suggestive, can never establish causal connection: our ideas of 

causation must come from outside statistics, ultimately from some theory” (Kendall & Stuart, 1979 p.299).   

The idea of an econometric analysis is to make inferences on the total population based on a sample. The 

econometric analysis can rely on different methods of parameter estimation. In this thesis two types of 

parameter estimation will be used, namely ordinary least squares (OLS) and maximum likelihood (ML). The 

idea behind OLS estimation is to minimize the squared sum of residuals in any estimation11. To be able to 

trust the estimation results, the empirical model must fulfill the classical linear regression model (CLRM) 

assumptions (Gujarati & Porter, 2009). In order to get reliable results a considerable amount of effort is put 

into analyzing and transforming the data to fulfill the assumptions.  

The ML estimation works by finding the most likely values of the parameters given the actual data (Brooks, 

2008). In large sample size the OLS and ML estimations are approximately the same. ML estimation is 

applied due to the fact that it can also be used to estimate models that are non-linear in the parameters, 

hence; it has a broader application (Gujarati & Porter, 2009). When modeling the volatility of the electricity 

price the ML estimation approach will be applied. 

The econometric analyses will be performed in SAS. 

  

                                                           
11

 The residual is defined as the difference between the true value and the estimated value of a variable. 
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3- Background Information 
 

Before commencing the literature review it is advantageous to have a more thorough understanding of the 

GB industry and basic electricity market mechanisms. This will make it easier to realize how the conclusions 

from the literature review are relevant in the GB market.  

 

3.1 - GB Renewable Electricity Targets 

As mentioned in the introduction GB has set a target which dictates that by 2020, 30% of electricity must 

stem from REG. The development of REG and renewable electricity capacity in GB from 2002 are visible 

from the figure below: 

 

Figure 1: Share of Renewable Electricity Generation and Renewable Capacity Development 

Source: Based on (DECC, 2007; DECC, 2012a; OFGEM, 2012a) 

From the graph on the left, it is evident that even though the share of REG is rising, GB has consistently 

underperformed in terms of reaching the yearly renewable targets. The graph on the right shows the 

development in renewable capacity starting from 2002 where the RO system was introduced. Wind 

capacity (both onshore and offshore) has been increasing aggressively since 2004. Biofuels and waste 

capacity has been growing slowly with a sharp increase from 2010 to 2011 caused by a sharp increase in 

plant biomass (straw and crops) capacity. Whereas hydro capacity has been stable throughout the period 

(DECC, 2012a). 

 

3.2 - Production Technologies 

The total fuel mix of electricity generation is shown in figure 2. Gas is the most common fuel type in 

electricity generation followed by coal and nuclear. Gas, coal and nuclear capacity are categorized as 

traditional generation sources. The total electricity generation from renewable sources in 2011 was 9.4 %. 

From the graph on the right the detailed REG fuel mix is illustrated. Wind generation is by far the largest 

contributor followed by hydro generation. 

0,0%

4,0%

8,0%

12,0%

16,0%

2002 2004 2006 2008 2010 2012

Share of Renewable Electricity Generation (%) 

Renewable Target Actual Share of Generation

0

1000

2000

3000

4000

5000

2002 2004 2006 2008 2010

Renewable Electricity Capacity (MW) 

Offshore Wind Onshore Wind
Hydro Biofuels & Waste



  Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price 

 

  Master’s Thesis January 2013 Anna Ljungqvist Page 12 of 125

Onshore 
Wind 
30% 

Offshore 
Wind  
15% 

Hydro  
17% 

Landfill 
gas  
14% 

Co-firing 
with fossil 

fuels 
9% 

Other 
15% 

Other 
fuels 
2% 

Coal 
30% 

Nuclear 
19% 

Gas 
40% 

Renew- 
ables 

9% 

Figure 2: Electricity Generation Fuel Mix 2011 

Source: Based on DECC (2012a) 

The next two sections will provide a description of the traditional and renewable technologies that make up 

the GB electricity market. 

3.2.1 – Traditional Generation Technologies  

Gas 

Gas is the most important input in the GB electricity generation. Gas generation relies on gas turbines to 

generate electricity. Alternatively gas generation can rely both on gas turbines and steam turbines; this is 

known as a combined cycle gas turbine and allows efficiencies to be high. Gas generation is characterized 

as a flexible technology as the plants can be shut-down or started-up within a given time frame (DECC, 

2012c). 

Coal 

In the same way as gas generation, coal generation is a flexible technology. Electricity is generated by 

heating water into steam by burning coal. The steam then powers steam turbines. The share of coal in the 

GB energy fuel mix was 90% in 1948 but has decreased significantly. In today’s electricity generation 30% is 

based on coal (DECC, 2012c). 

Nuclear 

Nuclear technology has been an important electricity source in GB for more than 50 years. The benefits 

include low carbon emission and low marginal costs. Nuclear generation also relies on steam turbines, but 

the water is heated by nuclear fission. The most common nuclear fuel is enriched uranium (DECC, 2012c).  

Nuclear plants are not as flexible as coal and gas plants as start-ups and shut-downs are relatively more 

complicated. 
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3.2.2 - Renewable Generation Technologies 

Wind 

REG from onshore and offshore wind farms makes up 40% of total REG. Wind farms use wind flows to turn 

turbines to generate electricity. Wind generation is characterized by being an intermittent source as 

capacity owners cannot decide when to generate electricity12. GB has very good wind resources both for 

onshore and offshore wind (DECC, 2012c). Therefore, further investments in wind generation are crucial for 

GB to meet their renewable targets.  

Hydro 

In GB three types of hydro production exists: a) pumped storage, b) run-of-rivers and c) reservoirs. In 

pumped storages water is pumped to a reservoir during low demand. This is a way of “storing” electricity 

and improving energy efficiency. However, as electricity is used to move the water, pumped storage cannot 

be considered a renewable source. Run-of-rivers and reservoirs are both considered to be natural flows and 

are therefore included as REG. Run-of-rivers use the natural continuous flow of rivers to generate 

electricity. In reservoir schemes the water is kept in the reservoir until it is released and electricity is 

produced (DECC, 2012c).   

Run-of-rivers can be characterized as an intermittent resource in the same way as wind power. In reservoir 

schemes on the other hand, capacity owners can decide when to produce and thereby time the production 

to peak demand times. Smaller plants will be less flexible as less water can be stored13. Data collection on 

run-of-rivers and reservoir generation is not separated (Hemingway, 2012). Due to the data constrain it is 

decided to treat all hydro production as a non-strategic intermittent resource14. 

Other Renewable Generation 

Other REG technologies include landfill gas and co-firing. Data are not available on a separate basis for 

these technologies (Elexon, 2012). Therefore the impacts from these sources will not be investigated in this 

thesis15. 

 

3.3 - Costs of Generation Technologies 

Given the fact that the British electricity market is constituted of different generation technologies, it is 

interesting to investigate how the technologies’ cost structures differ. The Department of Energy and 

Climate Change (DECC) calculates the “levelised” cost of generation for each technology type in the GB 

electricity system. Levelised costs are defined as: “Levelised cost is the average cost over the lifetime of the 

plant per MWh of electricity generated. These reflect the cost of building a generic plant for each 

technology, potential revenue streams are not considered.” (DECC, 2012c p. 1). The cost structures are 

visible from figure 3 below. 

                                                           
12

 Of course it is possible to turn-off the mills. 
13

 Only hydro schemes with a capacity of less than 20 MW are entitled to the renewable support. According to Wood 
(2012) this has meant that several of the big schemes were downgraded to be eligible for support. Today the largest 
hydro plants excluding pumped storages are Sloy with a capacity of 153 MW and Glendoe with a capacity of 100 MW. 
14

 This is in line with Borenstein et al. (2002) studying market power on California electricity markets.  
15

 For more information about these technologies see for example DECC (2012c). 
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Figure 3: Levelised Cost of Energy (£/MWh) 
Source: Based on DECC (2012d) 

It is assumed that the plant is built in 2012. For gas and coal the category “other” mainly comprises carbon 

emission costs.  

It is essential to note that renewable technologies in general are characterized by high investment costs, 

but low marginal costs (MCs). The total levelised cost of generation is higher for renewable sources than for 

traditional sources. This is the reason why subsidy schemes are necessary to promote renewable 

investments. 

3.3.1 - The Merit Order Curve 

In any electricity market the different production technologies can be ordered based on their MCs. This is 

called the merit order curve: “The merit curve is an ascending ordering of the available installed capacity in 

the system, based on the marginal cost of generation for each unit on the system. The merit curve can shift 

based on availability, fuel prices, etc., and thus is specific to a time period or an average.” (London 

Economics, 2007p. 647). 

The merit order curve is an expression of the electricity supply curve. As the merit order curve depends on 

the availability of generation technologies and the MC of each plant in the system, each electricity market 

will have its individual merit order curve that changes over time. Examples of GB merit order curves are 

illustrated in figure 4 below: 
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Figure 4: GB Merit Order Curve 2003-2005 

Source: London Economics (2007 p. 647) 

The plants with zero MCs are renewable technologies. Figure 1 illustrated that since 2005 this share has 

increased. The next step on the merit order curve is the nuclear capacity which also has very low MC. 

Hereafter follows coal and gas plants. Plants that operate on fuel oil or other expensive fuels are added to 

the far right.  

 

3.4 – Types of Support Systems 

As evident from the total levelised cost investigation in the previous section, REG technologies are generally 

not able to compete with traditional technologies, unless supported. The most commonly used support 

systems in Europe are the tradable green certificate (TGC) system and the feed-in tariff system (FiT).  

The general idea behind the FIT system is that: “generators receive a fixed amount per kWh generated 

regardless of the cost of generation or price” (Haas et al., 2011 p. 2187). This can be contrasted to a TGC 

system which is based on the idea that: “certificates are issued by renewable electricity generators who 

benefit from generating renewable electricity in two ways: by selling it on the network at the market price, 

and by selling the certificates on the green certificates market” (Menanteau et al., 2003 p. 803). 

It is evident that the main difference is the predictability of support price. The FiT price is a fixed price both 

encompassing the electricity price and a support price. In contrast renewable generators on a TGC system 

receives two separate prices, namely an electricity price and a TGC price. Renewable generators on the TGC 

system are fully exposed to the market price of electricity. Moreover, the TGC price is based on supply and 

demand in the TGC market16. 

This concludes the background information section. In the next section a literature review will be 

conducted. 

                                                           
16

 Many studies have tried to determine which system is most beneficial. This is a topic that will not be further 
discussed in this thesis but see for example Haas et al. (2011) or Menanteau et al. (2003).  
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4 - Literature Review 
 

Several approaches could have been applied studying the impacts from REG and the RO system on 

electricity prices. In this section, a literature review is conducted in order to outline the underlying 

arguments for choosing the focus for this thesis as well as to position the thesis within the existing 

literature. Following the research question, the literature review has been divided into two parts: a) the 

impact on electricity prices arising from increased REG and b) the impacts on electricity markets stemming 

from renewable support schemes. The findings from this literature review will moreover serve as important 

input throughout the thesis.  

 

4.1 - Impacts of Renewable Generation on Electricity Prices 

This first section will present prior research that has investigated the impacts of REG on electricity prices. 

Twomey & Neuhoff (2010) argue that most renewable production stem from intermittent sources which 

are non-controllable. Therefore traditional generators who enjoy market power will deduct the REG from 

the total demand and profit optimize on a residual demand curve17. It is shown by a theoretical model that 

increased REG will lead to a lower electricity spot price. The theoretical observations are confirmed by 

testing a numerical example with “plausible parameter values” (Twomey & Neuhoff, 2010). Twomey & 

Neuhoff (2010) also note that in a system with a combination of traditional and renewable generation, 

traditional generators will exercise market power when the demand for traditional capacity is highest, 

which is when no REG is available. The consequence of this is that renewable generators do not always 

benefit from higher prices caused by the exercise of market power. In fact, on average the renewable 

generators will receive a lower price for their electricity.       

Green & Vasilakos (2010) extend on the findings of Twomey & Neuhoff (2010) and build a full scale 

simulation model of the British market. The simulation model is used to forecast the effects of increased 

wind capacity on the market until 2020. The model is tested assuming; a) a perfectly competitive market 

and b) a duopoly market. It is concluded that an increase in generation from wind should decrease the 

wholesale price in both types of markets. However, the duopoly market is more sensitive to wind outputs. 

Secondly, Green & Vasilakos (2010) argue that a large share of wind in the electricity system can also 

impact price volatility. They argue that the price volatility will depend on two conditions: a) the volatility of 

wind generation and b) the characteristic of the supply function. They analyze the GB market and find that 

the first condition - volatile wind outputs exist. On the other hand, they find that the supply function is 

relatively flat meaning that a large increase in wind output does not change the price significantly.  

Sensfuß et al. (2008) also use a simulation model to test the impact from REG on the German electricity 

prices. Competition in the industry is disregarded and the focus is on the pure effect of a change in the 

merit order curve. It is found that the impact from wind generation is approximately zero during low 

demand but very significant during high demand. These observations are explained by the characteristic of 

the supply curve. In Germany the supply curve gets very steep when demand is high and therefore a small 

change in output can have a great impact on prices. On the other hand when demand is low the supply 
                                                           
17

 The supply function is approximated by a linear supply curve and it is assumed that demand is elastic. 
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curve is relatively flat18. Sensfuß et al. (2008) test the robustness of the simulation results by a number of 

sensitivity analyses.  It is shown that a change in gas and coal prices change the slope of the supply curve 

and thereby the impact from REG.  

Hu et al. (2010) investigate the dynamics between electricity prices and wind output on the western Danish 

power system by performing a correlation analysis using actual data from 2004-2008. It is again confirmed 

that the spot price decreases as the share of wind power increases.  Importantly it is found that the 

relationship between wind production and the spot price is non-linear. The relationship is clear from the 

figure below: 

 

Figure 5: The Spot Price and Wind Power Penetration 
Source: Hu et al. (2010 p. 2) 

When wind power penetration is high, the spot price decrease in a more rapid pace. The western Danish 

power system is especially interesting as more than 20% of electricity generation is produced from wind on 

average. Therefore the results might give an indication for other markets that currently have lower 

penetration rates but expect to see an increase in the years to come. 

As discussed by Green & Vasilakos (2010), increased production from intermittent sources such as wind 

should possibly also impact the spot price volatility. Ketterer (2012) notes that very few studies have tested 

this empirically. Using data from the German market, Ketterer (2012) investigates the impact from wind 

generation on the spot price level and spot price volatility. The analysis uses data from the period 2006-

2011. In 2011 wind generation accounted for 8% of gross electricity generation in Germany. It is found that 

if the level of wind generation increases the spot price decreases and the volatility increases.  

From the above presentations of former research several points should be highlighted. First of all, the 

literature agrees that increased generation from renewable sources decreases the wholesale price. Two 

different mechanisms are highlighted to cause this effect. The impact can be caused by an inward shift in 

the demand curve that traditional generators face. This limits the possibility of traditional generators to 

exercise market power and thereby prices decrease (Twomey & Neuhoff, 2010). The second mechanism 

can be characterized as a change in the shape of the merit order curve. When REG is available the MC of 

the marginal plant is likely to be lower which causes the wholesale price to decline (Sensfuß et al., 2008; R. 

Green & Vasilakos, 2010). As the shape of the supply curve will be different during peak and non-peak 

demand the timing of REG becomes a driver of the price effects. This point underlines that in some cases 
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 Germany has a significant amount of nuclear which is a technology with low marginal costs. 
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the impact from REG can be close to zero whereas in other cases the impact is very large. Following this, Hu 

et al. (2010) finds that the relationship between wind penetration and the spot price is non-linear. If wind 

penetration is high it is more likely that several of the less efficient technologies are “pushed out” of the 

supply curve.  

The second point highlighted by the literature is that intermittent generation can increase the volatility of 

the spot price. It is argued that in the same way as the price reduction effect depends on the shape of the 

supply curve, so does the effect of increased volatility. Moreover, this effect is conditioned on the volatility 

of the intermittent resources.  

Former research builds on theoretical models that most often are tested by simulation models. The typical 

approach of a simulation model is to test a scenario with and without REG and analyze the price effects. Gil 

et al. (2012) criticize the simulation models as a number of assumptions are implemented in the modeling. 

They highlight the study by Hu et al. (2010) as one of the only studies taking an “ex post” approach which 

has the benefits of relying on actual data.  

 

4.2 - Impacts of Support Systems on Electricity Markets 

This section will present research that specifically deals with the impacts on electricity markets stemming 

from renewable subsidy schemes - a tradable green certificates (TGC) system.  

As some of the first to contribute to the field Jensen & Skytte (2002) build a theoretical model capturing the 

impacts from TGC on electricity markets. In the model it is assumed that both the electricity market and the 

TGC market are perfectly competitive and that the TGC price is determined in the market by supply and 

demand. As markets are competitive the marginal cost (MC) of renewable generators equals the electricity 

price plus the certificate price, whereas the MC of traditional generators equals the electricity price only. 

Jensen & Skytte (2002) find: “Since the renewable part of the power price is subsidized by the certificate 

price, the power price decreases by an introduction of green certificates” (Jensen & Skytte, 2002 p. 433). 

The renewable generators are willing to supply more at a lower price as some of their costs are covered by 

the support scheme.  

In a study by Amundsen & Bergman (2004) the idea of market power is introduced. More specifically the 

objective of the study is to investigate how the exercise of market power on the TGC market can impact the 

electricity market. It is assumed that both the TGC market and the electricity market are oligopoly markets 

and the TGC price is determined by supply and demand. Therefore it is argued that renewable generators 

have incentives to hold back certificates in order to increase TGC prices. As the end-consumer price is a 

combination of the TGC price and the electricity wholesale price, an increase in the TGC price will lead to an 

increase in the end-consumer price and a decrease in demand. Based on a simulation model, these effects 

are tested on the Nordic countries.  The effects are confirmed and it is moreover observed that the 

wholesale electricity price decreases as the support scheme is introduced. It is noted: “The adjustments 

thus, imply a “crowding out” effect from black electricity and a redistribution of producer surplus from black 

electricity generation to green electricity generation.” (Amundsen & Bergman, 2004 p. 19).    

Mészáros (2010) criticizes the study of Amundsen & Bergman (2004) by arguing that it is not reliable for 

renewable producers to generate electricity but afterwards to hold back certificates. Instead a model is 
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developed where renewable producers exercise market power by cutting back production. Mészáros 

(2010) tests the prediction by a simulation model over the British market. Even if market power on the TGC 

market is exercised in another fashion than described by Amundsen & Bergman (2004) the results are the 

same. If market power is exercised on the TGC market and the TGC price increases, it leads to a decrease in 

the demand of electricity and an increase in the end-consumer price.  

Nese (2003) proposes that market power on the electricity market also can have an impact on the TGC 

market. If the TGC price is determined by the supply and demand and traditional generators enjoy market 

power it is argued that: “By reducing the generation of black electricity marginally, the producers can 

induce a reduction of the demand for green certificates and thus create an excess supply of green 

certificates. The consequence of this is a drop of the green certificate price to its lower bound and a 

corresponding upward jump of the wholesale price.” (Nese, 2003 p. 117). This shows that by adjusting their 

production levels the traditional generators can impact the composition of the end-consumer price. When 

the price of the certificates is low the traditional generators can charge a higher wholesale electricity 

price19. However, Nese (2003) highlights that the effects from introducing a certificate scheme will greatly 

depend on the level of quota fulfillment. Specifically he notes that if the price of TGC is at the lower or 

upper price bound, the TGC price will not be determined by the market supply and demand. Therefore 

strategic actions by generators in either the electricity or TGC market will have no impact on the TGC price. 

Summarizing on this part of the literature review it is evident that the effects from TGC schemes are not 

well understood. In general it is noted that: “The literature on the interaction between renewable energy 

sources promotion and the electricity market is surprisingly thin.” (Sáenz de Miera et al., 2008 p. 3346). 

There seems to be a general agreement that the functioning of the support system can impact the 

wholesale electricity price. Jensen & Skytte (2002) argue that the introduction of support schemes will 

lower the spot price as renewable generators’ production costs decrease.  

Secondly, the use of market power on either the TGC or the electricity market can impact the wholesale 

electricity price. The end-consumer price is a combination of the TGC price and the wholesale price. If by 

the use of market power, generators can increase or decrease the TGC price this means that the end-

consumer demand changes and the wholesale price decreases or increases. Amundsen & Bergman (2004) 

assume that renewable generators exercise market power by holding back certificates. However, as noted 

by Mészáros (2010) this does not seem reliable. Instead Mészáros (2010) assumes that market power is 

exercised by cutting back on renewable production. As highlighted in section 3, REG is characterized by 

having high investment costs but low operating costs. Therefore the fact that generators will not produce 

once the capacity is build does not seems valid either. Both Amundsen & Bergman (2004) and Mészáros 

(2010) assume that the TGC price can be affected by the market mechanisms. However as highlighted by 

Nese (2003) if the TGC price is already fixed at the minimum or maximum bound the strategic actions will 

have no effect. In this case the exercise of market power will not impact the TGC price but the impact from 

the presence of a TGC system will still impact the wholesale price through the demand function. 

Concluding on the literature review this thesis will contribute to the field by analyzing impacts on the spot 

price and spot price volatility from increased renewable production on the GB market using current actual 

data. Moreover the certificate mechanism will be analyzed in detail to understand how the TGC price can 

impact on the electricity market.   
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 These conclusions are based on the assumption that the inverse demand for electricity is downward sloping. 
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5 - Market Structure and Market Power in GB Electricity Generation 
 

This section will investigate the market structure and concentration of the industry which can give an 

indication of the level of market power20. The findings will be the foundation for choosing the industrial 

organization (IO) model that will be used to describe the industry.   

In order to be able to analyze market structure and concentration the first step is to define the 

geographical market. From GB electricity can be traded internationally by the interconnectors to Ireland, 

France and the Netherlands. However, according to DECC (2012a) over 98% of GB electricity was home 

produced in 2011. Moreover, in 2011 less than 1% of total electricity supply was exported (DECC, 2012a). 

Therefore the trade in import and export will be disregarded and the graphical market will be defined 

based on BETTA21. 

Before commencing the investigation of market power the functioning of the GB wholesale market will be 

introduced. 

5.1 - GB Wholesale Electricity Market 

Electricity cannot be stored in larger quantities in an economic optimal way. Therefore, electricity must be 

consumed at the same time as it is produced. Moreover, the supply and demand of electricity must balance 

at all times for the system not to collapse. The market for trading electricity has to be organized to 

accommodate the special nature of electricity.   

GB was one of the first countries in the world to liberalize their electricity market in 1990. The market 

mechanism introduced at that point was a pool system (Giulietti et al., 2010). Generators and retailers 

entered a bidding process and based on the bids a clearing wholesale price was determined. As the system 

produced one clearing price, it was criticized for allowing the price to be well above the MCs of producers 

with lowest MCs. In 2001 the New Electricity Trading Arrangement was introduced. In the beginning, it only 

applied to England and Wales, but in 2005 the rest of GB was included in the British Electricity Trading and 

Transmission Agreement (BETTA). The BETTA works in three stages on the market plus a settlement stage. 

These stages are visible from figure 5 below and will be described in the following based on information 

from the National Grid (2011). 
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 Market power can be defined as the ability to extract surplus (Pepall et al., 2008). 
21

 See appendix 6 for a graphical illustration of the BETTA area. As Northern Ireland is excluded this areas is known as 
Great Britain and not United Kingdom. 
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Figure 6: Overview of BETTA Market Structure 

Source: National Grid (2011 p. 156) 

Forward and Future Contract Market: The generator (the seller) and the retailer (the buyer) enter into a 

bilateral contract. The two parties agree on quantities and prices for a delivery of electricity on a specific 

date and time. The contract length can be more than a year and down to 24 hours ahead of real time. It is 

voluntary to enter into a contract and the terms are not regulated to be disclosed.  The forward and futures 

markets are also used for financial trading. 

Short term bilateral market (power exchanges): The generators and the retailers trade on standardized 

amount of electricity.  The delivery is often within 24 hours. It is voluntary to trade on the power exchanges 

and the price is public. The average price extracted from the power exchange is referred to as the spot 

price. In 2011, 9% of all electricity was traded on the exchange (OFGEM, 2011a). 

Balancing Mechanism: The bilateral trading system needs to be backed up by a balancing mechanism that 

can make up for gaps in supply and demand and prevent the system from crashing. Players are registered 

as balancing providers bid on increasing supply or decreasing demand or vice versa. Participation in the 

balancing mechanism is optional.  

Imbalance and Settlement: The actual volumes sent into the system versus the reported volumes are 

measured and the difference settled.  The volumes are settled at imbalance prices which are created so 

that the parties have incentive to be as accurate in their reported volumes as possible. It is mandatory to be 

part of the imbalance and settlement stage. 

As mentioned the pool system was criticized for only producing one clearing price on the exchange market. 

On the contrary volumes traded on the exchange under BETTA receive a price equal to the bid made. The 

exchange market of the pool is described as a uniform auction whereas the exchange market of BETTA is 

described as a discriminatory auction22. 

The difference between a uniform auction and a discriminative auction is explained by Fabra et al. 

(2002):“In uniform, or first price, electricity auctions, market prices are determined by the bid price of the 
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 Many European power exchanges are organized as uniform auctions e.g. the Nordic countries. 
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marginal accepted unit. In discriminatory auctions, (..) suppliers are paid  their bids , while consumers pay 

the (weighted) average of the accepted bids” (Fabra, von et al., 2002 p. 74). 

Nevertheless, it is still possible to exercise market power in discriminatory auctions (Fabra, von et al., 2002). 

 

5.2 - Indications of Market Power in GB Electricity Generation 

Several studies have analyzed the GB generation industry and found evidence of market power. According 

to OFGEM (2009) the concern about market power has been present since the deregulation of the British 

electricity market initiated in the 1980s. Market power in electricity markets may arise due to limited 

storage opportunities, lack of substitution to electricity, low short-run elasticity of demand and constrains 

in the electricity transmission system (OFGEM, 2009).  

Sweeting (2007) analyses the market power from 1995-2000 in the England and Wales wholesale electricity 

market23. It is concluded that generators exercised market power by increasing the price of their bids. For 

the time period 2003-2005 London Economics (2007) performed an empirical investigation of the GB 

electricity market. Again it was found that generators were able to sell electricity at a price above MC 

indicating the exercise of market power. 

After a high increase in electricity prices OFGEM initiated an extensive research on competition in the 

wholesale market (OFGEM, 2008). Following these investigations OFGEM in 2009 declared: “Ofgem is 

concerned that the GB wholesale electricity market is increasingly vulnerable to undue exploitation of 

market power” (OFGEM, 2009 p. 9). The investigation concluded that the market power is characterized to 

be irregular and likely to happen during peak demand. 

The conclusions highlighted indicate that market power is present on the GB wholesale electricity market. 

 

5.3 - Electricity Demand 

As the demand pattern can have great impact on the ability to exercise market power it is relevant to look 

at the demand of electricity before investigating the current market concentration and market power.  

In the figure below, the half hourly volumes metered in the GB system are used to picture demand (Elexon, 

2012). It is visible that demand is highly seasonal with high demand during winter. Looking more closely at 

the demand pattern it will also be evident that demand during weekdays is higher than demand during 

weekends. 
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 The GB electricity market was organized differently during that time period. Importantly the pool was operated as a 
uniform price auction.   
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Figure 7: Half Hour Electricity Demand 2009-2012 

Source: Own production based on Elexon (2012) 

From the demand curve the elasticity of demand can be extracted. The price elasticity of demand is defined 

as: “the percentage change in the quantity of a good demanded that results from a 1 percent change in 

price.” (Frank, 2006 p. 124). In a perfect competitive market elasticity of demand is not important as 

competition is fierce and the players price at marginal costs. However, in industries with market power 

demand elasticity has great impact on the level market power that can be exercised. For example if 

demand in the short run is totally inelastic the same quantity will be demanded regardless of the price. This 

clearly gives players a high level of market power. That being said, it is important to remember that even if 

the short run elasticity of demand is very low a supplier will still be aware that the medium to long run 

elasticity of demand will be more elastic. Therefore if market power is excessively used in the short term 

and prices are set very high consumers will react in the medium to long term by reducing the electricity 

demand. 

It is argued that the short-run elasticity of demand for electricity is low. There are several explanations for 

this. First of all, individual consumer price-sensitivity is constrained by the number electric appliances 

owned.  Moreover, end-consumers pay their electricity bill with a delay of several months. The lack of 

transparency makes consumers less price sensitive. Lastly the number of substitution possibilities is limited. 

Green & Vasilakos (2010) use a demand elasticity on the GB market of -0.3. A demand elasticity of -0.3 is 

also applied in an analysis of the Nordic markets (Amundsen & Bergman, 2004). This expresses that as the 

price of electricity is increased by 1% the demand only decreases 0.3%, confirming that the short-run 

elasticity of demand of electricity markets is inelastic.  

Going forward it will be assumed that the demand for electricity by the final consumer is described by a 

linear downward sloping inverse demand curve:        .    is the consumer price of electricity and Q 

is the total amount of electricity bought by consumers including both renewable and traditional electricity. 

This assumption has been applied in several former studies (See for example: Amundsen & Bergman, 2004; 

Jensen & Skytte, 2002; Mészáros, 2010; Morthorst, 2003; Ropenus, 2010).                                                   

 

5.4 - Market Concentration in Electricity Generation 

It is believed that there is a relationship between the concentration in an industry and the level of market 

power. In one extreme a monopolist is assumed to enjoy market power whereas a perfect competitive 
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market with a large number of firms is believed not to exhibit market power. This section will analyze the 

market concentration in the GB electricity industry. 

The data used to define the market shares of generators is the total supply of generated electricity. 

Alternatively market shares have been calculated based on capacity (Mészáros, 2010; Sweeting, 2007). 

However, installed capacity is not always transferrable to available capacity. Moreover, less efficient power 

plants will not always be used for generation but are simply in the system to provide security. Therefore it 

is argued that generation will provide a better picture of market shares. This approach is also aligned with 

OFGEM’s method of calculating market shares (OFGEM, 2011a).  

The market share calculations are based on the information given in the annual reports of the generating 

companies. The total amount of generation is extracted from DECC (2012a). It is found that eight major 

generators are present on the market. These will be defined as “traditional generators” as most of their 

production is based on traditional generation technologies (see appendix 8). The difference between the 

sum of the eight major producers’ output and the total output is defined to be the group “others”. This 

group includes a number of smaller generators. This group ranges from private production to production to 

several costumers. The generation can both be based on renewable or traditional plants.  

 

Figure 8: Market Shares of Traditional Generators 2009-2011 

Source: Own production based on annual reports
24

  

In figure 8, the graph on the left shows the development in market shares whereas the graph on the right 

gives a detailed picture of 2011. The findings are approximately equal to the findings by OFGEM (2011a). In 

this study the market shares are calculated on 2010 metered volumes25. 

In the three year period of investigation the market shares are fairly stable. EDF with a large share of 

nuclear generation is very sensitive to outages in these production plants. During 2010 the generation from 

nuclear power was lower than normal due to several maintenance outages (DECC, 2011). The second 

largest player in the industry is SSE, who has the largest share of hydro capacity. It can also be seen that 

International Power increased their market share in 2011. This is explained by the merger with GDF Suez in 

2011 (International Power GDF Suez, 2012).  

                                                           
24

 For more information see appendix 7. 
25

 This is based on proprietary data and therefore it is not possible to apply the same method in this thesis. 
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5.4.1 - HHI Calculation 

To measure the strength of concentration the Herfindahl-Hirschman Index (HHI) will be applied. For an 

industry with N firms the HHI is defined as: 

     ∑  
 

 

   

 

Where si is the market share of the individual firm (Pepall et al., 2008). From the equation it is evident that 

the HHI gives proportional more weight to firms with large market shares. The HHI for a monopolist is 

1002= 10,000. For a perfect competitive market HHI approaches 0. According to the European Commission 

an HHI below 1000 characterizes a non-concentrated industry, HHI between 1000-1800 a moderate 

concentrated industry and HHI above 1800 a concentrated industry (London Economics, 2007).  

The HHI calculations require information on market shares on all generators in the market. This data is not 

available. There are to possible solutions to deal with the group “others”.  

Firstly, it can be assumed that the generators in the “other group” have the same size of market shares as 

the smallest generator of the major players. The smallest generator is International Power with a market 

share of 6% in 2011.  

                              
    

   
          

Calculating the HHI based on this information gives the largest possible HHI for the GB generation industry: 

HHImax = 1168. Secondly, it is possible to assume that the group “others” all consists of infinitive many small 

producers. This will give the lowest possible HHI for the industry: HHImin = 1073. 

These HHI calculations both fall in the category of moderate concentrated industries. However, both results 

are on the border of being in the category of non-concentrated industry. OFGEM (2011a) calculates the HHI 

for 2010 to be 1238 based on generation output. This is slightly higher than the results found for 2011.  

From figure 8 it should be expected that the HHI for 2011 is higher than for 2010. This is because nuclear 

generation in 2010 was lower than usual, decreasing EDF’s market share. Moreover, International Power 

increased their market share from 2010 to 2011 after the merger with GDF Suez. As mentioned OFGEM has 

access to the exact metered volume in the system, this secures that all generators are measured at the 

same point in the system and by the same meter technology.  

Taking into account the HHI results for 2011 and the HHI found by OFGEM in 2010 there is strong evidence 

that the GB generation industry can be defined in the lower end of a moderate concentrated industry.  

One drawback of the HHI is that it is a static calculation. Indeed, market shares my shift constantly 

following a change in demand, an outage in a power plant, new investments or similar events. The study by 

London Economics (2007) clarifies this problem, as it is shown that the HHI index changes depending on the 

hour of measurement. This conclusion relates to the comment by OFGEM (2009) that market power in the 

generation sector can be irregular. A consequence of this is that market power can be difficult to capture 

by concentration measurements26. 

                                                           
26

 According to Pepall et al. (2008) the HHI can also underestimate the true competition in an industry if companies 
are vertically integrated. This is the case in the GB generation industry where several of the producers also act as 
retailers. As many of the generation companies will deliver directly to the upstream retailers the competition is much 
less than suggested by the concentration measurements. Another problem is suggested by Newbery (2008) who 
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5.5 - Assessing the Market Power in GB Electricity Generation 

As an alternative to the HHI and other concentration measurements Pepall et al. (2008) suggest using the 

Learner Index (LI) to measure market power. By investigating if companies in an industry are able to price 

above their MC, the LI measures how the market performs compared to the competitive ideal. 

    
  ∑   

 
      

 
 

In this formula it is assumed that all firms sell at the same price P.  As is evident from this equation input 

needed to calculate the LI is the price, the market shares and MCs.  

5.5.1 - Calculating the Marginal Costs 

According to Pepall et al. (2008) it is difficult to estimate the LI index as it is difficult to measure MCs. This is 

also the case in the GB electricity market. To estimate the true MCs one would need to estimate the MC of 

each plant which requires information not readily available. Moreover, due to the merit order effects 

described earlier the average MC would change for each hour. Due to this, a common approach is to use 

simulation models approximating the optimal MC of the system for a given hour (London Economics, 2007). 

As simulation estimation is out of the scope of this thesis, MC are approximated by relying on previous 

findings.  

It is generally accepted that the heat rate which is an efficiency measurement for each individual plant 

multiplied by the fuel cost represent basic MC (Borenstein et al., 2002; London Economics, 2007; Van der 

Weijde & Hobbs, 2010). In addition to this basic measurement of MC, it has been argued to include variable 

operating and maintenance costs, plant start-up costs, emission taxes and to control for plant outages 

(London Economics, 2007). 

Three studies analyzing electricity generation costs in GB have been identified. In 2004 the Royal Academy 

of Engineering produced a comprehensive report on generating costs including fuel costs, carbon emission 

costs, operating and maintenance costs (The Royal Academy of Engineering, 2004). These estimates have 

among others been used by Mészáros (2010) as an approximation for generation costs on the GB market. 

The problem with this study is that the fuel costs are based on 1993-2002 which is considered to be 

outdated. In a more recent study Van der Weijde & Hobbs (2010) estimate variables costs as function of 

fuel prices and heat rates. Moreover, the variable operating and maintenance costs are calculated. Lastly, 

the levelised cost of energy introduced in section 3.3 can be applied to approximate MCs. The downside of 

this study is that future expectations are incorporated into the numbers. The cost estimations collected 

from this study are the fuel costs and variable operating and maintenance costs27.  

An overview of the MCs calculations based on the three studies are evident from the figure below: 

                                                                                                                                                                                                 
suggests that HHI measurements should correct for the use of forward contracts. However London Economics (2007) 
shows that incorporating the effects from long run contracts in the HHI calculations based on capacity do not alter the 
conclusions for the GB market. 
27

 Coal prices are expected to decrease in the short-run and be fairly stable in the long-run. Gas prices are expected to 
increase in the short-run but decrease slightly in the long-run (DECC, 2012e). It is decided to exclude the carbon price 
impact calculated in this study as current carbon prices are low due to recession but are expected to increase heavily 
in the future. 
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Figure 9: Comparison of Marginal Cost Estimates 

Source: own production based on (DECC, 2012d; The Royal Academy of Engineering, 2004; Van der Weijde & Hobbs, 2010)                               

For each of the eight generators identified in the last section the fuel mix is obtained which is the average 

use of fuels used in generation. By multiplying the fuel mix and the MCs estimations an approximation for 

each generator’s MC is obtained. The available fuel mix is based on numbers from April 2011 to Marts 2012 

(ElectricityInfo.org, 2012). Therefore market shares for 2011 will be applied in the calculations. The “other 

group” will be defined to have the industry average fuel mix.  

5.5.2 - Learner Index 

To calculate the LI the individual generator’s average MC cost is multiplied by the market share to get the 

industry marginal cost28. The weighted average spot price can be obtained based on market data on half 

hourly generation and spot price in the period April 2011- Marts 2012 (APX, 2012; Elexon, 2012)29. From the 

figure below it is clear that the LI estimates based on the three different studies turns out to be between 

42.4% and 58.9%. 

 

Figure 10: Comparison of Learner Index Estimates 

Source: own production based on (DECC, 2012c; The Royal Academy of Engineering, 2004; Van der Weijde & Hobbs, 2010)                                 

All of the studies include fuel costs as well as variable operating and maintenance costs. None of the 

studies control for start-up costs or outages. Therefore the calculus might be underestimating the true MC 

and therefore overestimating the LI. However, it can be argued that once a plant has been started up these 

costs should be regarded as sunk costs. Only research by the Royal Academy of Engineering includes carbon 

costs and therefore again the two more recent studies might overestimate the LI. Currently carbon costs 

are historically low due to the economic recession but it is assumed that these costs will rise in the future. It 

is not known if these additional costs will be absorbed by the generators or be passed on to consumers by 

increasing the wholesale price.  

The LI findings can be compared to the results found by the London Economics (2007). In this study the GB 

LI was estimated based on a simulation model. The most recent year of investigation in the study is 2005 

where the LI was found to be 29.5%30. The simulation model captures the “optimal” output in the system 

                                                           
28

 Fuel mix and marginal costs calculations per generator may be found in appendix 8. 
29

 The spot price data will be presented in detail in chapter 8. 
30

 Excluding the impact from carbon costs. 

Research

Plant type

Gas 30                                    58                                    48                                    

Coal 22                                    20                                    29                                    

Nuclear 9                                       2                                       8                                       

Renewable 2                                       -                                   1                                       

Marginal Costs GBP/MWh

Royal Academy of 

Engineering (2004)

Van der Weide & 

Hobbs (2010)

DECC (2012)

Research

Variable

Weighted Average Price 48,3                                 48,3                                 48,3                                 

Marginal Costs GBP/MWh 19,8                                 27,2                                 27,9                                 

Learner Index 58,9% 43,7% 42,4%

Learner Index Calculations
Royal Academy of 

Engineering (2004)

Van der Weide & 

Hobbs (2010)

DECC (2012)
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for a given hour based on minimum MCs. The results are not directly comparable as they are based on 

different prices and market structures. However, it does provide evidence that the LI is above zero. 

It can be argued that the LI for electricity generation should be above zero as many technologies require 

heavy initial investments which the generators want to cover over the lifetime of the plant. However, one 

has to remember that REG which has the highest investment shares also is supported through the 

renewable obligation system. 

 

5.6 - Conclusion on the Market Structure and Market Power in GB Electricity 

Generation 

Due to the characteristics of the electricity market including a low elasticity of demand and lack of 

substitution possibilities it is suspected that the generators enjoy some form of market power. 

From this section it is evident that capturing the degree of market power by measuring concentration and 

LI is difficult in the GB electricity generation industry. The HHI struggled with giving a clear explanation on 

how concentration can be translated into market power. On the other hand, the LI struggled with 

calculating the true MC in the industry. The results of the two approaches suggest a less “moderate 

concentrated” industry with the capability to price above MCs indicating that there is market power in the 

industry. This result is supported by other findings in the literature. 
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6 - Market Analysis – Renewable Obligation Certificates Market 
 

As concluded from the literature review . It is crucial to understand the functioning of the renewable 

support scheme in order to determine how it can affect the electricity market. This section will examine 

how the obligation level is determined, the price mechanisms of the certificates and the total value of the 

certificates. Lastly, it will be evaluated if there is reason to believe that players enjoy market power on the 

renewable obligation certificate (ROC) market. 

 

6.1 - The GB Subsidy Regime: Renewable Obligation System  

The Renewable Obligation (RO) system was initiated in 2002. According to the Office of the Gas and 

Electricity Markets (OFGEM) the RO system is the main support system for renewable electricity in GB 

(OFGEM, 2012a). The RO is designed based on a tradable green certificate (TGC) system where electricity 

retailers have to acquire ROCs according to a proportion of their electricity sales (ROCs/MWh) determined 

by the Department of Energy and Climate Change (DECC).   

As can be seen from the figure below the ROCs are created when electricity is produced by renewable 

energy certified generators. The ROCs are then sold to the retailers (sometimes this is done through a 

dealer). This means that the renewable energy certified generators get income from selling ROCs in 

addition to the wholesale price of electricity. The ROCs can be traded together or independently of 

electricity.  

 

Figure 11: Key Players in the RO system 

Source: own production based on OFGEM (2011b) and Pollitt (2010) 

The obligation period is one year starting from 1st of April and ending at 31st of March. During that period 

OFGEM issues ROCs approximately once a month to the certificated generators based on their output 

figures. When the obligation period ends the retailers have until September to present the ROCs to the 

authorities.  

The obligation period runs from April – March but the retailers can bank 25% of ROCs for one year meaning 

that the ROCs can be transferred to the next obligation period if the supplier does not need the ROCs to 
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meet the obligation level. In September the retailers present the final ROCs (including banking) and it is 

clear in which proportion ROCs presented match the level set by DECC. This is called the compliance ratio. 

In recent years the compliance ratio has varied as much as 56%-76%31. 

If the retailer does not acquire enough ROCs according to the electricity sold to consumers it will have to 

pay into the buy-out fund. The price per ROC that is paid in penalty is known as the “buy out price”.  The 

money from the buy-out sales is collected and distributed back to the retailers according to the proportion 

of ROCs presented to the authorities. Since the system was implemented in 2002, the compliance level has 

never been 100% meaning that retailers have had to pay the buy-out price on the missing volumes (see 

appendix 9).  

 

6.2 - Determining the Level of ROCs for an Obligation Period 

DECC calculates the number of ROCs that needs to be produced based on the potential amount of ROCs 

that can be generated by certified renewable electricity generators. The potential amount is calculated 

based on installed capacity added a headroom e.g. 8% in 2010/2011. In 2010/2011 this translated into 

0.110 ROCs per MWh sold to consumers. Since 2009 the ROCs have been organized in a banding system 

meaning that the renewable technologies have been issued different amount of ROCs per MWh 

generated32. Therefore there is no straight relationship between the number of ROCs produced and the 

share of REG. However, for the retailer the ROC level represent the proportion of electricity sales to end-

consumers on which they must pay the ROC price – e.g 11% in 2010/2011.  

 

6.3 - Determining the ROC Price  

Since the ROC level is announced by DECC in the beginning of each ROC year, the demand for ROCs is close 

to fixed. Only a change in total electricity output can change the demand curve. Moreover, once the quota 

is met the demand for ROCs equals zero. 

Whereas the demand function is fixed there is no common agreement in the literature how the supply 

curve is formed. More specifically, the literature discuss if the supply of ROCs is based on the short or long 

run marginal cost curve. Verbruggen & Lauber (2009) argue that the supply function of certificates is equal 

to the long run marginal cost (LRMC) function of renewable capacity and therefore the equilibrium price is 

found where LRMC equals demand. This means that the type of renewable investment will determine the 

certificate price i.e. since offshore wind power has a high LRMC, if investment is dominated by this type of 

technology the certificates price will be higher.   

Morthorst (2003) agrees to the extent that the long run equilibrium price is the intersection of LRMC of 

new capacity and the vertical demand curve.  However, Morthorst (2003) also argues that if the conditions 

in the short-run do not follow the expectations for the long-run, the certificate price will be determined by 

the short-run and not the long-run equilibrium.  This is also pointed out by Kildegaard (2008): “At each 

moment in time between now and the long run the certificate price will be determined by where the existing 

                                                           
31

 For an overview of RO statistics see appendix 9. 
32

 For example offshore wind will receive 2.0 ROCs/MWh whereas inshore wind receives 1.0 ROCs/MWh (Wood & 
Dow, 2011). 
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short run supply curve meets demand” (Kildegaard, 2008 p. 3415). This is based on the argument that once 

the capacity has been built, as long as the certificate price is higher than short-run marginal cost (SRMC) 

renewable capacity owners will produce even if the price is less than the LRMC equilibrium, where all fixed 

costs will be covered. Zhou (2012) argues that in case of ROCs produced is less than the quota level the 

buy-out price will be the official price as no one wants to pay more than the buy-out price.  

The different scenarios are captured in the figure below: 

 

Figure 12: ROC Equilibrium Price Based on LRMC or SRMC with TGC Undersupply 

Source: own production based on (Kildegaard, 2008; Verbruggen & Lauber, 2009; Zhou, 2012). 

From the previous section it was clear that the ROC level is based on potential capacity added the 

headroom. This means that the authorities create excess demand for ROCs. Blaaberg (2012) confirms that 

the authorities create an excess demand for ROCs pushing the ROC price to be equal to the buy-out price. It 

can be concluded that the ROC price is determined following the mechanisms described by Zhou (2012). 

The buy-out price is fixed and only changes following an inflation adjustment prior to a new obligation year. 

 

6.4 - The Total ROC Value Including Redistribution 

When the compliance ratio is smaller than 100% the retailers will have to pay the buy-out price and the 

money from this will be redistributed as described above. The total ROC value is therefore the buy-out 

price, which is fixed added the recycle element which is variable and depends on the compliance ratio. The 

variable part or “recycle value” can following Dunlop (2004) be calculated as33:  

               (
                    

                
)               

It can be seen that the ROC price is highly dependent on the ability of the GB authorities to predict the 

production level and hence the compliance ratio. If the compliance ratio is 100% there will be no buy-out 

payment and therefore no recycle value. However, the lower the compliance level, the higher the value of 

                                                           
33

 This way of calculating the administrative costs deducted from the buy-out fund is over looked. 
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the recycle part. It is a paradox that underperformance of REG triggers maximum ROC price. The 

mechanisms of the RO system are illustrated in figure 13: 

 

Figure 13: The Determination of ROC Value 

Source: own production 

In the obligation period 2010/2011 the DECC announced that the ROC level was 0.11 per MWh. That 

translated into 33.43 million ROCs required by RO. Before the beginning of the RO year OFGEM announced 

that the buy-out price was £36.99. The expected production based on available capacity is the required 

ROC level deducted the 8 % headroom which is 34.75*92 % = 31.97 million ROCs. The ROC value is the buy-

out price (£36.99) added the recycle value: 

ROC  alue 2010 11 at  2  compliance   (
  

   
)         ROC +        = £3.22 +         = £40.21 

In the end of the period only 24.9 million ROCs were issued giving a compliance level of 72 %. This means 

that the actual value of the ROCs was £51.42. 

The renewable energy generators often sell the ROCs to the electricity retailers on bilateral contracts or 

through dealers. In a report conducted by Pöyry (2011) for the DECC it is concluded that most of the recycle 

element is distributed back to generators. The generators are typically fully exposed to the buy-out price 

and recycle value. The exposure is confirmed in the interview with Blaaberg (2012). He further explains that 

the retailers only get a marginal discount on the certificates. This means that the true price that retailers 

pay per certificate can be approximated to be the buy-out price.  

As mentioned, the retailers have the option to bank 25 % of ROCs until next period, if they are not needed. 

Together with the headroom mechanism this means that for the 2010/2011 period the certified renewable 

electricity generators have to produce 33 % above their estimated capacity for the system to crash. Of the 

intermittent renewable resource wind power makes up the largest share in the GB electricity system. It has 

been analyzed that in extreme years production deviates with +/-20% of annual average capacity factor and 

normally +/- 10% (Sinden, 2007). Therefore it seems highly unlikely that the system will experience a price 

crash.  
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6.5 - Evaluating Market Power in the GB RO System 

As the RO system consistently has had a very low compliance rate, the crucial question is, if the low 

compliance level is a sign of market power in the ROC market (DECC, 2012c). As stated in the literature 

review, market power can be exercised on the certificates market in two ways: a) by holding back 

certificates or b) by holding back production.  

From the numerical example above it is clear that the recycle element incentivizes the generators to hold 

back production to increase the ROC value. However, due to high investment costs of renewable capacity 

and low marginal production costs this scenario seems unreliable. This is confirmed by Zhou (2012) that 

investigates strategic reaction on the GB ROC market. It is found that none of the renewable players on the 

GB market has large enough market share to have incentives to influence REG. 

Secondly, it is possible that the players hold back the certificates instead of decreasing production. This 

form of exercising market power is applied by Amundsen & Bergman (2004). In the figure below the 

number “ROC diff ” represents the percentage difference between the ROCs issued to generators and the 

ROCs presented by retailers. It is concluded that the actual number of certificates generated is 

approximately equal to presented certificate. 

  

Figure 14: Statistics on Issued and Presented ROCs 

Source: based on (DECC, 2012a; DECC, 2012c) 

Wood (2012) argues that the low compliance ratio in the short term can be explained by unattractive 

weather conditions. He points out that 2009 and 2010 had very poor wind and rainfall. Blaaberg (2012) also 

believes that the low compliance level can be explained by unattractive weather conditions. Another 

explanation is that the expected renewable capacity used in the ROC level calculations is not available 

anyway. In recent years a large amount of capacity has been under construction. If one of these projects is 

delayed it has great impact on the ROC that can be produced. 

It is concluded that the low compliance level is not due to the exercise of market power. Moreover, as it is 

found that the ROC price is fixed at the buy-out level it is not possible for traditional generators to affect 

the price by adjusting production as suggested by Nese (2003).   

ROC year

Statistics

ROC required number 9.261.568 13.627.412 15.761.067 18.032.904 21.629.676 25.551.357 28.975.678 30.101.092 34.749.418

ROC issued 5.562.669 7.546.787 10.870.929 13.767.375 14.964.170 16.151.978 18.996.453 21.227.618 24.884.608

ROC presented 5.451.449 7.610.144 10.897.143 13.699.317 14.612.654 16.466.751 18.948.878 21.337.205 24.969.364

ROC diff abs -111.220             63.357                   26.214                   -68.058                 -351.516              314.773                 -47.575                 109.587                84.756                   

ROC diff % -2,00% 0,84% 0,24% -0,49% -2,35% 1,95% -0,25% 0,52% 0,34%

Issued and Presented ROCs

2002/03 2003/04 2004/05 2005/06 2006/07 2007/08 2008/09 2009/10 2010/11
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7- Developing a Model to Explain the Strategic Behavior of Traditional 

Generators 

The objective of this section is to develop a theoretical model that will fit the GB industry based on the 

findings from section 5 and 6. Hence, this process will be somewhat inductive of nature as it encompasses 

both theoretical and empirical observations. The final model will explain how the players should behave if 

they act strategically.  

 

7.1 - Introducing Oligopoly Models 

In section 5 is was concluded that the players in the GB electricity market enjoy market power. Pepall et al. 

(2008) defines the space between perfect competitive markets and monopolistic markets as oligopolistic 

markets. According to Industrial Organization (IO) theory a firm competing on this type of market engages 

in strategic interaction with the other firms of the market. As oligopoly covers a large competitive 

landscape there are many different oligopoly models.  

Pepall et al. (2008) highlight two fundamental oligopoly models - Cournot and Betrand. The assumptions of 

the basic versions of the two models are very similar. Two firms produce homogenous products and have 

the same marginal cost (MC). The two firms interact in a static game, meaning that both firms chose their 

strategic action simultaneously and the decision cannot be changed. The difference of the two models lies 

within the strategic decision variable - in the Cournot model the market players compete on quantity 

whereas in the Bertrand model they compete on prices. Both models are equilibrium models and will 

predict the quantities and prices that should be observed in the market. 

According to Pepall et al. (2008) Cournot models are normally applied in industries where production levels 

are set in advance and the market is cleared by the price adjusting. This fits well with the dynamics of the 

electricity industry. In fact, the Bertrand model is seldom used to analyze electricity wholesale markets 

(Willems et al., 2009). 

7.1.1 - Models Used in Previous Research on Wholesale Electricity Markets  

Looking at previous research investigating the competition in electricity markets, most commonly three 

models have been used: Cournot models (Borenstein et al., 1995), Supply Function Equilibrium (SFE) 

models (Green & Newbery, 1992) and auction theory models (von der Fehr & Harbord, 1993).  

As other oligopoly models, auction models rely on game theory and Nash Equilibrium34 to provide a 

solution. In 1993 von der Fehr and Harbord used first price sealed bid multiple-unit auction theory to 

analyze the GB market. Based on the capacity of each generator, the generators simultaneously provide 

bids on the prices they are willing to supply electricity. The grid operator collects the bids and stacks them 

into a stepwise supply curve – the merit order curve. The market price will be determined by the 

intersection of the stepwise supply curve and the demand curve i.e. all generators receive the same price. 

The bidding strategy of the individual generator is described the following way: ”A player which owns a 

                                                           
34

 A Nash Equilibrium is defined as: “A strategic combination such that no firm has an incentive to change the strategy 
it is currently using given that no other firm changes its current strategy” (Pepall et al., 2008 p. 197). 
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set35 which has a positive probability of becoming the marginal operating unit, will always want to increase 

the offer price of that set by some small amount towards the next higher bid; that does not affect the 

ranking, but increases payoff in the event that this is the marginal set.” (von der Fehr & Harbord, 1993 p. 

533). The result of the study was indeed that pricing on the GB electricity market was above MC.  

It should be noted that von der Fehr & Harbord (1993) investigate the GB market during the pool period 

which was characterized by a uniform auction set-up. As mentioned in section 5 the current GB auction 

mechanism can be described as a discriminatory auction. It has been argued that a discriminatory auction 

should provide solutions closer to the competitive equilibrium as each firm receive a price on electricity 

equal to the bid made. However, as discussed by Fabra et al. (2002) it is difficult to judge which auction 

form will perform better, as it depends on the nature of demand, market structure and relative efficiencies 

of firms. Kahn et al. (2001) highlight that in uniform auctions generators are more likely to bid close to their 

MCs whereas in discriminatory auctions generators will try to forecast the marginal bid and replicate this, 

thus bidding further from their true MCs. It would be interesting to analyze the market power in the GB 

system based on auction models but it requires access to bids made on the power exchanges which are not 

accessible.  

The theory of SFE was developed by Klemperer and Meyer in 1989 and Green & Newbery (1992) were 

some of the first to apply the model on the electricity industry using England and Wales as the example. 

The argument for using this approach is that demand faced by the generators is uncertain. Moreover, it is 

argued that each generation company operates a number of plants with different MCs. Therefore each 

generator will not provide one single bid, but a whole set of bids described as the supply schedule (Green & 

Newbery, 1992). The focal difference between auction theory and SFE theory is that SFE assumes that the 

MC difference of each bid is so small that the supply function becomes continuous. The SFE models do not 

provide one market equilibrium but provides several equilibriums ranging from Cournot to perfect 

competitive outcome. Just as von der Fehr & Harbord (1993) the study by Green & Newbery (1992) found 

that generators in the GB market will price above MC. The drawbacks of the SFE approach are that it 

requires very detailed information on individual plant MCs and efficiencies36. 

The Cournot model has among other researchers been applied by Borenstein et al. (1995) to investigate the 

wholesale electricity market in California. The Cournot model is applied as it is argued that it fits well with 

the centralized power exchange that clears the market price and capacity constrains faced by generators. In 

their study Borenstein et al.(1995) find evidence of market power. 

Willems et al. (2009) highlight that SFE models can give a more accurate representation of the electricity 

market than the Cournot model as generators can bid several supply schemes. Willems et al. (2009) applies 

both SFE model and the traditional Cournot model to the German wholesale electricity market and find 

that the overall conclusions are approximately the same. However, in general SFE models provide a result 

closer to the perfect competitive solution than Cournot models (Willems et al., 2009). 

It is clear that both auction theory and SFE requires information not readily available. Therefore this thesis 

will use the Cournot model.  The Cournot model has the advantage of easier calculus and therefore, the 

                                                           
35

 “Set” equals generation capacity. 
36

 This approach has also been criticized as generators often have a limit to how many bids they can supply (Fabra, von 
der Fehr et al., 2002). 
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Cournot model has been used to describe electricity market incorporating specific market characteristics 

such as network constrains and generation characteristics (Willems et al., 2009). Following this it has also 

been found that when analyzing effects from tradable green certificates on electricity markets a Cournot 

model is often applied (Amundsen & Bergman, 2004; Mészáros, 2010; Nese, 2003; Ropenus, 2010; Twomey 

& Neuhoff, 2010; Zhou, 2012). The Cournot model can give an indication of the mechanisms at play in the 

industry, keeping in mind that the Cournot model might overestimate the true level of market power and 

that the model does present a very stylized description of the market.  

7.1.2 - The Basic Cournot Model 

In the basic Cournot model two firms producing identical goods with the same constant MC are competing. 

Each firm decides on the output to produce based on the other firm’s output. For every output of firm2, 

firm1 has a profit maximizing response where marginal revenue (MR) is equal to MC37. These optimal 

outputs form the best response curve and the intersection of the two best response curves is a Nash 

equilibrium.  

 

Figure 15: Firm1 Output Dependent on Firm2 Output and Best Response Functions in Basic Cournot 

Source: based on Pepall et al. (2008) 

The graph on the left shows how firm1 optimizes based on the output of firm2. The intersection of MC and 

MR corresponds to a single point on the best response function. The best response function of firm1 and 

firm2 are pictured in the graph on the right. The intersection of the two graphs is a Nash equilibrium. In 

equilibrium the firms will split the market equally so q1 = q2. The equilibrium quantity will be above the 

monopoly output, but below the perfect competitive output. Following this, the equilibrium price will be 

less than the monopolistic market, but above the perfect competitive market38.   

Equilibrium quantity in basic Cournot model:           
      

  
  

The equilibrium quantity is substituted into the linear demand function which yields: 

Equilibrium price in basic Cournot model:            
      

  
  

  

 
 

     

 
  

    

 
    

                                                           
37

 A profit optimizing firm will always set MC = MR. If MC ≠ MR the firm can profit optimize by increasing or decreasing 
production level. The monopolist chose to produce the quantity where MC =MR and charge a monopoly price. A firm 
competing in perfect competition is a price taker and equilibrium price will be MC = MR = P (Pepall et al., 2008).  
38

 An algebraic derivation of the basic Cournot model can be found in appendix 10. 
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Where a and b are parameters from the demand function and c equals the MC of the generators. It is 

evident from the equation that if MC increases the price will increase as well. 

The next section will incorporate adjustments to the basic Cournot model to mirror the GB market better.  

 

7.2 - Adjustments to the Basic Cournot Model to Fit the GB Electricity Industry 

Looking at the findings from section 5 and 6 it is clear that the basic model must be altered to fit the GB 

market characteristics. The following dimensions must be added: 

 There are eight major firms competing in the market 

 There are a group of other smaller players on the market 

 A share of electricity is produced from nuclear and renewable sources 

 The impact from renewable obligation system 

7.2.1 - Including More Firms in the Basic Cournot Model  

First of all, the basic Cournot model should be extended to include more than two firms. In the GB market 

there are eight major generators on the market – namely EDF, SSE, Centrica, Drax, SP, International Power, 

E.On and RWE. Assuming that firms are still identical, the Cournot model can be extended to include N 

firms: Qtotal = q1 + q2 + ….. + qN. Each individual firm will face a residual demand curve where all the other 

firms’ output has been subtracted from the total output. As before the single firm acts strategically and set 

MC=MR. As the eight firms are assumed to be identical this will again lead to equilibrium where firms split 

the market equally so that q1 = q2 = ….. = qN
39

.  

Equilibrium quantity in Cournot model with eight firms:   
      

  
   

This is again substituted into the demand function: 

Equilibrium price in Cournot model with eight firms:       
      

  
 

    

 
 

Comparing the results to the situation with only two firms competing, it can be seen that the quantity 

produced has increased and the price has decreased. In general as the number of firms increases the 

equilibrium solution will get closer and closer to the solution in a perfect competitive market. 

7.2.2 - Including a Competitive Fringe  

In addition to the eight major generators the industry is comprised of several smaller generators. In section 

5 on market concentration this group was found to make up 17 % of the market. Among the smaller players 

many produce from renewable sources and some produce from traditional sources (DECC, 2012a). In the 

next section it will be presented how generation from wind and hydro will be controlled for separately in 

the final model. 

Electricity generated from traditional sources by smaller players is assumed not to have any strategic 

importance. The smaller players are characterized by being capacity constraint. Their behavior can be 

explained by dominant firm theory. This theory is often applied in a monopoly situation where one firm 

                                                           
39

 An algebraic derivation of the Cournot model with N firms can be found in appendix 11. 
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controls the market but several smaller players also operate. However, the conclusions can easily be 

transferred to the oligopoly situation. The eight major generators are simply defined to be the dominant 

firms. According to the theory, in order for the small generators to make sure that they will sell all their 

generation they will set a price just below the market price. The eight major generators anticipates this and 

will define the small generator group as a competitive fringe who’s output should simply be deducted from 

the total demand function (Cabral, 2000). This is illustrated in the graph: 

 

Figure 16: Dominant Firms Optimal Price 

Source: based on Cabral (2000). 

The output from the competitive fringe is defined as “ ̅” which represent the sum of all outputs of the 

small generators: ∑   
 
    .  ̅ must be subtracted from the demand curve Q. 

  
  

 
 

 

 
  ̅        ̅     

As  ,   and  ̅ are constants   can be redefined to    ̃   ̃ ̅. Leaving the inverse industry demand to be 

        

7.2.3 – Including Nuclear and Renewable Generation  

In GB, REG is mostly based on wind and hydro capacity40. Wind and hydro sources can be characterized as 

intermittent generation capacity41.  As a consequence the output cannot be strategized upon and should be 

subtracted from the demand that traditional generation face. This means that there is less output for the 

traditional generators to strategize on. Therefore as the level of wind and hydro generation rises, the 

wholesale price should decrease. In contrast to output from the competitive fringe, the output from wind 

and hydro generation is not fixed. 

From the fuel mix investigation it was found that EDF has substantial nuclear production42. Nuclear 

generation is, as renewable generation characterized by having low MC. The significant amount of nuclear 

                                                           
40

 It could have been interesting also to investigate the impact on other renewable sources but the amounts served 
into the system is so small that they are not presented separately. Hydro and wind power are the only renewable 
sources where metered numbers are disclosed separately by the national grid. 
41

 Hydro generation here only refers to run of rivers and reservoir schemes. As argued in section 3 some hydro 
generation is in reality strategic but due to the data available it is decided to model hydro as a non-strategic quantity. 
42

 See appendix 8. 
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capacity in the production portfolio of EDF clearly results in the average MC of EDF to be lower than the 

rest of the industry.  

The impact from nuclear production should be included in the model. One solution would be to make a 

Cournot model where EDF is modeled with a different MC than the rest of the 7 traditional generators. 

Different MCs of generators would result in the market not being split equally43. Indeed, the fact that EDF 

has substantial production from nuclear can explain the large market share. The fact that MC of nuclear is 

very close to zero is an argument against holding back production. Moreover, the technology of nuclear 

means that it is costly to switch the plant on and off. Sáenz de Miera et al. (2008) argues to treat nuclear as 

base load, always supporting the system when generation is possible. It is decided to include the nuclear 

production as a non-strategic quantity. This is also the solution in the model by Green & Vasilakos (2010).   

7.2.4 - Impacts from the Renewable Obligation Certificate M arket 

It was established in section 6 that the ROC price will equals the buy-out price. Further it was established 

that the value of the re-cycle element is transferred back to the renewable generators who has no incentive 

of holding back certificates or production. The percentage requirement on the share of renewable 

electricity that must make up retailers sale to end-consumers can be represented by α. For example α is set 

at 11% in 2010/2011.  

As stated in section 5, this thesis assumes that demand for electricity by the final consumer is described by 

a linear downward sloping demand curve:        .     is the end-consumer price of electricity and Q is 

the total amount of electricity bought by consumers including both electricity generated from renewable 

and traditional sources.  

It is further assumed that distributers of electricity (retailers) compete under perfect competition and the 

end-consumer electricity price is based on their MCs. Following this it is assumed that the costs of the ROCs 

are passed on to the end- consumer. Therefore the end-consumer equilibrium electricity price is a 

combination of the wholesale price    and the certificate price     : 

             

The profit (   for an individual retailer is then given by: 

                          

This states that revenue equals end-consumer price time quantity sold. Cost equals the wholesale price 

times quantity bought and the ROC price only paid on a proportion   of the quantities bought. Knowing 

this, it is possible to find an expression for the wholesale price:  

                                 

 

Substituting in the expression for demand:  

               

This is the demand function that will be used when developing the final Cournot model. 

 

                                                           
43

 The basic idea of this approach can be found in appendix 12. 
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7.3 – The Final Model Capturing the GB Electricity Industry 

The basic Counrnot model will be extended to incorporate eight major generators. The smaller traditional 

generators are incorporated into the model as a competitive fringe. Generation from renewable sources as 

well as nuclear will be incorporated in the model by controlling for these outputs separately. The ROC price 

will impact the cournot model as it is adjusted for in the demand of the end-consumers that is a mirror of 

the retail industry.  The model will capture a short-run equilibrium for the electricity market and the market 

for tradable green certificates. The following variables will be used: 

a, b = Parameters in the linear demand function 

Pe = Electricity price paid by end-consumers (retail price) 

Proc = Price of renewable obligation certificate 

Pw = Wholesale price of electricity 

Q = Total consumption of electricity 

qt = Generation of traditional electricity 

qv = Generation of electricity from wind 

qh = Generation of electricity from hydro 

qn = Generation of electricity from nuclear 

α = Percentage requirement of renewable electricity consumption 

ct = Marginal cost of traditional electricity 

Q = qt + qv + qh + qn 

The total amount of electricity produced is split by 8 major traditional generators that mainly produce 

based on coal and gas. In addition some production stems from nuclear, wind and hydro. Therefore the 

demand function can be written as: 

                               

It is now possible to find the best response function for one individual traditional generator     : 

                                          

Taking the first order condition and solving for     gives: 

   

    
                                         

                                      

     
          

  
 

  

 
  

  

 
 

  

 
 

   

 
 

As the 8 firms are identical they will have the same best response function: 
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The result is substituted into the demand function 
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) ]        

This can be reduced to:  

    
 

 
 

   

 
 

   

 
 

   

 
 

   

 
 

     

 
 

 

This equation shows that it should be expected that the wholesale price increases as the marginal cost of 

the traditional generators increases. Opposite it is expected that the wholesale price decreases if the 

amount of generation from wind, hydro or nuclear sources increases. The model shows that as REG enters 

the market there is less output that the traditional generators can strategize upon and hence the wholesale 

price falls as in the standard Cournot model. Due to the uncontrollable nature of wind and hydro 

production the supply curve will change constantly. Therefore it should also be expected that the price on 

the wholesale market should be more volatile as more renewable capacity is available.  

To sum up, what should be empirical investigated are the following relationships: 

 H a: As renewable generation increases the wholesale price should decrease 

 H b: As more renewable capacity is available the volatility of the wholesale price should increase 

because qv and qh are variable 

These effects are in line with the findings of former research highlighted in the literature review44. 

From the theoretical model it is also evident that the ROC price has a negative impact on the wholesale 

price. Frank (2006) shows how imposing a tax on buyers affects the equilibrium price in a competitive 

market. The functioning of the ROCs is equivalent to imposing a tax on buyers. Since the demand curve is 

downward sloping and the cost of ROCs are passed on to end-consumers the introduction of ROCs 

correspond to and inward shift in the demand curve. This effect is illustrated in the figure below. 

                                                           
44

 Former research also highlights that following an increase in REG the wholesale price can decrease due to the fact 
that MC of REG is smaller than MC of traditional generation. 



  Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price 

 

  Master’s Thesis January 2013 Anna Ljungqvist Page 42 of 125

 

Figure 17: ROC Effect on the Wholesale Electricity Price 

Source: based on Frank (2006). 

The equilibrium electricity price without ROCs is equal to p. From the graph it can be seen that the effect 

from introducing ROCs is split between the generators and end-consumers. The end-consumers pay a 

higher price P’+αPROC and the generators receive a lower price for their production P’. Notice that the shift 

in the demand curve is affected both by the percentage requirement and the price of ROCs. Even though 

the effects are derived based on a perfectly competitive market the insides suffices in an oligopoly setting 

as well.  
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8 - Data Presentation and Descriptive Statistics 
 

From the Cournot model the variables influencing the wholesale electricity price were determined. Before 

moving into the empirical analysis the data that will be used are presented in this section. The variables 

include the dependent variable – the wholesale electricity price, the explanatory variables - marginal cost 

of traditional generators and wind, hydro and nuclear production. 

In the Cournot model it was also found that the ROC price should have a negative effect on the wholesale 

price. In section 6 it was noted that the buy-out price is fixed and only changes once a year when it is 

adjusted for inflation. Therefore only four observations in the period 2009-2012 can be collected on the 

ROC price. As the wholesale electricity price is determined every half hour, it will not be possible to 

disentangle the effects from the ROC price and other explanatory variable given the great difference in 

observation frequencies and the few observations of the ROC price. Therefore the effect from the ROC is 

excluded from the regression analysis. 

The empirical analysis is restricted to the period 1st of January 2009 – 30th of June 2012. This period includes 

1277 days. 

 

8.1 - The Electricity Price 

The price data is collected from the APX database on an half hourly basis. As all bids on APX are 

annonymous, the official half hourly spot price is captured by the so called “reference price”. This price is a 

weighted average of all products traded on the spot market. Since prices on coal and gas only can be 

obtained on an daily bases the half hourly price observations have been aggregated to a daily weighted 

average. This aggregation of course reduces the senisitivety of the data. 

The scatterplot below shows prices measures in GBP/MWh on a daily bases from January 2009 to June 

2012 plotted against time45.  

 

Figure 18: Power Price (GBP/MWh) Development 2009-2012 

Source: SAS Output 

                                                           
45

 On the electricity spot market one day runs from 11:00 pm in the evening to 11:00 pm the next evening. As an 
example that means that the observation on 29

th
 of August 11:00 – 11:30 pm is actually an observation from the 

calendar day 28
th

 of August.  This has been corrected in the data set. 
 



  Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price 

 

  Master’s Thesis January 2013 Anna Ljungqvist Page 44 of 125

The graph shows that the electricity prices decreased in the beginning of 2009 and has been steadily 

increasing since. Moreover, the graph shows that the price data has some very sharp spikes. 

 

8.2 - Marginal Cost of Traditional Generators 

As presented in section 3, gas (40%) and coal (30%) are the most used fuel types for electricity generation 

and will therefore be used as the marginal cost estimates. Both the gas and the coal prices are collected 

from daily benchmarks. It is not likely that the generators buy the gas and coal the same day as generation 

takes place. However, relying on the argument that the generators value the coal and gas resources at the 

opportunity cost of capital it is decided that the daily benchmarks provide the best reference price.   

8.2.1 – The Gas Price 

The gas price is obtained via the Bloomberg platform. The gas price used is the NBP (national balance point) 

daily spot price. The NBP is a virtual trading hub for GB natural gas operated by National Grid. The gas price 

is stated in pence/therm. It is only possible to collect 879 observations as there is no reference price for 

weekends and illiquid days. 

From the graph below it can be seen that after a sharp decrease in the beginning of 2009 the gas price has 

been steadily increasing. Plotting the power price against the gas price a positive relationship is visible. 

Moreover, the relationship appears to be linear. 

 

Figure 19: Gas Price (GBp/therm) Development and Gas and Power Price Correlation 

Source: SAS Output 

8.2.2 – The Coal Price 

The leading coal price benchmark relevant for the GB is the coal delivered to the ARA (Amsterdam, 

Rotterdam, Antwerp) region and is stated in USD/tonne. The daily benchmark data is retrieved from 

Bloomberg.  There are no trades on Saturday and Sunday and no reference price on days with illiquidity. 

This reduces the observations to 844 days. As can be seen from figure 20 the coal price has been increasing 

sharply until 2011 followed by a sharp decrease. Graphing the power price against the coal price there 

seems to be a somewhat linear and positive relationship. 
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Figure 20: Coal Price (USD/tonne) Development and Coal and Power Price Correlation 

Source: SAS Output 

 

8.3 - Wind, Hydro and Nuclear Production 

The generation numbers for wind, hydro and nuclear are all collected from the Elexon data base. All of the 

numbers are measured in MW. 

8.3.1 – Wind Production 

From the scatter plot it is very clear that the wind production in GB was low and not increasing  in 2009 and 

2010. From 2011 and forward the wind production starts to increase. Plotting the power price against wind 

production does not give any clear picture of a positive or negative relationship. However, the relationship 

seems stronger when the wind production exceeds 1000 MW. Here it seems that there is a linear negative 

relationship between power price and wind production. 

 

Figure 21: Wind Production (MW) Development and Wind Production and Power Price Correlation 

Source: SAS Output 

8.3.2 – Hydro Production 

The hydro data includes generation from run-of rivers and reservoirs, but excludes pumped storage. From 

the scatterplots in figure 22 of hydro generation against time it is visible that hydro is very volatile but there 

is no clear trend of an increase or decrease in production. It seems as if the peaks are in the winter time. 

There is no clear positive or negative relationship between the power price and hydro generation. 
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Figure 22: Hydro Production (MW) Development and Hydro Production and Power Price Correlation 

Source: SAS Output 

8.3.3 – Nuclear Production 

The nuclear production is as the hydro production very volatile without a trend of increase or decrease in 

generation. It is clear from the graph that nuclear production had a longer period with low production in 

2010. From the graph on the right it is visible that there is no clear relationship between the power price 

and the nuclear production. 

 

Figure 23: Nuclear Production (MW) Development and Nuclear Production and Power Price Correlation 

Source: SAS Output 

 

8.4 - Summary Statistics for the Variables 

After sorting all the data the final sample contains 839 observations and there are only observations on 

weekdays.  The observations are distributed on all days of the week as can be seen from the table on the 

right in the figure below. From the summary statistics table on the left, it is evident that several of the 

variables have very large standard errors. For example wind generation has a mean of 738 and a standard 

deviation of 678. 
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Figure 24: Summary Statistics Final Sample Data 

Source: SAS Output 

To smooth the variance of the variables it is decided to transform the variables into logarithmic (log) forms 

indicated by “L”46. Unless otherwise specified, from now on, when referring to a variable it is understood 

that it is the log form of the variable.  

In addition to the theoretical model, the descriptive statistics provide a good indication for what should be 

expected from the empirical model. This is valuable information in order to check if the model provides 

reliable results. 

8.4.1 - Sample Validity and Generalizability 

The total population consists of 1277 days and the sample consists of 839 days. This is a reasonable large 

sample to represent the period of investigation. 

The sample is biased as there are only observations on weekdays. In section 5 it was stated that OFGEM 

expects market power to be irregular on most likely exercised during peak demand. Demand is higher 

during week days than during weekends. Therefore it is interesting to analyze how REG affects the 

wholesale electricity price during week days. 

Even though the sample is large, it can be argued that the time horizon is narrow as it only encompasses 

3.5 years. Moreover, production from wind generation significantly increases from 2011. This analysis 

should give an indication on how generation from renewable production will affect the GB wholesale 

electricity price keeping in mind that in the near future wind capacity will increase. 

As the GB system differ from other electricity wholesale markets in terms of fuel mix, number of players, 

market size and exchange market set-up it will be difficult to use the results in another setting. However, 

some of the same mechanisms will be at play on similar markets and it will be possible to compare the 

results to studies made on different electricity markets. 

  

                                                           
46

 It is not a problem taking the log in this dataset as can be seen from the summary statistics table none of the 
variables returns negative values. In SAS output the logarithmic function log is equal to ln. 
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9 - Testing for Stationarity, Extreme Observations and Co-integration in 

the Time Series 
 

From the theoretical model the critical variables were identified and it is now possible to set up an 

empirical model: 

(1.0)                                                                   

                                               

Based on the descriptive statistics it was decided to transform the variables into the logarithmic form 

indicated by “L”. From the theoretical model it is expected that the estimated parameters of the gas and 

coal price should be positive while the estimations of the production parameters should be negative. 

Indications of these relationships were also confirmed by the descriptive data. When working with time 

series data, before any estimation can be done it is necessary to test for stationarity and co-integration 

(Gujarati & Porter, 2009). 

 

9.1 - Testing for Stationarity 

If the variables are non-stationary the mean and variance change over time47. Performing a regression with 

non-stationary variables there is a risk to end up with a spurious regression. This is a meaningless 

regression with inaccurate test statistic estimates.   

Stationarity can be detected by using graphical and numerical tests. If the time series suffer from 

autocorrelation the error terms are dependent on time. Therefore the correlograms of the autocorrelation 

function (ACF) and partial autocorrelation function (PACF) can help detect non-stationarity graphically48. If 

the correlogram of the ACF starts at a very high value and declines slowly it is a sign of non-stationarity. The 

PACF can give an indication of how many lags of a variable are correlated by looking at the number of 

statistically significant lags49.  

Numerically stationarity can be checked for using the Augmented Dickey-Fuller (ADF) test. This test includes 

several steps. First it must be decided if the time series is a random walk (a), a random walk with drift (b) or 

a random walk with drift around a deterministic trend(c)50: 

  

                                                           
47

 Strictly speaking this is known as weakly stationary. For a process to be strictly stationary all moments of the 
probability distribution must be invariant over time (Gujarati & Porter, 2009). It has been argued by Juselius (2006) 
that stationarity is not a property of the variable but a statistical approximation to control for different time horizons. 
Indeed if a variable is defined to be stationary or not can greatly be impacted by the time period included in the 
analysis.              
48

 The ACF is the standardized auto-covariance function capturing how a variable is related to its previous values. The 
PACF measures the correlation between the values at the first lag and any other lagged period removing the impact 
from intermediate lags (Brooks, 2008). 
49

 A lagged value is simply the value of a variable in the previous period. 
50

 In SAS output model (a) = “zero mean”, (b) = “single mean” and (C)=”trend” 
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(a)                   

(b)                       

(c)                           

  is the drift parameter51 and   symbolizes the first difference form52. After the functional form has been 

decided it is possible to test the null hypothesis H0:   = 0 (the time series is non-stationary) and the 

alternative hypothesis H1:   < 0 (the time series is stationary). The estimated t coefficient follows the tau 

statistic.  

In order to have an unbiased estimate of   it needs to be verified that there is no autocorrelation. This is 

done by using the Godfrey’s general LaGrange multiplier (LM) test. The null hypothesis of the test is no 

serial correlations in the error terms of any order H0: ρ1 = ρ2 = … ρp = 0. The output can be generated in SAS. 

In case of autocorrelation, the model is modified to include lags of the dependent variable until no 

autocorrelation is detected.  

If the variable follows a random walk or a random walk with drift a solution to non-stationarity can be to 

transform the variable into the first difference form.  As argued by Gujarati & Porter (2009), if the 

relationship between the dependent and the explanatory variables holds at time t it must also hold at t-1 

since the time period is chosen arbitrary in the first place. A non-stationary time series that must be 

differenced one time before it becomes stationary it said to be integrated at first order I(1) or have a unit 

root. The solution if the process follows a deterministic trend is to de-trend the process.   

9.1.1 - Stationarity Tests for the Power Price  

To begin with, the log power price is inspected graphically. The ACF (the upper right graph) is slowly 

declining which indicates non-stationarity. The PACF is significantly different from zero for the first six lags 

and gives an indication on how many lags to include in order to eliminate the autocorrelation in the error 

term.  

 

Figure 25: Power Price Trend and Correlation Analysis 

Source: SAS Output 

                                                           
51

                                       
52

 The first difference form is defined as:              
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To perform the ADF test it is first decided which model to use. Looking at the plot of power price against 

time (the upper left graph) there seems to be no deterministic trend as prices both increases and 

decreases. It is also visible that the intercept is different from zero. Therefore the model random walk with 

a drift is chosen for the estimation results. Secondly, in order to have an unbiased estimation of the ADF 

there must be no autocorrelation in the error terms. Using the LM, lags of the dependent variable are 

added until the null hypothesis cannot be rejected. The result is illustrated in figure 26: 

 

Figure 26: Power Price Autocorrelation Test 

Source: SAS Output 

The SAS test output is to be interpreted the following way: The test statistic, given by the LM column, 

shows the relevant statistic of the test. The Pr>LM indicates the probability at a 5% significance level. The 

LM test shows that when including five lags of the power price variable in first difference form the null 

hypothesis of no auto correlation cannot be rejected. Therefore the relevant SAS output for the ADF test is 

the single mean five lags.  

 

Figure 27: Power Price ADF Test Results 

Source: SAS Output 

Based on this statistics the null hypothesis that power price is non-stationary can be rejected.  
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It seems like there is different conclusions from the graphical and numerical test of stationarity53. When a 

variable is tested to be stationary but exhibit strong autocorrelation Juselius (2006) argues:  “From an 

empirical point of view it is often advantageous to approximate a near-unit root with a unit root, even 

though it is significantly different from zero” (Juselius, 2006 p. 26). To deal with the possibility of non-

stationarity the power price is transformed into the first difference form. 

After transforming the electricity price into the first difference form, the time series is again tested for 

stationarity. From the plots in figure 28 it is seen that the price now looks like a random walk and the ACF 

graphics suggest a stationary process. Using the LM test it is found that after adding four lags there is no 

autocorrelation54. From the ADF test of zero mean four lags the null hypothesis can be rejected meaning 

that the variable is now stationary. Now both the graphical and the numerical tests suggest stationarity55. 

 

Figure 28: Stationarity Tests of First Difference Power Price 

Source: SAS Output 

All of the explanatory variables are in the same way tested for stationarity – the results may be found in the 

appendix 14-18. It is found that all variables become stationary after taking the first difference. 

Following the stationarity tests the model is transformed into a first difference model: 

(2.0)                                                                   

                                               

Where any variable                
56. Taking the first difference the first observation is lost. This 

means that the total data set now includes 838 observations. It is decided to keep the intercept in this first 

difference model which would capture any time trends (Gujarati & Porter, 2009). 

                                                           
53

 It could be suspected that the time series is not completely non-stationary, but at the same time not stationary. In 
the next section it is decided to exclude 11 outliers from the sample. If an ADF is performed on the predicted values 
for the power price obtained from the log model including outliers, the null hypothesis of non-stationarity cannot be 
rejected. See appendix 13 for test statistics.  
54

 The results of the LM test can be found in appendix 13. 
55

 The implications of transforming a near unit root into the first difference form can be to impose some negative 
correlation in the error term. Looking at the PACF graph this could look like the case here. Autocorrelation will be 
investigated more in detail later.  
56

 Estimating a first difference logarithmic model equals estimating relative changes. The percentage change between 
Yt and Yt-1 is approximately equal to 100*         when the percentage change is small (Stock & Watson, 2011). 
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9.2 - Investigating Extreme Values 

From the descriptive statistics of the variables it was detected that several of the variables had very large 

standard errors. This could be influenced by some observations taking on extreme values. One of the 

prerequisites for performing regression analysis is that the error terms are normally distributed. Therefore 

the residuals of model 2.0 are analyzed. To test for normality the data will be inspected graphically with a 

histogram of the residuals and a normal probability plot. Numerically tests in form of the Jarque-Bera and 

Anderson-Darling tests are performed in SAS. The full regression results are available in appendix 19; from 

this model the R2 equals 0.104757. 

 

Figure 29: Normality Test of Model 2.0 

Source: SAS Output 

The top graph on the left is the residual histogram. It indicates a somewhat symmetric distribution of the 

error terms with very long tails. The probability plot on the right also revaels that some of the residuals 

have large errors. The nummerical tests both have the null hypothesis of normality. The SAS output is 

shown at the bottom of the figure. For both the Jarque-Bera test and the Anderson-Darling the hypothesis 

of normality is rejected.  

To test if the non- normality problem should stem from the model being mis-specified the Ramsey’s 

regression specification error test known as the “RESET test” is applied58. The null hypothesis of this test is 

no mis-specification.  

                                                           
57

 R
2
 is a measurement of goodness of fit of a regression model. It measures how close the estimated values are to the 

actual values given in the sample. R
2
 takes on values between 0 and 1 and the closer to 1 the better the model fit 

(Gujarati & Porter, 2009). 
58

 The idea behind the RESET test is to test if introduction of   ̂ in a new functional form as a new explanatory variable 
statistically increase the R

2
 of the model. The RESET test can give an indication if the model is mis-specified but the 

drawback is that the test does not suggest how to resolve the problem. 

Jarque-Bera test  
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Figure 30: Mis-specification Test of Model 2.0 

Source: SAS Output 

From figure 30 it is evident that the test is insignificant at all power levels indicating there should not be 

any problems with the specification of the model. As the model does not seem to be mis-specified but 

suffers from non normality in the error terms the non normality is suspected to possibly stem from outliers.  

From the residual probability plot 14 extreme values are identified that will be investigated: 

 06Jan2009 

 27Apr2009 

 05May2009 

 26May2009 

 22Jun2009 

 24Aug2009 

 07Sep2009 

 20Oct2009 

 21Oct2009 

 08Jan2010 

 29Nov2010 

 

 30Nov2010 

 01Dec2010 

 20Dec2010 

The outliers are included as dummy variables in model 2.0. The dummy variables have the effect of 

removing the influence for that specific observation. Running model 2.0 including the new dummy varibales 

shows that only 11 of the identified potential outliers are significant at the 5 percent level (see appendix 

20). The insignificant dummy outliers are removed again.  

The empirical model now take the following form: 

(3.0)                                                                   

                                                                      

                                                             

“D” indicating a dummy variable and the outliers modelled by the dummy variables: 

D1. 06Jan2009 

D2. 27Apr2009 

D3. 26May2009 

D4. 22Jun2009 

D5. 24Aug2009 

D6. 07Sep2009 

D7. 20Oct2009 

D8. 08Jan2010 

D9. 29Nov2010 

D10. 01Dec2010 

D11. 20Dec2010 

Brooks (2008) warns against removing extreme values as one might remove a data point that contain 

valuable information. Also by including outliers the the model characteristics are articifially improved (e.g. 

the R2 will improve). On the other hand extreme observations can have significant impact on the parameter 

estimates using ordinary least squares (OLS) estimation59. Before finally deciding if the outliers should be 

modelled by dummy variables it is nessercary to investigate them further. 

 

 

                                                           
59

 See appendix 21 for a graphical demonstration of the possible effect from an outlier on OLS estimation. 
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There are several possible reasons why extreme values are observed in the dataset: 

 Outage in a power plant 

 Extremely high value in one of the explanatory variables 

 Extreme demand 

 A mistake in the data set 

It is not possible to determine the exact reason behind the 11 observations. However, looking at the 

identified outliers it is clear that they all occur in 2009 and 2010.  2009 was greatly affected by the world 

financial crash in late 2008. The world economic crisis decreased energy demand and led to very low gas 

prices (European Commission, 2009). Indeed, in the descriptive data it was concluded that the gas price fell 

dramatically from the beginning of 2009 to fall 2009. The reason why many outliers are observed in 2009 

might be due to these events and the system being affected by high uncertainty .  

From the descriptive data it was also clear that nuclear production during 2010 was low. In fact during 2010 

six of the GB nuclear plants were out of production making the system very vulnerable. At the same time 

the winter of 2010 was extremely cold (ICIS Heren, 2010). These combined events could explain the three 

identified outliers in November and December 2010.  

It is decided to keep the modeling of the outliers by dummy variables. The data set is reasonable large to 

exclude the 11 outliers. Modeling the electricity price it is not unusual to remove extreme values. For 

example in a study by Ketterer (2012) all observations larger than three standard deviations are replaced by 

the value at three standard deviations. 

After modeling the outliers the normality of the error terms is investigated again. 

 

Figure 31: Normality Test of Model 3.0 

Source: SAS Output 

The plots have improved and the test statistics of the Jarque-Bera and Anderson-Darling have significantly 

decreased. However, the hypotheses of normality are still rejected. Instead the large sample theory must 

be relied upon. It states that when the sample is large, OLS will still provide consistent estimations even 

though the normality assumption is violated (Gujarati & Porter, 2009). The full regression results of model 

3.0 can be found appendix 22. As anticipated the R2 has increased to 0.3428. 
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9.3 - Testing for Co-integration 

As it has been established that all of the variables are non-stationary in their log form, co-integration might 

be present. The presence of co-integration means that the variables share a common long term trend. For 

example it is suspected that the electricity, gas and coal price share a common trend in the form of world 

economic activity level. If this is the case, a linear combination of non-stationary time series may return in 

stationarity (Brooks, 2008).  Co-integration will both be tested on the overall model and pairwise among 

variables. 

Co-integration is tested on the overall model by investigating if the residuals from the log model show 

stationarity60. The test procedure is the same as in section 9.1. Graphically the residuals are investigated by 

the ACF and PACF. Numerically the residuals are tested by the ADF. The tests may be found in appendix 23. 

The ACF falls exponentially and has many lags that are small which indicates stationarity. As the ADF test 

statistics of -7.88 is smaller than the critical value of -4.70, the null hypothesis of no co-integration can be 

rejected and the residuals are stationary and co-integration is present in the overall model.  

In a regression with several explanatory variables it is possible to have more co-integration relationships. 

From the descriptive graphs of wind, hydro and nuclear productions no clear patterns of production were 

visible. At the same time, the data showed signs of not being completely non-stationary. Therefore it is 

decided to test each explanatory variable against the electricity price and investigate if the residuals are 

stationary. The test procedure is the same as when testing the overall model61. Not surprisingly the 

residuals from the regressions including wind, hydro and nuclear do not show clear signs of stationarity62. 

Based on the graphical inspections and the initial assumption that the price variables should share a long 

term trend it is decided to include an error correction mechanism in the model to capture the trends 

between the price variables. 

 

9.4 - The Error Corrected Model 

When co-integration is identified it is possible to include a variable in the model that captures the long term 

effect. This is called an error correction mechanism (ECM) and is defined to be the lag residuals from the 

log model. The ECMs for the gas and coal price that will be included in the model is found by the following 

equations:  

 ̂                                                                    

                                                      

                        

                                                           
60

 To keep the same model the outliers defined in the last section are added to the log model which is then called 
model 1.1 and can be seen in appendix 23. 
61

 This analysis has been performed after discussion with Lisbeth La Cour, PhD, Department of Economics, 
Copenhagen Business School 16

th
 November 2012 

62
 Even the residuals from the regression with the coal price is graphically on the borderline of stationary. The 

graphical test statistics can be found in appendix 24. All ADF tests performed on the residuals show sign of 
stationarity. 
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 ̂                                                                      

                                                      

                       

Including the ECMs the total empirical model looks: 

(4.0)                                                                   

                                                                      

                                                             ̂       

    ̂            

The ECMs captures the long term relationships between the power price and the gas and coal prices. 

Interpretation of the ECM is that it corrects from disequilibrium between the short and the long-run. 

Therefore if the ECM is different from zero it is a sign that the model is not in equilibrium in the short term. 

The parameter estimates of     and    are expected to be negative. In this way, if an estimation is above 

its equilibrium value and     is positive,        or         will be negative to restore equilibrium in time t 

(Gujarati & Porter, 2009). From this is it also evident why ECM should be included for time t-1. Including 

ECM in time t would mean that dis-equilibrium is corrected in the same time period as the dis-equilibrium 

is detected which is impossible (Brooks, 2008).  

Running model 4.0, as anticipated the signs of the ECMs are negative. However, it is found that the ECM for 

coal is not statistical significant at the 5 % level. Moreover including the ECM for the gas price one of the 

outliers is no longer statistical significant – namely 22nd of June 200963. It is decided to exclude these 

variables and restating the model64: 

(5.0)                                                                   

                                                                      

                                                     ̂           

Economically the intuition behind model 5.0 is that the change in the wholesale electricity spot price is 

influenced by a change in (a) the gas price, (b) the coal price, (c) the wind production, (d) the hydro 

production, (e) the nuclear production. 10 extreme values are corrected for by the use of dummy variables. 

Moreover, the model incorporates the long term shared trend between the electricity price and the gas 

price.  

  

                                                           
63

 The regression results of model 4.0 may be found in appendix 25. 
64

 The regression results of model 5.0 may be found in appendix 26. 
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10 - Classical Linear Regression Model Assumptions 
 

By now the specifications of the empirical model have been defined based on the results from test of 

stationarity, investigation of extreme values and test of co-integration. For the OLS regression estimates to 

be reliable it is also necessary to test the model against the classical linear regression model (CLRM) 

assumptions. More specifically the assumptions to be investigated are multicollinearity, heteroscedasticity 

and autocorrelation65.  

 

10.1 - Multicollinearity 

Multicollinearity arises if the explanatory variables are correlated. The CLRM only requires that there is no 

perfect multicollinearity among variables. That means there should be no exact linear relationship between 

the variables. A first sign of multicollinearity is a high R2 and low significance level of the estimated 

parameters. This is not the case of model 5.0. All the parameters are significant except the intercept and 

the hydro production. The R2 has increased to 0.52 after including the ECM. 

Secondly, the pair-wise correlations among the explanatory variables are investigated as this will give an 

indication of multicollinearity. The results show that the highest correlation 0.136 is found between the 

coal and gas price. Lastly each explanatory variable is regressed on the remaining explanatory variables.  As 

multicollinearity arises because some of the explanatory variables are correlated, regressing the 

explanatory variables on each other will detect high explanatory powers among the variables. None of the 

R2
i computed is higher than the R2 of the overall model. The F tests in the auxiliary regressions are 

significant indicating that some of the explanatory variables have explanatory power on each other66. 

Overall it is concluded that the model should not have problems with multicollinearity. 

 

10.2 - Heteroscedasticity 

The CLRM assumes that the variance in the error term is constant. Heteroscedasticity is tested for 

graphically by plotting the residuals against the predicted value of the dependent and the explanatory 

variables. There is no evidence of a patterns and it appears that the model do not suffer from 

heteroscedasticity.  

Numerically the model is tested for heteroscedasticity by the White test. The null hypothesis to be tested is 

no heteroscedasticity. The test statistic is found to be 238.13 and the critical value 55.76. As 238.13 > 55.76 

the null hypothesis of no heteroscedasticity is rejected67. 

                                                           
65

 The normality of the error term and misspecification test were investigated again for model 5.0. The overall 
conclusions were the same. However the normality test did worsen. This can be explained by the fact that the ECM is 
extracted from the log model. The log model has not been investigated for extreme values and it is reasonable to 
think that some extreme values occur that is not captured in the first difference form. A complete list of the classical 
linear regression assumptions can be found in appendix 27. 
66

 The F test is measurement of the overall significance of the estimated regression model (Gujarati & Porter, 2009). 
The test statistics for multicollinearity are available in the appendix 27. 
67

 The details of the White test can be found in appendix 27. 
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Even though the graphical inspection did not show any sign of heteroscedasticity the numerical test did. 

The consequence of running an OLS regression with heteroscedasticity in the error term without taking the 

heteroscedasticity into account is that the variance estimator for each variable will be biased. Moreover, it 

is not possible to say if the variance will positively or negatively biased.  

If heteroscedasticity is caused by a change over time the model is said to be Autoregressive Conditionally 

Heteroscedastic (ARCH). Dealing with time series this may very well be the case. The dynamics of such 

regressions will be elaborated on later.  

 

10.3 - Autocorrelation 

The assumption of no autocorrelation translate into no covariance between the error terms . It is assumed 

that the error term is generated by the following process68: 

            

Where   is a stochastic disturbance term with expected mean equal to zero.   is the coefficient of 

autocovariance that can take a value between -1 and 1. If I I = 1 the error term is completely correlated 

whith its immidiate past value (Gujarati & Porter, 2009)                                       .  

Model 5.0 is tested for autocorrelation graphiccaly and nummerically69. Plotting residuals against time does 

not reveal any clear pattern of autocorrelation. The same is true when plotting residuals against lagged 

residuals. Nummerically the LM test is applied and the null hypothesis can be rejected meaning that the 

model suffer from  autocorrelation70.   

It can be concluded that the model graphically do not seem to suffer from autocorrelation, but the LM test 

concludes that the model suffers from autocorrelation. There are several explanations of why there might 

be autocorrelation in the model. 

Since the data are collected at a high frequency, it is expected that the data in the level form exhibit 

positive autocorrelation. Most economic time series data exhibit sluggishness. This means that a change is 

one of the explanatory variables may have effects longer than the immediate period. Secondly, the level 

model may contain positive autocorrelation due to the fact that it takes time to switch coal and gas fired 

power plants on and off. In this way production levels may be correlated with the immidiate time periods. 

Lastly, there may also be positive autocorrelation in the level model because of seasonal trends. For 

example the demand for elecetricity are higher during winters due to the lower temperatures. Indeed, 

during the investigation of stationarity it was found that the variables in the level forms exhibted some 

degree of positive autocorrelation. 

If the variables are perfectly autocorrelated transforming the data into the first difference form can remove 

the autocorrelation. However, transforming the variables into the first difference form can also impose 

                                                           
68

 This is known as the first order autoregressive scheme and encompasses first order autocorrelation (Gujarati & 
Porter, 2009). 
69

 Test results for autocorrelation can be found in appendix 27. 
70

 In addition a Durbin Watson test was applied (see appendix 27). Gujarati & Porter (2009) note that the d statistics 
might not be reliable when the model includes autoregressive terms such as the ECM. 
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autocorrelation into the model if the variables in their level form is not perfectly autocorrelated71. Indeed it 

was suspected that transforming the data into the first difference form resulted in some negative 

autocorrelation visiable from the PACF graphs. The consequence of using OLS estimation if autocorrelation 

is present in the model is the same as for heteroscedasticity. The estimation of the standard errors become 

bias and the t statistics unrelaiable. 

Now that the CLRM assumptions have been investigated for model 5.0, it is possible to interpret the results 

from the model. This will be the subject of the next section.  

                                                           
71

 See proof in appendix 27. 
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11 - Classical Linear Regression Model Estimation 
 

Now that the assumptions of the model have been investigated the output can be interpreted.  

To recap model 5.0 is as follows: 

(5.0)                                                                   

                                                                      

                                                     ̂           

 

11.1 – Model Estimation Addressing Autocorrelation and Heteroscedasticity 

To test the robustness of the model remedies that target the problems identified in the last section will be 

investigated. In the end the estimation results will be compared72. 

11.1.1 - Estimation of Model with HAC Standard Errors  

In section 10 it was found that model 5.0 might suffer both from heteroscedasticity and autocorrelation. 

The consequence of this is that the standard error estimation is biased and the t statistics are unreliable. To 

test the robustness of the model the OLS regression can be performed with heteroscedasticity- and 

autocorrelation consistent (HAC) standard errors. This method can be applied when the sample size is large 

which fortunately is the case. The estimation results will be the same but the t-statistics will increase73. 

11.1.2 - Estimation Including Lagged Values of the Power Price and Wind 

Production 

As it was found that the model suffers from autocorrelation this might be reduced by including lagged 

variables in the model. During the investigation of stationarity it was found that the power price and wind 

production seemed to suffer from negative autocorrelation after transformation into the first difference 

form. Therefore lagged values of these two variables are included in the model. It is found by the LM test 

that after including two lags of the variables the model do not suffer from autocorrelation. Therefore 

model 6.0 may be specified as: 

(6.0)                                                                    

                                                                      

                                             ̂                         

                                                                  

Notice that the dummy variable modeling 6th of January 2009 is excluded from the model when two lagged 

periods are included for the electricity price and the wind production since the first three observations are 

lost74. 

  

                                                           
72

 A model including seasonal dummies was also tested. However, none of the dummies were statistical significant. 
Estimation results from model 5.0 including season adjusting dummy variables may be found in appendix 28. 
73

 The full estimation results of model 5.0 using HAC standard errors may be found in appendix 29.  
74

 The full estimation results of model 6.0 may be found in appendix 30.  
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11.1.3 - Comparison of Estimation Results  

The OLS estimation results for model 5.0, 5.0 with HAC standard errors and model 6.0 is reported below. 

For each variable the estimated slope coefficient and the level of statistical significance are visible. The 

statistical significance is presented in italics. The dummy variables have been left out. 

As anticipated the only change between model 5.0 and 5.0 with HAC standard errors is that the t statistics 

have changed and therefore the statistical significances have changed. It is observed that the intercept is 

not significant in any of the models. The intercept has no economic meaning but was kept in the models to 

capture any time trends.  

 

Figure 32: Comparison of CLRM Estimation Results 

Source: own production based on SAS output 

The estimation results can be interpreted the following way: 

 Gas: In all of the models the gas price is highly statistical significant. The slope estimator is positive 

meaning that a positive change in the gas price will increase the electricity price.  

 Coal: The coal price also has a positive effect on the electricity price as predicted by the theoretical 

model. In model 6.0 the slope estimate is not significant at the 5 % level. This might indicate that 

some of the coal explanatory power is captured by other variables (most likely the gas price). 

 Wind: Increased wind generation has a negative effect on the electricity price. The slope estimates 

for all three models are highly significant.  

 Hydro: Hydro generation is not significant in any of the models. This means that hydro production 

has no explanatory power on the power price. As discussed it was not possible to obtain data on 

hydro generation separating production from run-of-river and reservoirs. This might lead to the 

blurred effect from hydro. It is also noted that the slope estimate is negative in model 5.0 but 

positive in model 6.0.  

 Nuclear: Nuclear generation decreases the electricity price according to theory. This confirms the 

base-load role of nuclear in the GB system. The slope estimates are significant in all models. 

Explanatory Variable

-0,0001    0,9652     -0,0001    0,9670     -0,0006    0,8328     

0,1856     <,0001 0,1856     <,0001 0,1667     <,0001
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-0,2405    0,0003     -0,2405    0,0012     -0,2530    0,0001     
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 ECM: As expected the ECM is negative and highly significant in all models. This means that when 

the long term relationship between the electricity price and the gas price is in disequilibrium the 

ECM will work to restore equilibrium. 

 Lagged values: In model 6.0 the introduced lagged variables are negative and significant - as 

anticipated there is negative autocorrelation in the model.  

It is noted that model 6.0 seems to be the model best describing the relationship both according to the R2 

and AIC measurement75. 

The overall conclusion is the same for all of the models. Whereas it is not possible to draw any conclusions 

on generation from hydro generation it is clear that as generation from wind power increases the electricity 

price decreases. This gives strong support for hypothesis “a” - generation from renewable (wind) sources 

decreases the whole sale spot price. 

 

11.2 - Model Evaluation 

For the CLRM to provide reliable results the assumptions must be fulfilled. In additional to the assumptions 

already investigated it is important to evaluate the overall model in terms of model specification errors 

(Gujarati & Porter, 2009). 

Model specification errors relates to omitting variables in the model, over-fitting the model by including 

too many variables or choosing the wrong functional form. The consequences of specification errors are 

that the parameter estimates are biased and the variances increase.  

To avoid over-fitting the model, the variables have been evaluated continuous throughout the empirical 

model development and have been removed if they did not improve the model. The risk of omitting a 

variable has been reduced as several variables have been tested if they had any explanatory power in the 

model. Moreover, the empirical analysis relies very much on the theoretical foundation and the analysis of 

the GB electricity market.  

The functional form of the variables was decided based on the stationarity test and general inspection of 

the descriptive data. In the model the marginal costs are included in the linear form. It could be interesting 

to model the marginal costs exponentially to approximate the merit order curve.  

It is always an issue in econometric testing how far the empirical model should depart from the theoretical 

model in the search of model optimization (Juselius, 2006). The results derived at this point are believed to 

be robust enough to give an indication of the impact from REG on the wholesale price.  

In order to investigate the hypothesis that REG increases the spot price volatility the autoregressive 

conditionally heteroscedastic model will be used. This is the topic in the next section.  

                                                           
75

 The AIC measurement is an alternative measurement to R
2
. The AIC imposes a “penalty” for adding explanatory 

variables in the model. Therefore the AIC is useful when models with different number of explanatory variables are 
investigated (Gujarati & Porter, 2009). 
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12 - Autoregressive Conditionally Heteroscedastic Model 
 

In section 10 it was noted that the observed heteroscedasticity in the model possibly stems from a change 

over time. The Autoregressive Conditionally Heteroscedastic (ARCH) model is a non-linear model that 

allows for heteroscedasticity in the estimation. 

Moreover, it is possible that the autocorrelation detected in the model stems from autocorrelation in the 

variance of the error term. This effect is described as volatility clustering and is also captured by the ARCH 

model (Gujarati & Porter, 2009). Electricity price time series very often exhibit such volatility clustering. This 

is due to the fact that electricity cannot be stored. To keep demand and supply balancing constantly very 

high price volatility can be observed in the market following a price reversion once supply and demand are 

matched again (Ketterer, 2012). 

The ARCH model estimates the mean just as the OLS regression, but in addition it also models the error 

term (Dimitrios & Hall, 2011) 76. The residuals are defined to be the difference between the actual and 

estimated power price values. The variance of the error term is defined to be the squared residuals. In the 

ARCH model the conditional variance of the error term is modeled to depend on the previous value of the 

squared error term (Brooks, 2008 p. 388): 

  
             

          
  

 

12.1 – Testing for ARCH Effects 

Before using ARCH estimation it is important to test if ARCH effects are present in the model and secondly 

what order of ARCH effects should be modeled. The model that will be tested is model 6.0 since this model 

had the best AIC criteria. The idea behind the ARCH test is to see if there are signs of autocorrelation in the 

error variance. Therefore the squared residuals of the model are investigated graphically and numerically. 

Graphically the model is tested by looking at the PACF correlogram. From the figure below it is visible that 

PACF is significant at lag 1, 5, 6 and borderline for 4 and 13. This indicates the presence of an ARCH process.  

 

Figure 33: Autocorrelation in the Error Term Variance Model 6.0 

Source: SAS output 
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 Since ARCH is a non-linear model estimation, it uses maximum likelihood (ML) rather than OLS. 
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Numerically ARCH effects are tested for by the Engel test. To test for ARCH(1) a auxiliary regression with 

the squared residuals extracted from model 6.0 is performed:  

 ̂ 
          ̂   

        

The null hypothesis is:          (No ARCH effects). As the test statistics of 31.36 is larger than the 

critical value of 3.84 the null hypothesis of no ARCH is rejected77. 

In addition, SAS can be used to test for ARCH at higher orders. The null hypothesis is the same as for the 

Engle test. For all the orders, the null hypothesis of no ARCH is rejected. Moreover, the test gives an 

indication that ARCH(5) or ARCH(6) might be present78. 

Based on the three tests it is safe to conclude that ARCH effects are present in the model. 

 

12.2 – Using the ARCH Model to Investigate Volatility 

Dimitrios & Hall (2011) highlight that other explanatory variables can be included in the ARCH term. 

Therefore an ARCH model can be used to investigate the hypothesis that increased production from REG 

increases the wholesale price volatility. To test the hypothesis generation from wind and hydro is included 

in the error variance term: 

  
             

          
                                         

                     

Based on the tests performed in the last section it is decided to test both an ARCH(1) and ARCH(6) model. 

Moreover, it is decided to include wind production at lag 1. 

The reporting follows the CLRM reporting. Again it is decided to exclude the dummy variables and the 

intermediate ARCH lags from the summary statistics, but the full models are available in appendix 32-33. 

As is evident from the figure below including the ARCH structures in the model do not alter the previous 

conclusions based on the CLRM mean estimations. Hypothesis “a” is again confirmed.  

                                                           
77

 The details of the Engle test can be found in appendix 31. 
78

 The details of the SAS ARCH test can be found in appendix 31. 
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Figure 34: Comparison of ARCH Models 
Source: own production based on SAS output 

The ARCH terms are positive as expected indicating that the conditional variance does depend on the 

variance in previous periods. In model 6.0 ARCH(6) the sixth lag of the variance is found not to be 

significant. Investigating the full model it is found that fifth lag is significant with a slope estimator of 

0,0970. It is noted that an ARCH modeling improves the model according to the AIC criteria. The hydro 

production’s impact in the variance equation is positive but not statistically significant. The wind estimator 

in the variance equation is significant, but the output produced does not seem reliable. The t-statistics 

approaches infinity. First it is assumed that it might be a numerical problem in the SAS generation. 

However, it is found that scaling the variables does not provide any solution.  

As it has been discovered that wind production is very low in 2009 and 2010 it is decided to run the model 

only including observations from 2011 and 2012. This analysis includes a total of 366 observations. Based 

on PACF inspection and SAS ARCH test it is decided to investigate an ARCH(1) and ARCH(12) model 79. 

                                                           
79

 ARCH tests for model 6.0 including observations in 2011-2012 can be found in appendix 34. When ARCH of a high 
order is present it is a good idea to consider a GARCH model instead. However, including a GARCH term was not found 
to improve the model. 
 

Explanatory Variable

-0,0030    0,2634     -0,0029    0,2950     

0,1496     <,0001 0,1611     <,0001

0,4436     0,0050     0,4333     0,0073     

-0,0244    <,0001 -0,0248    <,0001

-0,0034    0,8531     -0,0020    0,9099     

-0,2055    0,0033     -0,2381    0,0004     

-0,4269    <,0001 -0,4320    <,0001

-0,1111    0,0001     -0,1309    <,0001

-0,0939    0,0003     -0,1026    0,0004     

-0,0111    0,0027     -0,0103    0,0052     

-0,0090    0,0072     -0,0095    0,0055     

0,0048     <,0001 0,0033     <,0001

0,3096     <,0001 0,2201     <,0001

0,0337     0,3179     

4,24E-24 <,0001 1,60E-24 <,0001

-6,22E-23 <,0001 1,77E-23 <,0001

0,0006     0,7414     0,0002     0,9080     

 Model 6.0 Dependent Variable: 

ARCH (1) ARCH (6)

Intercept

Mean equation

Variance equation

Intercept

AIC

n

Summary Statistics

-1811,0

836

-1825,7
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Figure 35: Comparison of ARCH Models Based on Data 2011-2012 

Source: own production based on SAS output 

Again the ARCH terms are positive and significant meaning that the volatility of the spot price depends on 

the volatility in the previous periods. The SAS output for wind and hydro variance in the model including 

ARCH(12) still looks unreliable whereas the model including ARCH(1) looks reliable. It is noted that the signs 

of volatility are positive which is expected as negative volatility has no meaning. The estimates for wind 

power and hydro generation in the variance term are not statistical significant indicating that the 

production from wind and hydro has not increased price volatility. 

This is contradictive with the study by Ketterer (2012) performed on the German market. The British and 

German markets are not identical and therefore the results cannot be compared directly. However, the 

contradictory conclusions do give rise to some reflections about the model and the data applied. 

First of all, the data is aggregated on a daily level. This means that the volatility observed in the market has 

been smoothened. The ARCH effect and impact from REG might be stronger if the thesis had applied half 

hourly prices80.   

Moreover, the study by Ketterer (2012) used the log form and not the log first difference form. In this 

thesis the data was transformed into the first difference form to deal with the problem of non-stationarity. 

Ketterer (2012) uses another approach where all observations with residuals larger than three standard 
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 The fact that the data has been scaled by using the log will also have a dampening effect on volatility. However, this 

approach is also used by Ketterer (2012) and cannot be the source of the different conclusions. 
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Mean equation
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errors are giving the value of three standard errors. This is not found to be a good solution as many 

observations would be lost. 

Lastly, as highlighted in the literature review the impact from wind generation in Denmark increased 

dramatically after a critical limit of capacity is reached (Hu et al., 2010). On the German market wind 

generation accounted for 11% in 2011 whereas on the British market wind generation accounted for just 

above 4 % in 2011 (DECC, 2012a; Ketterer, 2012).  

Green & Vasilakos (2010) highlight that two conditions must be fulfilled before wind generation will 

influence the spot price volatility. First of all, wind output must be volatile. Green & Vasilakos (2010) claim 

that GB wind outputs are volatile. This is also indicated in the summary statistics table in section 8 where it 

is visible that the wind generation data has large standard errors. It was also found that hydro generation is 

volatile. Secondly, the supply function cannot be flat. As argued it is very difficult to identify the exact 

marginal cost of each generator and therefore it is difficult to identify the supply curve. The reason why 

wind and hydro outputs are not tested to significantly impact the variance in the spot price may be because 

of the supply function characteristic.  
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13 - Reflecting on the Model Results 
 

This section will reflect on the results found by the models. Firstly, it will be discussed how the results may 

impact the industry. Secondly, the assumptions applied will be discussed. 

 

13.1 - Consequences for the Industry 

At this point it has been investigated how REG impacts the GB electricity spot price. This section will gather 

the findings and answer the more general question: what are the consequences for the industry? 

13.1.1 - Consequences Based on the Effects on the Spot Price  

It was found that the increased generation from wind resulted in a lower spot price.  Following the Cournot 

model a decreased spot price, is a sign that the market power of traditional generators have decreased. A 

lower spot price will lead to a lower mark up for all generators as captured by the learner index (LI). As 

argued the positive LI is used to cover the investment costs in the industry. A lower mark-up therefore 

means that generators need more time to cover the investments. Hence a lower spot price may results in 

decreased investment incentives. As renewable generators are supported by the RO system it is most likely 

that the decreased investment incentives have greatest impact on traditional generators.  

As presented in the literature review, Twomey & Neuhoff (2010) highlight that the decreasing effect that 

wind generation has on the electricity price means that on average owner of intermittent capacity receives 

a lower price for the electricity than traditional generators. Owners of intermittent sources such as wind 

will on average sell electricity in periods where the spot price is lower. This effect is confirmed by Green & 

Vasilakos (2010) investigating the GB market with a simulation model. On these conditions it is difficult for 

renewable capacity owner to compete with traditional capacity owners. Therefore, renewable generators 

become very dependent on the RO system and it is likely that when investing in renewable technology the 

most commercial technologies will be preferred.   

In general it should be noted that the negative impact on the spot price was found to be relatively small. It 

will be interesting to see the effect when more wind capacity is added to the system. Indeed it was noted 

by Hu et al. (2010) in the literature review that based on the Danish experience the relationship between 

the spot price and the wind penetration is non-linear. Therefore it may be expected that the decreasing 

effect on the electricity price will be more significant as wind capacity increases. Therefore the possible 

consequences for the industry presented here may also be more pronounced with time.  

13.1.2 - Consequences Based on the Effects on the Spot Price Volatility  

It is interesting to determine if the increase in REG causes the spot price to become more volatile. This is 

because the presence of price volatility means that prices are uncertain – or risky. Therefore spot price 

volatility makes it more expensive to borrow capital for investing in plant capacity (traditional or 

renewable). This effect is pointed out by Jensen & Skytte (2002): “In markets characterized by short-term 

energy sales and price volatility, investors will prefer low-capital-cost technologies with short payback 

times. Financing for capital-intensive renewable energy projects will be expensive and difficult to obtain, 
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even if they are expected to produce more cost-effective power than fossil plants over their 

lifetimes.”(Jensen & Skytte, 2002 p. 425)                                                                   

It could not be confirmed that increased REG increase the volatility in the GB spot price. Therefore it should 

not be expected that investments are charged a risk premium. 

13.1.3 - Consequences Based on the Effects from the Support System  

In the analyses of the GB ROC market it was found that the ROC price is fixed at the maximum bound (the 

buy-out price). When the certificate price is high, retailers might have incentives to become vertically 

integrated companies. If a retailer owns renewable capacity, instead of paying the ROC price it can produce 

the certificates itself. If the ROC price is higher than the cost of producing renewable electricity, the 

integrated firms will increase profit compared to non-integrated rivals (Zhou & Mészáros, 2010). From the 

fuel mix investigation in section 5 it was found that all eight major generators own renewable capacity81. Six 

of the eight traditional generators are also retail companies and therefore vertically integrated82. Of the 

integrated companies SSE has the largest share of REG with 14%. EDF has the lowest with 3%. This is an 

indication that it is beneficial for traditional generators to be vertically integrated. On the other hand, the 

fact that GB has not reached its renewable targets is an indication that investments in renewable capacity 

have not been large enough. If it was highly profitable for retailers to invest in renewable capacity and 

become integrated companies this should not be a problem.  

13.2 - Discussion of Model Assumptions  

To build the theoretical and empirical models several assumptions were applied. The effects of the most 

critical assumptions will be discussed in this section. 

13.2.1 - Marginal Cost Assumptions 

In the empirical model the marginal cost (MC) of traditional generators was approximated by the fuel costs. 

This is a very stylized presentation of the MC function. First of all, to resemble the merit order curve other 

studies have modeled the cost curve to be quadratic (Jensen & Skytte, 2002; Twomey & Neuhoff, 2010).  

Secondly, one could have included start-up and shut-down costs of traditional generators. If MC of 

traditional generators is higher than captured by the model, production from REG might have an even 

greater impact on the spot price.  

13.2.2 - Perfect Competition in the Retail Market  

The theoretical model was developed based on the assumption that the retail market could be 

characterized as perfectly competitive. This assumption has been applied in several other studies, also 

including studies on the GB market (see for example Mészáros, 2010). However, as just mentioned taking a 

closer look at the GB electricity retail market reveals that several of the large generators also act as retailers 

– they are integrated companies. In GB the integrated companies are characterized as the “big 6” as they 

have a combined market share of 99 % on the retail market (OFGEM, 2011a). Indeed, OFGEM has raised 

concerns that the retail market is non-competitive:  “Further action is needed to make sure energy retail 
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 For details on generators’ fuel mix see appendix 8 
82

 Including SP, EDF, RWE, E.On, SSE and Centrica. 
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markets in Great Britain work in the interests of consumers. Consumers are at risk from a number of 

features in the market that serve to reduce the effectiveness of competition.” (OFGEM, 2011a p. 7).  

When firms are integrated less of the electricity will be traded on the spot market. Bushnell et al.(2008) 

describe the effects of vertical integration: “The integrated firm has committed to supplying a portion of its 

output at fixed prices to its retail customers, and therefore has an effectively smaller position on the 

wholesale market and less incentive to raise wholesale prices” (J. B. Bushnell et al., 2008 p. 238). The 

impacts on the spot market from vertically integrated companies are similar to the impacts from forward 

contracts which will be discussed shortly (J. B. Bushnell et al., 2008; Willems et al., 2009). 

Since it was assumed that the retail market was perfectly competitive it was also assumed that the ROC 

costs were passed on to end-consumers. Discovering that the retail market is not perfectly competitive 

there is a possibility that a retailer wants to capture costumers by cutting the retail electricity price by not 

transferring the whole cost of the ROCs to the end-consumer. The retail electricity price development is 

illustrated in the graph below. 

The graph shows the domestic prices index excluding VAT from 2000-2005 based on retailer price 

information, collected every three months. It is evident that the electricity price has increased significantly 

since 2000. The price development in 2009-2012 mirros the wholesale price development pictured in figure 

18. As established the ROC price is fixed at the buy-out level and only changes yearly by an index 

adjustement. Therefore it is difficult track the effects of the ROC price. 

 

Figure 36: Domestic Electricity Price Index 2000-2012
83

 

Source: based on DECC (2012f). 

One other very important event took place in 2002: all price controls on final consumers where discharged 

(OFGEM, 2011a). This makes it even more difficult to track the ROC effect on end-consumers. OFGEM 

(2012c) calculates that approximately 4.5% of an end-consumer electricity bill can be explained by the RO 

system. An average consumer consumes 3.3MWh electricity yearly and the average yearly electricity bill is 

£470. Therefore the cost of ROCs can be calculated to be 6.4 £/MWh. In the 2011/2012 buy-out price was 

£38.69 and the quota level was 12.4% per MWh. Therefore the ROC cost was 4.8 £/MWh. These rough 

calculations give an indication that the ROC costs are passed on to the end-consumer. 
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 In the index calculation 2005 prices including VAT is defined as reference point. The price index has been adjusted 
by GDP inflator. 
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13.2.3 - The Impact from Forward Contracts  

This thesis only focused on the impacts from REG on the spot price. As mentioned in the introduction trade 

on the spot market makes up 9 % of total electricity trade (OFGEM, 2011a). Most volumes on the GB 

market is traded on forward contracts84. When forward contracts are taken into account, the Cournot 

model becomes a two stage game. In the first stage, the generators decide how much to sell on the 

forward contract and in the second stage they compete in the spot market85.  

The forward contracts reduce the amount of generation to be sold on the spot market and hence reduce 

the amount of generation on which a Cournot game is played. In this way forward contracts can reduce the 

market power and thereby the electricity spot prices (Twomey & Neuhoff, 2010). “The existence of a viable 

forward market can create a 'prisoner's dilemma' of sorts for oligopoly suppliers. Each player could make 

additional profit by moving first into the forward market and stealing away some demand from the other 

suppliers. However, when all suppliers act in this way, the total quantity supplied increases towards the 

competitive levels, undermining the oligopoly equilibrium that existed before the forward market came into 

existence.” (Borenstein et al., 1995 p. 232). Willems et al. (2009) investigate the German market and finds 

that after introducing forward contracts in the Cournot model the outcomes resemble the supply function 

equilibrium model, producing a price closer to the perfect competitive outcome. Furthermore, Willems et 

al. (2009) note that forward contracts will only reduce market power if the contract price is fixed. If the 

contract price is indexed on the spot market it will have no effect. 

The impact from REG on the contract price is difficult to forecast. However, it must be anticipated that if 

the spot price decreases due to increased REG and consistently is lower than the contract price, the 

contract price will decrease as well, at least in the long-run.  
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 The delivery time of the forward contracts ranges between 24 hours to delivery in more than 2 years. The delivery 
times are visible from appendix 37. 
85

 The two stage Cournot model can be described by a Stackelberg model (Pepall et al., 2008). 
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14 - Conclusions 
 

This section sums up on the entire study conducted. First, the operational research questions are answered 

which leads to the conclusion of the overall research question. Lastly, some further perspectives on the 

topic studied will be presented. 

 

14.1 – Answering the Research Questions 

The overall objective of this thesis was to investigate how the electricity generated from renewable sources 

and the renewable support system impact the wholesale price. To answer the overall research question 

four operational research questions were formulated. This section will summarize the findings of each 

operational research question and finally conclude on the overall research question.  

1. What is the competitive situation between electricity generators? 

In section 5 it was established that earlier research had found evidence of market power in the GB 

electricity industry. The presence of market power can among other factors be explained by the low short-

run elasticity of demand on electricity markets. It was found that eight players dominate the GB generation 

industry. The eight major players mostly use traditional technologies to generate electricity. To capture the 

current competitive situation in the wholesale market the Herfindahl-Hirschman Index (HHI) and the 

Learner Index (LI) were applied. Calculating the HHI showed that the industry is moderately concentrated. 

The LI calculations showed that the players are able to price above marginal costs which indicate the use of 

market power. Overall it was concluded that the traditional generators enjoy market power. 

2. How can the renewable obligation certificates impact electricity prices? 

In the literature review in section 4 it was highlighted that former research had found that the renewable 

obligation certificate (ROC) can impact the electricity market through the impacts on demand. Moreover, it 

was found that the ROC price can be manipulated by the use of market power on either the ROC or 

electricity market. Therefore a detailed investigation of the GB support system was conducted in section 6. 

It was found that the ROC price is practically fixed at the maximum level. Moreover, it is concluded that this 

is not the result from the use of market power but rather because the authorities creates an excess ROC 

demand and because renewable electricity generation (REG) has been lower than anticipated.  

3. How can the strategic behavior of electricity generators be modeled? 

Based on the competitive landscape in the industry it was found that and oligopoly model would capture 

the behavior of the traditional generators. The best model was found to be a Cournot model incorporating 

specific GB market characteristics. The theoretical model predicted that an increase in the marginal cost of 

traditional generators would cause the wholesale price to increase. The theoretical model also explained 

that the introduction of the ROC would cause the wholesale price to decrease due to an inward shift in the 

demand curve. In terms of the impacts from REG two hypotheses were derived from the theoretical model: 

a) the wholesale price will decrease following an increase in REG and b) as more renewable capacity is 

available the volatility of the wholesale price will increase. 
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4. Can the modeled impacts from renewable generation and the subsidy scheme be empirically tested? 

Following the theoretical model an econometric model was formulated. The effect from the ROC price was 

excluded due to data constraints. Data was collected on the marginal costs of traditional generators and 

nuclear and renewable production levels from January 2009 - June 2012. It was found that the time series 

were non-stationary and therefore they were transformed in to the first difference form and an error 

mechanism was included in the model. To test the hypotheses two regression models were applied. To test 

the relationship between REG and the wholesale price level the classical linear regression model (CLRM) 

was applied. To test the impacts from REG on the wholesale price volatility the autoregressive conditionally 

heteroscedastic (ARCH) model was applied. 

How does electricity from renewable sources and the renewable support system affect the wholesale 

electricity price in Great Britain? 

The results from the econometric models confirmed hypothesis “a” in terms of wind generation. A positive 

change in wind generation decreases the spot price. In terms of hydro generation it could not be confirmed 

that a positive change in generation decreases the spot price, as the estimates were not statistically 

significant. Therefore it is rejected that hydro generation affects the spot price. The results from testing 

hypotheses “b” were not statistically significant. Therefore it was rejected that renewable electricity 

generation in GB increases the wholesale spot price volatility. 

The renewable support system should cause a decrease in the wholesale spot price. However, this could 

not be tested empirically. 

The fact that wind generation leads to a decrease in the wholesale price, is following the Cournot model a 

sign that market power in the industry has decreased. The consequences for the industry from a decreased 

wholesale price might be decreased investment incentives both for traditional and renewable technologies. 

A decrease in renewable investments will complicate the fulfillment of the 2020 target of a share of 30% 

renewable generation. On the other hand, since the wholesale price volatility has not increased the 

industry should not expect to be charged risk premiums on borrowed capital. This is positive in terms of 

access to capital for investments in renewable capacity.  

Currently only just above 4 percent of generation comes from wind resources. However investments in 

wind capacity have been significant in recent years meaning in the near future more wind farms will come 

on stream. The impact from wind generation can therefore be expected to be more significant in the near 

future. 
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14.2 – Further Perspectives 

Finally, some of the relevant issues which had to be left out of the thesis due to time and space constraints 

will be elaborated upon. These further perspectives also exemplify suggestions for future research.   

This thesis excluded the impacts from other environmental programs such as the EU carbon emission 

allowances86. Excluding the impacts from other environmental programs might result in an underestimation 

of the total effect from REG. For example, Sáenz de Miera et al. (2008) argue that increased REG through 

carbon allowances offer an addition indirect effect on the wholesale price. As REG increases and traditional 

generation decreases the need for carbon emission allowances will decrease. Moreover, the lower demand 

reduces the emission allowances price. The decreased demand for emission allowances therefore results in 

a decrease in the wholesale price87.  

Secondly, in section 5 it was highlighted that market power might be sporadic and most likely to occur 

during peak demand. The impact from wind generation might be significant during some periods and zero 

during other periods. In the empirical analysis conducted in this thesis, only an average effect was 

estimated. It would have been interesting to split the analysis into peak and non-peak hours to further 

investigate the effects on market power.  

Lastly, the theoretical model applied in this thesis presents a very stylized version of the behavior of 

traditional generators. Other factors that are not captured by the model will affect their behavior in the 

short and long-run. For example, GB is currently working on a reform of the renewable electricity market 

which impacts the behavior of players in the industry. The new energy bill was introduced to the House of 

Commons on November 29th 2012 (UK Parliament, 2012). Wood & Dow (2011) believe that one of the main 

problems for securing the 2020 goal of a renewable electricity share of 30% is political uncertainty: “UK 

renewable energy policy is still characterized by uncertainty, constant adjustments and change”.(Wood & 

Dow, 2011 p. 2239). This is argued to result in low willingness to invest in renewable capacity.  Indeed, one 

of the issues in the new energy bill is the development of a new support system to replace the RO system. 

The new system will be based on a feed-in tariff (FiT) system where renewable generators will receive a 

fixed price on the electricity (DECC, 2012g). Blaaberg (2012) explains that many of the details of the new 

system are not available yet88. Therefore it is not possible to evaluate if the FiT will be more or less 

attractive than the current system. However, Wood (2012) believes that the new system will be less risky 

than the RO system. Once the new system is better defined it will be interesting to see how it will affect the 

functioning of the RO system and the electricity market in general.  

  

                                                           
86

 The price of the EU carbon emission allowances has been very low following the financial crisis (see appendix 2). 
87

 The study assumes that the market is perfectly competitive and therefore prices equal marginal costs (Sáenz de 
Miera et al., 2008).  
88

 Before the new energy bill is finally adopted it has to pass the third reading in the House of Commons and the 
readings in the House of Lords (UK Parliament, 2012). 
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Appendix 1: Abbreviations 
 

ACF: Autocorrelation Function  

ADF test: Augmented Dickey-Fuller test 

ARCH: Autoregressive Conditionally Heteroscedastic 

BETTA: British Electricity Trading and Transmission Agreement 

CLRM: Classical Linear Regression Model 

DECC: Department of Energy and Climate Change 

EDF: Électricité De France 

ECM: Error Corrected Mechanism 

EU: European Union 

FiT: Feed-in Tariff 

GB: Great Britain 

HAC standard errors: Heteroscedasticity- and Autocorrelation Consistent standard errors 

HHI: Herfindahl-Hirschman Index 

IO: Industrial Organization 

LI: Learner Index 

LM test: Godfrey’s general LaGrange Multiplier test 

LRMC: Long Run Marginal Costs 

MC: Marginal Cost 

ML: Maximum Likelihood 

MR: Marginal Revenue 

OFGEM: Office of Gas and Electricity Markets 

OLS: Ordinary Least Squares 

PACF: Partial Autocorrelation Function 

REG: Renewable Electricity Generation 

RO: Renewable Obligation 

ROC: Renewable Obligation Certificates 

SCP: Structure-Conduct-Performance 

SFE: Supply Function Equilibrium 

SP: Scottish Power (owned by Iberdrola) 

SRMC: Short Run Marginal Costs 

SSE: Source: Scottish and Southern Energy 

TGC: Traded Green Certificates 
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Appendix 2: European Carbon Futures Price Development 
 

 

Source: EEX (2012) 
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Appendix 3: Interview Geoffrey Wood 
 

Name: Geoffrey Wood 

Position: PhD student, Centre for Energy, Petroleum and Mineral Law and Policy 

Company: University of Dundee  

Date for interview: 18
th

 of May 2012 

Place: Over Skype 

 

[General introduction to the thesis and overall discussion on renewable obligation takes place] 

 

AL: What were the biggest consequences of the revised RO? 

GW: OXERA did a modeling in 2007 and found a number of reasons why we would not meet the 

renewable obligation level. One problem was the lack of a headroom mechanism. It is true that the 

headroom mechanism is a great mechanism removing the danger of decreasing demand and 

therefore decreasing the subsidy level the closer it gets to the target. But in reality the UK was never 

close to meeting the target.  

Secondly hydro power plants are only eligible for the support if the capacity is less than 20 MW. 

That meant that several of the bigger schemes were downgraded to fulfill the support requirements. 

Another problem was that the system was going to end in 2027. It takes at least ten years to pay 

back capital cost for construction and therefore in the old set-up by 2015 the construction of 

renewable plants would decline dramatically because the period you get subsidies to cover your 

capital cost is too short. The most important in the short term was to extend the RO until from 2027 

to 2037. 

AL: Why is the UK compliance not higher according to your opinion? 

It is a valid point for the UK as we have consistently managed to underperform the renewable 

targets. The big question now is why. 

The main problem in the RO in UK is the uncertainty over the revenue streams you can get in a 

market based system such as the RO. You do not know the value of the subsidy and the value of the 

electricity you will sell. This leads to high price financial risk. Your major cost is not fuel or wind 

but capital cost to construct your plant. You need to go to an investor, a bank and due to the high 

risk the investors add a risk premium to the investment capital which means that it has become 

more expensive to build the renewable plant. This is one of the reasons why the compliance level 

has been very low.  

As it is more expensive to get the finance to build in the first place this also means that all went for 

the technologies that where the cheapest - most market ready which was landfilled gas and onshore 

wind. The problem then was this had an impact on planning, as many applications put pressure on 

the planning system. Also in the supply chain you risk bottle necks and shortage in supply as 

everyone needs the same materials. 
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Besides the internal failure if the system there are externals failures of the system such as planning 

re-connection, supply chain and policy risk. The failures are a reason for a low compliance and 

moreover the failures interact and impact each other.   

AL: It makes sense that over a period of years there have been several factors contributing to the 

compliance level. However, I am still wondering when you look at one single year after the reform 

in 2009 where the target is calculated based on already available capacity added the head-room 

mechanism why the compliance level is not higher.  

If the UK had been closer to meeting the target I agree we should see a jump in the compliance. The 

problem is that we have a time lag. One of the problems here is that it takes long time to get 

planning permission. Then it takes one year to construct. Therefore I do not think the compliance 

should jump that quickly in one year. 

AL: But it should not make a difference because the target is set based on already available 

capacity?  

For example between 2009 and 2010 we had a very poor wind and rainfall year. So despites we 

build 500 MW that was put into generation our output from renewable generation fell almost 2 %. 

That can have a short time impact on the short term compliance. In 2010-2011 the renewable out-

put increased. So now we are two years behind on the targeting. So the compliance level is 

increasing. 

Also interestingly, the renewable output eligible for subsidies which is simply new generation 

between 2007 and 2010 increased from 80 % to 87 %.  

AL: So the short term deviation from compliance level can mainly be explained by weather 

conditions? 

GW: To an extend yes. Especially in Scotland because Scotland has significant amount of hydro 

(90% of UK capacity) and onshore wind (60% of UK capacity). Scotland is therefore key for the 

UK to reach the target. 

AL: The reason why the compliance has been low could also be that players in the industry took 

actions to secure the value of ROC being high? 

GW: That is definitely a consideration. OFGEM has repeatedly looked at bringing actions towards 

companies for market power abuse. However, if that has to do with renewables I do not know. 

Primarily, though why the system before the reform has this in-built limitation was due to the 

design. The target at that point for 2010 was 10.4 % in line with EU 2001 directive. The main 

reason was that they did not want to build more than the 10 %. It was a political decision. Only with 

the EU 2008 package and the UK climate change legislation that made the government push beyond 

2010. Until then we only had aspiration targets for 15 % by 2015 that were not legally binding and 

generally ignored. Therefore the companies did not want to invest in the industry because there was 

a risk that the government would stop the subsidy.  
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This is an issue of having a liberalized private energy market. In the end it is the companies that 

take the decisions and ultimately they only comply based on the regulatory, legislative and policy 

direction environment. If some of the companies were state owned such as in Denmark the 

government and the companies would have more similar interests but this is not the case in the UK. 

AL: Do you have any knowledge of the contracts between generators and suppliers in terms of 

ROCs are contracted separately or together with electricity supply? 

GW: Talking to generators they generally sell the ROC and the electricity together. 

AL: You mention a problem with having short term contract under the ROC? 

GW: The lack of long term contract has been an issue in the renewable energy sector in the UK. 

This is one reason why UK government is reforming the electricity market. The idea is to bring in 

long term contracts where the government will guarantee the purchase and support of low carbon 

electricity for a fixed period of time, very much like the feed in tariff system you have in Denmark. 

This will come into legal form the earliest in 2014. The problem is that we have the ROC as our 

main subsidy mechanism but everybody knows that this will expire in 2017. Every project that was 

on it will be grandfathered. The contract will be kept for a maximum of 20 year lifespan of a project 

until 2037. Between 2014 and 2017 generators will have the option to opt into the new FiT contract.  

This is again the issue with policy risk. Companies are now saying that there will be a delay and 

investment in compliance until they know how the system will be after the reform.   

  



 Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price  

  Master’s Thesis January 2013 Anna Ljungqvist Page 87 of 125

  

Appendix 4: Interview with Lars Blaaberg 
 

Name: Lars Blaaberg 

Position: Director, Renewables Sales & Revenue Management 

Company: DONG Energy  

Date for interview: 13
th

 of June 2012 

Place: By Telephone 
 

DONG Energy operates several wind farms in Great Britain. For more information visit 

www.dongenergy.com 

 

  

http://www.dongenergy.com/
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Appendix 5: E-mail from James Hemingway 
 

Fra: Hemingway James (Statistics) [mailto:james.hemingway@decc.gsi.gov.uk]  

Sendt: 26. oktober 2012 17:42 

Til: Anna Ljungqvist 

Cc: Prime Julian (Statistics) 

Emne: RE: Question on generation from hydro 

 

Hi Anna, 

Yes, you are correct that pumped storage is not a renewable source, as the water is pumped from 

an existing source at the bottom of a hill to the reservoir at the top (and more electricity is used to 

pump the water uphill than is generated when the water flows downhill).  There is one scheme –

Foyers – however, that is considered ‘mixed’ (it is mainly pumped storage, but also collects run off 

from the surrounding hill side in the reservoir). 

Run of the river schemes will of course generate continuously (unless there is no water of course!), 

with the output dependent on the volume and speed of flow, as to how much can be generated and 

when.  Reservoir schemes are more flexible, however, and generation can be reserved for times 

when the wholesale price is highest (unless of course there is so much rain that the site has to 

continuously generate).  I imagine there are times when hydro is operating as base load and others 

when it is used for meeting demand peaks. 

I’m afraid we don’t produce figures disaggregating hydro by run of the river and reservoir schemes, 

although run of the river schemes tend to be small hydro schemes and reservoir schemes are 

larger.  This may be something we look to try to collect more information on though. 

As far as I’m aware there are no regulations concerning when reservoir schemes can generate 

(that is a business decision for the company who owns the site), although there may be some 

environmental regulations over how much water should be retained (or not retained). 

I hope this helps, 

James 

James Hemingway  

Electricity, Renewables, FiTs, Coal & CHP Statistics 

Energy Statistics  

Department of Energy and Climate Change,  

Area 6B 

3, Whitehall Place  

London  

SW1A 2AW  

Tel: +44 (0)300 068 5042  
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Fra: Anna Ljungqvist  

Sendt: 22. oktober 2012 13:52 

Til: 'julian.prime@decc.gsi.gov.uk' 

Emne: Question on generation from hydro 

Dear Julian Prime 

I am a master thesis student at Copenhagen Business School, Denmark and my topic for the thesis is the UK 

wholesale power marked.  

I have searched the internet and literature for more detailed information about generation from hydro but 

there are still some questions that are unanswered for me that I hope you can be helpful with. Following 

the DECC I can see that hydro is divided into pumped storages, run-of-rivers and reservoirs however 

pumped storages cannot be considered a renewable source. I am interested in to what extend hydro can be 

used strategically. As far as I understand run-of-rivers are non-strategic because you cannot decide when to 

produce. However I am not sure about the reservoirs?  

Are there any regulations on when to use hydro power – when the reservoirs reach a certain level or when 

the wholesale price reach a certain level? 

The hydro that can be categorized as renewable production how much stems from run-of-rivers and how 

much from reservoirs? 

Can hydro be seen as a base load to the supply system? 

 

I very much hope you can help me with the questions or direct me to someone who can. 

Best regards, 

Anna Ljungqvist 

Phone: + 45 23 48 51 88 

Skype: anna.ljungqvist 

View my profile 

 

 

 

  

http://dk.linkedin.com/in/annaljungqvist
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Appendix 6: BETTA Geographical Area  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: DECC (2012a p. 128) 
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Appendix 7: Market Shares Raw Data 
 

 

* year runs 1 april - 31 March 

 

Source: based on  (Centrica, 2012; DECC, 2012a; Drax Group Plc, 2011; Drax Group Plc, 2012; E.ON UK Plc, 2011; E.ON 

UK Plc, 2012; EDF Energy, 2011; EDF Energy, 2012; Iberdrola, 2011; Iberdrola, 2012; International Power GDF Suez, 

2012; International Power Plc, 2011; RWE AG, 2011; RWE AG, 2012; SSE, 2011; SSE, 2012) 

 

International Power does not supply information on generation per country but only total for the group 

which includes 30 countries. As a proxy for GB generation GB net capacity as a percentage of total capacity 

has been used to calculate the generation. The market share of International Power corresponds well with 

the findings by OFGEM (2011). 

 

  

Year

Company

EDF 79,4               71,6               86,7               

SSE* 43,3               42,5               41,2               

Centrica 26,7               32,9               25,2               

Drax 26,4               26,4               22,6               

SP 22,7               26,9               26,3               

International Power 20,1               12,1               15,8               

E.On 30,3               29,8               33,5               

RWE 29,9               34,3               25,0               

Others 57,9               73,1               67,1               

Total UK 336,7 349,6 343,4

Generation TWh 2009-2011

2011 2010 2009
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Appendix 8: Fuel Mix and Marginal Cost per Generator 
 

 

Source: based on (DECC, 2012d; The Royal Academy of Engineering, 2004; Van der Weijde & Hobbs, 2010; 

ElectricityInfo.org, 2012) and appendix 7.                               

  

Company

Fuel Type

Gas 0,1% 49,0% 50,0% 47,0% 39,6% 37,0% 52,1% 55,0% 40,7%

Coal 27,6% 35,0% 13,7% 28,0% 46,6% 22,0% 32,2% 29,0% 29,2%

Nuclear 69,1% 1,0% 26,5% 16,0% 0,1% 4,0% 6,2% 2,0% 19,1%

Renewable 3,0% 14,0% 7,9% 7,0% 13,5% 33,0% 5,2% 12,0% 9,2%

Other 0% 1% 2% 2% 0% 4% 4% 2% 2%

Gas 0,03 14,75 15,05 14,15 11,92 11,14 15,68 16,56 12,25

Coal 6,07 7,70 3,01 6,16 10,25 4,84 7,08 6,38 6,42

Nuclear 6,50 0,09 2,49 1,50 0,01 0,38 0,58 0,19 1,80

Renewable 0,07 0,34 0,19 0,17 0,33 0,80 0,13 0,29 0,22

Other 0,03 0,16 0,30 0,32 0,03 0,64 0,69 0,32 0,29

Average MC 12,70 23,04 21,05 22,30 22,54 17,79 24,16 23,73 20,98

Gas 0,06 28,22 28,80 27,07 22,81 21,31 30,00 31,67 23,44

Coal 5,64 7,15 2,80 5,72 9,52 4,49 6,58 5,92 5,97

Nuclear 1,47 0,02 0,56 0,34 0,00 0,09 0,13 0,04 0,41

Renewable 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

Other 0,04 0,20 0,38 0,40 0,04 0,80 0,86 0,40 0,36

Average MC 7,21 35,59 32,54 33,53 32,37 26,69 37,58 38,04 30,17

Gas 0,05 23,52 24,00 22,56 19,01 17,76 25,01 26,40 19,54

Coal 8,00 10,15 3,97 8,12 13,51 6,38 9,34 8,41 8,47

Nuclear 5,53 0,08 2,12 1,28 0,01 0,32 0,50 0,16 1,53

Renewable 0,03 0,14 0,08 0,07 0,14 0,33 0,05 0,12 0,09

Other 0,04 0,22 0,41 0,43 0,04 0,86 0,92 0,43 0,39

Average MC 13,65 34,11 30,58 32,46 32,71 25,65 35,82 35,52 30,01

Marginal Cost per Generator

Industry

EDF SSE Centrica Drax SP Int. Power E.On RWE Industry

RWE Industry

EDF SSE Centrica Drax SP Int. Power E.On RWE

SSE Centrica Drax SP Int. Power E.On
Royal Academy of 

Engineering (2004)

Van der Weide & 

Hobbs (2010)

DECC (2012)

EDF

Fuel Mix per Generator

EDF SSE Centrica Drax SP Int. Power E.On RWE Industry
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Appendix 9: Renewable Obligation Statistics 
 

  

Source: DECC (2012c)  
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Appendix 10: Proof of Basic Cournot Model 
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As firms are identical firm 1 has a symmetric best response function 

    
   

  
  
  
 

 

To find the Nash equilibrium the two function are substituted into each other: 
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And by symmetry: 

     
   

  
 

Total output is given by: 
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Substituting into the demand function the equilibrium price is found 
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Appendix 11: Proof of Cournot Model with N Firms 

 

             

Best response function is given by: 

    
   

  
  
(   )  

 
 

All firms best response functions will be identical and therefore the Nash equilibrium can be found to be:  

    
(   )

(   ) 
 

Total output is given by: 

  
 (   )

(   ) 
  

Substituting into the demand function the equilibrium price is found 

     (
 (   )

(   ) 
)  

Which can be reduced to  

  
 

(   )
 

 

(   )
   

As N gets very large 
 

(   )
 approaches zero and 

 

(   )
 approaches 1. This means that P=c which is equal to 

the perfect competitive outcome (Pepall et al., 2008).  
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Appendix 12: Different MC in the Cournot Model 

 

When firms do not have the same marginal costs each firm will optimize based on its individual marginal 

cost. If marginal costs of firm 2 increase firm 2 will be produce less.  

 

This will be reflected in the best response function that will be shifted inwards. Therefore firm1 can 

produce more and the market is no longer split equally1.  

 

  

                                                           
1
 If the total output has decreased depends on the demand function.  
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Appendix 13: Stationarity in the Power Price 
 

This ADF test is performed on predicted values of the log power price obtained from running the log model 

including outliers modeled with dummy variables. 

 

The ADF test statistics for single mean five lags is not significant at the 5 % level. Therefore the null 

hypothesis of non-stationarity cannot be rejected. This means that the time series is non-stationary and 

supports the decision of a first difference transformation. 

 

LM test is performed on the power price time series after transformation into first difference form: 
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Appendix 14: Stationarity in the Gas price 
 

After inspection of the graphics the gas price is assumed to be a random walk with a drift as well. The ACF 

indicates non-stationarity. The LM test shows that two lags should be included to exclude autocorrelation. 

Looking at the single mean two lags ADF estimates the null hypothesis cannot be rejected and it can be 

concluded that the gas price is non-stationary.  

The gas price is transformed into the first difference form. Now the ACF shows sign of stationarity. The LM 

test shows that the test statistics should be zero mean one lag. Now the null hypothesis can be rejected 

and the gas price is stationary. 
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Appendix 15: Stationarity in the Coal price 
 

It is clear that the coal price is not stationary. It is further assumed that the coal price can be described as a 

random walk with a drift. Looking at the LM test it is clear that that is no autocorrelation if two lags are 

added. The ADF then confirms nomn stationarity in the test statistics for single mean two lags. To make the 

coal price stationary the data is transformed into the first difference form. Now all the tests show that time 

series has become stationary. 
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Appendix 16: Stationarity in the Wind Production 
 

The ACF graphics for wind production shows many lags of significance however the first two lags do not 

decline slowly but more in an exponential pattern. At the same time the ADF test statistics follows the 

same pattern as for the power price – insignificant test statistics for zero mean but significant test statistics 

for single mean. Following Juselius (2006) it is decided also to transform the wind production into the first 

difference form where it is clearly stationary. 
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Appendix 17: Stationarity in the Nuclear Production 
 

Graphically nuclear production shows sign of non-stationarity. To eliminate the autocorrelation two lags a 

re added. Therefore the ADF test statistics to be investigated is single mean two lags. The test statistics is 

significant indicating stationarity. Following the argument presented for the power price series it is decided 

to transform the nuclear production into the first difference form. Now there is clear sign of stationarity. 
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Appendix 18: Stationarity in the Hydro Production 
 

Again the test of stationarity suggest a series that lies in between being stationary and being completely 

non-stationary. In the first difference form hydro production is clearly stationary. 
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Appendix 19: Regression Results from Model 2.0 
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Appendix 20: Regression Results from Model 2.0 Including 14 Outliers Modelled 

by Dummy Variables 
 

 

 

  

 



 Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price  

  Master’s Thesis January 2013 Anna Ljungqvist Page 105 of 125

  

Appendix 21: Outlier Effect in OLS 
 

Using OLS estimation outliers with large residuals can have a significant impact on the regression results. 

This is because OLS try extra hard to minimize the squared reseduals. 

 

Source: Brooks (2008 p. 166)  

Y 

X 
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Appendix 22: Regression Results from Model 3.0  
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Appendix 23: Regression and ADF Results from Model 1.1 
 (the log model including 11 outliers modeled by dummy variables)2 

 

Regression results 

 

 

 

 

 

 

                                                           
2
 As the variables in this regression are non-stationary the test statistics are not reliable as the critical values do not 

follow the t-distribution. However as the gas, coal and wind statistics are highly significant it suspected that they do 
give the right indication of the effects. If one relies on the log model the extreme values should be investigated again 
as they might be different from the observations identified in the first difference model. 

 



 Renewable Energy in Great Britain: An Empirical Study of the Impacts on the Wholesale Electricity Price  

  Master’s Thesis January 2013 Anna Ljungqvist Page 108 of 125

  

Testing for Stationarity in Residuals of Model 1.1  

Before the ADF results are analyzed the LM test is used to make sure that there is no autocorrelation. It is 

found that the focus should be on zero mean with five lags. From the ADF test it can be seen that the tau 

estimate equals -7.88. However, the critical values produced in SAS must be modified. The residuals are 

estimated values and therefore the critical values have changed. The 5 % critical value for a model including 

an intercept, five explanatory variables and more than 800 observations has been calculated by MacKinnon 

to be -4.70 (Engle & Granger, 1992) 3.  

  

                                                           
3
 As per definition residuals have zero mean the test result to focus on in the ADF is zero mean. However the critical 

value is determined by the original model.  
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Appendix 24: Graphical Inspection of Residuals from Pairwise Regressions 
 

 

 

 

 

 

  

Gas price Coal price 

Hydro production wind production Nuclear production 
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Appendix 25: Regression Results from Model 4.0 
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Appendix 26: Regression Results from Model 5.0 
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Appendix 27: Testing the Classical Linear Regression Model Assumptions  
 

27.1 - Classical Linear Regression Model Assumptions 

1. The regression model is linear in the parameters. 

2. The X variables are independent from the error term. That means cov (Xi , ui) = 0 for each X variable. 

3. For all X variables the mean of the error term ui is zero 

4. Homoscedasticity of ui meaning that the variance of the error term is constant regardless the value 

of X. 

5. No autocorrelation between the error terms for any variable X.   

6. The number of observations must be greater than the number of explanatory variables 

7. There must be variation in the X variables 

8. There is no exact collinearity between the X variables 

9. There is no specification bias 

10. The error term ui is normally distributed 

27.2 - Testing for Multicollinearity 

Pairwise correlations 

 

Auxiliary regressions 

 

 

F Value PR > F

Overall model 0,5179 0,5085 55,13 < ,0001

dif_ln_coal_price 0,0905 0,0739 5,45 < ,0001

dif_ln_gas_price 0,1245 0,1086 7,8 < ,0001

dif_ln_wind 0,0492 0,0319 2,84 0,0002

dif_ln_hydro 0,0389 0,0214 2,22 0,0049

dif_ln_nuclear 0,0444 0,027 2,55 0,001

  Adj.   
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27.3 - Testing for Heteroscedasticity 

Graphical inspection 

 

The idea behind the White test is to extract the residuals from the estimated model. Secondly, the squared 

residuals are regressed on the original explanatory variables, their squared values and the cross products of 

the explanatory variables. From this model the R2 multiplied by the number of observations follows the chi-

square distribution. The auxiliary regression returns a R2 of 0.2845 and the number of observations used 

equals 837. The test statistics is therefore 837*0.2845 = 238.13.  The auxiliary regression has 39 degrees of 

freedom and the critical value at 5 % significance level is found to  e           (Gujarati & Porter, 2009). 
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27. 4 - Testing for Autocorrelation 

 

 

A Durbin Watson test is performed on model 5.0. The idea behind this test is to investigate the estimated 

residuals. Using the SAS function the d statistics is estimated be 2,1027. To evaluate the d statistics Durbin 

and Watson have derived upper and lower bounds of the d statistics.The critical values for 800 

observations is found to be 1,8712 – 1,89641 and for 850 observations 1.87546-1.89912 (Savin & White, 

1977).  

The descision rules for the Durbin Watson test are split into intervals. The interval relevant here is du < d < 

4-du where the null hypothesis is no autocorrelation. For 800 observations  1.89641<2,1027<2.10359 (=4-

1.89641) the null hypothesis of no correlation cannot be rejected.  For 800 observations  

1.89912<2,1027>2.10088 (=4-1.89912) the null hypothesis of no negative correlation is rejected. 
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27.5 - Proof of Autocorrelation in the Error Term after Transformation into First 

Difference Form 

If 

              

The one period lagged values equals: 

                    

Subtracting the two equations gives the first difference form: 

              

Emprically this is written as  

             

Where        (       ). 

Since  ( ) = 0 for eact t 

 (  )   (       )   (  )   (    )    

It is assmued that there is no autocorrelation in the original model and therefore 

   (       )   (       )   [(       )(         )]    
  

Which is non zero and therefore the  ’s are correlated (Gujarati & Porter, 2009 p. 466). 
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Appendix 28: Model 5.0 Including Seasonal Dummies 
 

In the Cournot model the parameters   and   stem from demand. As discussed the autocorrelation in the 
level model might stem from seasonal patterns of demand. To capture the variance in   and   dummy 
variables for year, month and weekday are included in model 5.0. The estimation results show that none of 
the seasonal dummy variables are statistically significant. Therefore it is decided to remove the variables 
from the model again. 

The fact that the dummy variables have no explanatory effect can be reasoned by the fact that the model is 
transformed into the first difference form. Even though it is expected that the demand will change in 
relation to a specific year, month and day there is no reason to believe that the change in demand is 
different over a year, month or day. 
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Appendix 29: Model 5.0 Using HAC 
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Appendix 30: Model 6.0 
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Appendix 31: Testing for ARCH Effects 
 

The Engle Test ARCH(1)  

The test statistic of the auxiliary regression is Q = n*R2 which follow the chi-square distribution. 

The Q statistics is estimated to be 0.0376*833 = 31.36. The auxiliary regression has 1 degree of freedom 

and the critical value at the 5 % significance level is found to be 3.84 (Gujarati & Porter, 2009). 

 

The SAS Test of Higher Orders ARCH 

Based on the SAS output it is not possible to conclude that the model contains an ARCH(12) effect rather 

than ARCH (1). Looking at the output it is clear that the “ iggest jump” in the test statistics occur from lag 4 

to 5 and 5 to 6. This gives a rough indication that ARCH(5) or ARCH(6) might be appropriate. 
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Appendix 32: Model 6.0 including ARCH(1) 
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Appendix 33: Model 6.0 including ARCH(6)  
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Appendix 34: ARCH Tests for Model 6.0 Observations 2011-2012 
 

 

 

The SAS Test of Higher Orders ARCH 
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Appendix 35: Model 6.0 2011-2012 including ARCH(1) 
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Appendix 36: Model 6.0 2011-2012 including ARCH(12) 
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Appendix 37: Time Periods of Forward Contracts 
 

 

Source: OFGEM (2011c) 
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