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I.I researCh motIvatIon

The decarbonization of the electricity sector

To prevent the most severe impacts of climate change, the international community 
has agreed that global warming should be kept below 2°C compared to the temperature 
in pre-industrial times. To stay within this limit, the scientific evidence shows that the 
world must stop the growth in global greenhouse gas emissions by 2020 at the latest, 
reducing them by at least half of 1990 levels by the middle of this century and continue 
cutting them thereafter (European Commission, 2013a).

The European Union (EU) together with its member states have committed to 
transforming Europe into a low carbon economy. The EU has committed to cut its 
emissions to 20% below 1990 levels by 2020 and to provide at least 20% of its gross final 
energy consumption from Renewable Energy Sources (RES) (European Commission, 
2009). For 2050, EU leaders have set the objective of reducing Europe’s greenhouse gas 
emissions by 80-95% compared to 1990 levels as part of efforts by developed countries 
as a group to reduce their emissions by a similar degree (European Commission, 2011).

The sector most contributing to renewable energy production is the electricity sector, 
since many RES technologies are in fact electricity producing generators. By increasing 
the share of RES and applying Carbon Capture and Storage (CCS) technology to 
conventional power plants, the electricity sector can almost totally eliminate carbon 
emissions by 2050, contributing to reduce the consumption of fossil fuels within the 
transport and heating sectors.

While CCS technology has not been implemented on a wide scale yet, the amount 
of electricity produced from RES in Europe has more than doubled between 1990 and 
2011, rising from 322 TWh to 686 TWh. See Figure 1. Hydropower used to provide 
94% of the electricity generated from RES in 1990 and has remained the dominant 
renewable energy resource during the last two decades. However, its dominance has 
slowly decreased in recent years when other RES began contributing to the generation 
mix. 

The share of wind power and biomass-fired generators has constantly increased 
in the last two decades, meanwhile hydropower share has reduced to 49% in 2011 
(Eurostat, 2013). Photovoltaic (PV) energy has started contributing significantly to the 
generation mix in Europe more recently. Overall, the share of renewable electricity 
generation in the EU-27 rose from 11.62% to 20.44% within the period 1990-2011.
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Figure 1: Renewable electricity generation in the EU-27 between 1990 and 2011
(Eurostat, 2013).

Supporting renewable energy sources

The increasing share of RES was driven by the financial support received from 
national governments during the last two decades. The EU motivated its decision of 
supporting RES announcing that together with energy saving and increased energy 
efficiency, an increased use of renewable energy is necessary to reduce greenhouse gas 
emissions complying with the Kyoto protocol and international emissions reduction 
commitments (European Commission, 2009). Moreover, the EU states that RES have 
an important role to play in promoting security of energy supply, fostering technological 
innovation and in providing opportunity for employment and the development of 
rural areas.

Economic theory defines polluting emissions as an externality, referring to a 
situation in which individuals disregard the social costs of environmental damages 
caused by their activities, because these are not reflected in their utility function. This 
situation was described by Garret Hardin as the ‘tragedy of the commons’ (Hardin, 
1968). In this sense, the environment is a common good, meaning that it is rival but 
not excludable. In fact, nobody owns the environment, and it is available for all to use, 
but its unlimited use leads to pollution. 

Two alternative instruments are available for national governments to correct 
environmental externalities: the first one consists in introducing a Pigovian tax on 
polluting emissions as proposed by Pigou, (1932). The second lies on introducing 
tradable emissions permits based on the argument that a market mechanism induces 
an efficient production of pollutants (Coase, 1960). Both instruments have been 
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implemented in Europe. For example, a tax on sulphur emissions was adopted by the 
Swedish and the Danish goverments in the 1990s, while the EU implemented the EU 
ETS to contrast greenhouse emissions in Europe. On the other hand, renewable energy 
is seen as a positive externality and is supported by either imposing a pigovian subsidy, 
to make users pay for the extra benefits and incentivize more production, or imposing 
a renewable obligation based on a mechanism of Tradable Green Certificates (TGCs).

In his work on economic policy making, Jan Tinbergen indicated that regulators 
need to control at least as many instruments as the number of recognized policy targets 
(Tinbergen, 1952). Therefore, it would be useless to use two policies to achieve one single 
objective, and greenhouse emissions reduction could be obtained by implementing the 
EU Emission Trading Scheme (ETS) only. Nonetheless, Tinbergen also indicates that 
a multi-instrument policy could obtain a ‘distribution of pressure’ resulting in a fairer 
and more efficient policy.

The EU dependence on energy imports has increased between 2000 and 2007, 
when the total net imports of fossil fuels reached the 54.5% of EU primary energy 
consumption (European Environment Agency, 2010). This indicates that the EU is 
extremely dependent on exporter countries, which in many cases are characterized 
by political instability, leading to fuel price volatility and uncertainty. Regarding this, 
renewable energy represents the cheapest alternative to fossil fuels, at least in the 
electricity sector. Supporting RES aims to reduce EU dependency on energy imports, 
contributing to energy diversification in terms of technology and geographical sources. 
Decreasing the dependency on fuel imports, renewable energy can insulate the economy 
from fossil fuel prices volatility, increasing the security of energy supply.

Another argument used by the EU to justify the support given to RES is its 
contribution to technical development and innovation. An early introduction of 
renewable energy in the electricity sector can speed up technological development, 
leading to a cost decrease and earlier market maturity. According to classical economic 
theory, the scarcity of input factors is the main driver leading to innovation. An 
increase in the cost of some production factors spurs innovation to make an efficient 
use of those elements that have become relatively expensive (Hicks, 1963). Nonetheless, 
national governments usually have a role in the research and development process 
because innovation is risky and not fully appropriable by innovators. The spill-over of 
knowledge from innovative companies to competitors causes a market failure that lead 
to under-investment in research and development.

The support given to renewable energy could also foster employment and the 
development of rural areas by providing a new source of revenues, affordable and clean 
energy, and creating job and business opportunities. However, in a report to policy 
makers the Organisation for Economic Co-operation and Development (OECD) 
raised some concerns regarding this objective (OECD, 2012). In fact, renewable 
energy technologies are in many cases a capital-intensive activity, and the energy sector 
represents a small share of employment for regional economies. Furthermore, small-
scale installations typically source labour and equipment from international suppliers 
and their impact at a community level in terms of job creation is rather limited. In 
this report the OECD concludes stating that while renewable energy represents an 
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opportunity to stimulate the development of rural areas, this requires a complex and 
flexible policy framework combined with a long-term strategy.

In conclusion, the EU justified the support given to RES adducing four motivations: 
greenhouse gas emissions reduction, security of energy supply, technological innovation 
and the development of rural areas. Altough some concerns have been raised regarding 
the last objective, there is no doubt that supporting renewable energy is crucial to 
efficiently decrease the EU dependency on fossil fuel imports, improving Europe’s 
security of energy supply, fostering innovation and contributing to carbon emissions 
reduction.

Policy instruments to support renewable energy

In the context of liberalized electricity markets, such as the case of Europe, policy 
makers cannot directly control the amount of investments flowing to renewable 
energy projects. Instead, they can stimulate private investments in renewable energy 
generators by either implementing a price-based or quantity-based policy in support of 
these technologies. The first alternative consists in establishing a price for an economic 
variable as proposed by Pigou, (1932). Alternatively, policy makers can take a market-
based approach by fixing the desired quantity of a certain variable and establishing a 
market to determine its fair price (Coase, 1960). From a strictly theoretical point of 
view, there is no difference between these two mechanisms, which should lead to the 
same output (Weitzman, 1974). 

So far, European governments have supported investments in renewable energy 
technologies mainly using three support schemes (Haas, et al., 2011):

•	 Feed-in	tariff	(FiT).	This	price-based	policy	involves	the	obligation	for	energy	
utilities to purchase the electricity produced by RES. Electricity is paid at a fixed price 
for a certain period of years, usually between ten and twenty years. The subsidy cost 
is either passed to consumers levying a tax on electricity or is financed through the 
government budget. Tariffs are generally technology specific, meaning that technologies 
are paid differently on the basis of generation costs. Alternatively, the regulator pays 
producers a premium on top of the electricity price, leaving generators responsible for 
selling their electricity in the market. Doing so, generators are encouraged to produce 
electricity when its price is higher in the market, aligning their interests with those of 
the system. In this case, the mechanism is called feed-in premium (FiP).

•	 Tendering	 mechanism.	 Tenders	 represent	 a	 quantity-based	 mechanism	 in	
which the regulator defines the amount of electricity to be produced from RES and 
allocates long-term electricity contracts to generators through a competitive bidding 
process. Electricity contracts can take either the form of FiT or FiP. Generators bid 
the required price in the auction and those asking for a lower price are accepted. 
The regulator can design technology specific auctions to stimulate less mature, and 
thus more expensive, technologies. The resulting mechanism is similar to a feed-in 
mechanism, with the main difference that the regulator fixes the quantity of electricity 
to be produced from RES and leaves it to a market mechanism to establish its price.
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•	 Renewable	 quota	 obligation	 based	 on	 a	 TGC	market.	 This	 quantity-based	
policy imposes to one or more parties of the electricity supply chain, such as distribution 
companies or retailers, to obtain a certain percentage of the electricity they sell or 
consume from RES, called quota obligation. This obligation is enforced by introducing 
a penalty for non-compliance. The regulator assigns TGCs to electricity producers 
corresponding to the electricity they produce from RES. TGCs are traded in the market 
between producers and obliged entities, and a price is determined by the interplay 
between supply and demand, reflecting the premium required by renewable energy 
generators on top of the electricity price. This policy puts obliged entities into a central 
position, allowing them to comply with the obligation by either producing renewable 
electricity or acquiring TGCs in the market. TGC markets are usually technology 
neutral, introducing competition between different technologies and producers. The 
regulator can design a technology-specific market by issuing TGCs on a technology 
basis.
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I.II researCh dIlemma

Prices vs quantities

Renewable energy policies are usually evaluated based on their effectiveness 
(the ability to attract investments in new capacity) and efficiency (the capability of 
maintaining the overall cost of subsidizing RES low for society) (Menanteau et al., 
2003; Canton & Lindén, 2010; Haas et al., 2010). Theoretically, in an environment 
with no uncertainty and complete knowledge, there is no formal difference between 
the use of quantities and prices as regulatory instruments. Policy makers should feel 
indifferent between calculating the right price and establishing the right quantity 
because, in principle, these operations require the same information. These two 
planning instruments, however, can lead to different outcomes in case policy makers 
have inadequate or uncertain information (Weitzman, 1974).

Figure 2: Impact of price miscalculation under nearly flat cost curve.

For example, if the regulator has no perfect knowledge of the cost curve of renewable 
generators, he can incur in a wrong calculation of both price and quantity instruments. 
When the cost curve is nearly flat, a small miscalculation of a price mechanism results 
in far from optimal quantities and a quantity method seems more appropriate (Figure 
2). Inversely, a price mechanism is more attractive when the cost curve is very steep. In 
that case, a small miscalculation of the quantity would lead to a far from optimal price 
as demonstrated in Figure 3.
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The cost function of many RES is characterized by high fixed and low variable costs. 
In fact, the primary source of energy converted in electricity is obtained from natural 
resources as wind, solar radiation, or the potential energy of water stored at the top of a 
water fall. The only exception is represented by biomass-fired generators. The variable 
cost of the combustible significantly contributes to the generation cost function for 
those plants. Due to the high potential of wind and PV energy in many European 
countries, regulators should use quantity-based instead of price-based instruments.

Quantity-based policies were initially implemented in the form of tendering 
processes with the regulator allocating financial support to renewable electricity 
generators through a competitive auction. Tendering systems to promote RES were 
used in the 1990s in France, Ireland and the United Kingdom (UK). The most well  
known example of a tendering process in Europe is represented by the Non-Fossil Fuel 
Obligation (NFFO) used to stimulate investments in the renewable sector in the UK 
during the 1990s (Mitchell, 1995). Overall, five auctions were run between 1990 and 
1998.

The NFFO resulted to be poorly effective in delivering new installed capacity and 
was replaced by a certificate mechanism in 2002. The main problems of the NFFO 
were the lack of a penalty for those projects that were not able to deliver the electricity 
for which they won an auction, together with a very competitive environment with 
over-subscribed auctions and high uncertainty regarding the Levelized Cost of Energy  
(LCOE) of renewable generators. This situation led to many generators bidding very 
low prices resulting in unprofitable projects that were not implemented. Therefore, 
the last rounds of the NFFO caused a large number of investors to unsuccessfully 
participate in the auction, wasting time and money in their application, and many 
successful projects not being completed because of low auction prices (Mitchell & 
Connor, 2004). 

Figure 3: Impact of quantity miscalculation under steep cost curve.
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The pros and cons of TGC markets and FiTs

In 2001/2002 most of these European countries decided to change the strategy 
due to the poor effectiveness of the tendering systems. In 2002 the UK switched to a 
renewables obligation, Ireland and France changed to FiT systems instead (Haas, et al., 
2011). Since then, European national governments supported RES mainly using either 
a FiT mechanism or a quota-based TGC market. It is still controversial and highly 
debated which of these two policies lead to preferable results for society.

Theoretically, TGC markets should obtain renewable energy objectives in the most 
efficient way, attracting investments in less expensive technologies through market 
competition. The interaction of demand and supply in the market should lead the TGC 
price to reflect the fundamental cost of renewable electricity generation, maximizing 
allocative efficiency. Efficiency should further be stimulated as competition constantly 
incentivizes generators to limit operating cost (Menanteau et al., 2003). Nonetheless, 
TGC market mechanisms received criticism since their introduction in Europe in the 
early 2000s.

The first criticism focuses on the static efficiency of such a mechanism. By 
guaranteeing the same price to all technologies, a TGC market distributes windfall 
profits to less expensive technologies at the expense of cost effectiveness (Haas et 
al., 2010). A possible solution to reduce windfall profits is to issue certificates on a 
technology basis. For example, wind power receives one TGC per MWh of electricity 
produced while expensive technologies receive more TGCs. By doing so, a single 
market price would correspond to different technology-specific prices.

The major drawback of a TGC mechanism, however, consists in generators facing 
a significant price risk due to the incertitude over future prices. Uncertainty leads 
investors to require higher risk premiums for renewable energy projects at the expense 
of efficiency (Mitchell et al., 2006; Gross et al., 2010). Annual variations in RES provoke 
fluctuations in the TGC supply causing its price to be highly volatile (Morthorst, 
2000). TGC price volatility can be reduced by allowing for certificate banking. In this 
way, market agents can bank the excess of TGCs during years of high supply and use 
it during years of shortage. As such, banking reduces price volatility caused by RES 
fluctuations (Amundsen et al., 2006). 

Due to the long lead time for building new power plants, however, investments in 
reaction to price rises may not arrive soon enough to prevent a long period of certificate 
scarcity causing prices to reach the cap. A period of very high prices could trigger an 
over-reaction by investors leading to an over-invested market (Ford et al., 2007). In this 
situation generators will offer TGCs at their marginal cost, which is very likely to be 
zero, causing the TGC price to collapse in case of over-investment. 

Thus, while the elasticity of demand provided by certificate banking can level out 
supply fluctuations due to annual weather variations, it cannot avoid over-investment 
to result in a prolonged period of very low TGC prices which may persist until demand 
absorbs the gap with supply (Kildegaard, 2008). As a consequence, investors’ pessimistic 
expectations regarding the ability to recover capital costs may lead to fewer investments 
and excessively high TGC prices (Agnolucci, 2007).
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On the other hand, feed-in mechanisms proved to be extremely effective in stimulating 
investments in renewable energy technologies in countries such as Germany, Spain and 
Denmark (Haas, et al., 2011). The main reason behind their effectiveness relies on the 
fixed price guaranteed to investors which makes the risk profile of new projects very 
low, compatible with project finance and high financial leverage (Mills & Taylor, 1994). 

FiTs are more appropriate to support small scale activities because they insulate 
investors from price risk and are very simple. For these reasons they attract a larger 
number of less commercial participants and private investors (e.g. households or 
local community based initiatives), stimulating the entrance of new producers in the 
electricity market. Hence, FiTs can increase the competition in the electricity sector 
(European Commission, 2013b).

The high risk premium, alongside the creation of windfall profits for low cost 
technologies and the fact that feed-in mechanisms proved to be very effective may provide 
an argument in favor of price-based instruments. Nevertheless, such instruments are 
costly for the regulator, mostly because the subsidies are set in a more or less arbitrary 
way without perfectly knowing the real cost faced by generators (Menanteau et al., 
2003; Lesser & Su, 2008).

As already said, a small miscalculation of the tariffs causes the effectivity of this 
policy to strongly depart from its desired target when low marginal cost technologies 
such as wind and PV are predominant (Weitzman, 1974). Hence, the fact that feed-in 
mechanisms have been very effective may indicate that tariffs were set too high. The 
fact that many national governments in Europe retroactively cut the FiT incentives 
granted to the renewable energy sector supports this hypothesis.

For example, after spending € 6.2 billion during 2009, 55% more than the initial 
budget of 4 billion, the Spanish government retroactively reduced the tariffs paid to 
renewable generators in 2010 and later in 2013 (Gobierno de España, 2010; Mendez, 
2013). Subsidies to new generators are temporarily suspended since January 2012 
(Carcar, 2012). A very generous feed-in program led to an explosive growth of PV 
capacity in Czech Republic, with two gigawatts of installed capacity, one of the highest 
per capita levels in the EU. As a consequence, the Czech parliament approved a plan 
to end renewable energy subsidies for new projects and imposed a 10% tax on existing 
solar plants in 2010 (Cienski, 2013). Similar problems rose in Bulgaria and Greece, 
which overbuilt renewable energy projects thanks to generous incentive FiT schemes. 
Both countries introduced a tax on existing renewable energy generators to reduce the 
unsustainable subsidy cost (Roca, 2012). 

The German FiT mechanism is usually considered as a model for its effectiveness 
and efficiency (Mitchell, et al., 2006; Haas, et al., 2010). Even in Germany, however, 
this mechanism has attracted some opposition due to its recent cost increase. In fact, 
a significant expansion of RES electricity production, accompanied by lower electricity 
prices due to low carbon and coal prices, caused a sharp increase in the FiT subsidy 
cost between 2010 and 2013.

German consumers paid € 20 billion to subsidize RES in 2013 and the many 
exceptions guaranteed to industrial consumers have caused households to bear almost
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Figure 4: Evolution of the surcharge on German household electricity bills between 2000 and 2014 (Lauber, 2013).

the entire burden of this cost. The surcharge on the German household electricity 
bills increased from 3.6 € cents/kWh to 5.3 € cents/kWh in 2013 and is expected to 
rise to between 6.2 and 6.5 € cents/kWh in 2014, an increase between 72% and 80% 
in two years (Hromadko & Kissler, 2013; Spiegel, 2013). See Figure 4.

German household consumers currently pay the highest electricity prices in Europe 
after Denmark (See Figure 5). The FiT surcharge contributed to 18% of the final 
consumer price of 29.2 € cents/kWh in 2013 (Eurostat, 2013).

The sharp increase in the surcharge of household energy bills led the German 
Environment Minister Peter Altmaier to propose a cap on the surcharge in 2013, 
something that the German Chancellor Angela Merkel had already proposed in June 
2011, with no success.

In a recent article, Frondel et al. (2014) claim that the high effectiveness of the 
German FiT was due to excessively high FiT subsidies for PV and that the tariff 
reduction has been constantly more moderate than the price decrease in PV modules. 
The authors point out that it is very difficult for policy makers to set adequate tariffs 
due to asymmetric information and suggest that the recent steady increase in electricity 
prices for consumers may ultimately endanger the acceptance of Germany’s RES 
support policy.

Similarly, the German monopolies commission indicates that the current FiT 
mechanism is inefficient and should be changed. In September 2013, the commission 
published a special report on the competition of the energy markets, in which it states 
that the German FiT system is characterized by substantial efficiency deficits due to 
excessive subsidies for inefficient technologies and that changes are necessary to achieve 
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the renewable energy quota more efficiently. The monopolies commission concludes 
that ‘in order to keep the burden for the economy and private consumers as small as possible 
while safeguarding security of supply, a sustainable and competitive-friendly advancement of 
the existing market design should immediately be implemented’ and in order to avoid costly 
over-achievement of renewable energy targets the FiT mechanism should be remodeled 
introducing a quota mechanism (Monopol Kommission, 2013).

Also, the European Commission has recently indicated its preference for market-
based support schemes. In its guidance for the design of renewable support schemes, 
the European Commission has stated that the renewable energy sector should be more 
exposed to market competition, recommending phasing out FiTs since they exclude 
generators from actively participating in the electricity market. The Commission 
claims that market-based mechanisms are flexible enough to account for changes in the 
development of costs and technologies, alleviating authorities to some degree of ad hoc 
administrative revisions of the existing schemes. This would provide market investors 
with more certainty about the legal framework. At this regard, the Commission states 
that: ‘Recently the low investor risk provided by feed in tariff schemes has been put in doubt as 
regulatory risk in certain countries resulted in higher than previous capital costs for investors 
under such schemes’ (European Commission, 2013b).

Which are the theoretical advantages of using quantities instead of prices?

A first reason for national governments to choose quantity-based mechanisms 
derives from their ability to control effectively the subsidy cost by limiting the amount 
of projects being subsidized. In many circumstances the more conservative quantity 

Figure 5: Electricity prices for household consumers in 2013 (€/kWh) (Eurostat, 2013).
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mode is better for avoiding very bad planning mistakes (Weitzman, 1974). The 
European experience with FiT clearly indicates that a limit on quantity is necessary to 
avoid unsustainable subsidy costs from harming the political acceptance of RES and 
creating a boom and bust cycle in the renewable energy sector. Retroactively changing 
the tariffs or introducing taxes on renewable energy generators damages the trust of 
banks and investors in one country’s renewable energy policy, and may restrain future 
investments.

 Quantity-based instruments are also referred to as market-based mechanisms due 
to the role of the market in defining the price for renewable energy generators. The 
market forces producers to disclose private information about their cost functions, 
avoiding national governments from defining subsidy rates for each technology and to 
constantly update them to cope with technology innovation. Moreover, quantity-based 
mechanisms expose renewable energy generators to market competition, incentivizing 
cost-reduction (Menanteau et al., 2003). Through its price, the market communicates 
information about the state of renewable electricity production, coordinating a 
decentralized process of decision-making which maximizes allocative efficiency.

Furthermore, a market-based mechanism allows for a simpler multi-national 
harmonization of renewable energy policies, achieving renewable energy targets 
efficiently by stimulating investments where conditions are more favorable (Del Rio, 
2005; Canton & Lindén, 2010). For example, from January 2012 the Swedish TGC 
market includes Norway, representing the first case of multi-national RES support 
mechanism worldwide (Swedish Energy Agency, 2012). 

Nonetheless, there is a dilemma between market mechanisms providing an incentive 
to make an efficient use of resources, thus limiting the cost for society, and market risk 
deterring investors, resulting in higher financing cost for renewable energy projects 
and reduced policy effectiveness. An optimal policy should combine the benefits of 
a market mechanism with price stability and reduced investment risk. This thesis 
specifically addresses this issue.
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I.III researCh overvIew

Research questions

This dissertation takes the perspective of policy makers in liberalized electricity 
markets. The main research question is as follow:

How may a market-based policy mechanism promote renewable energy development in 
liberalized electricity markets in the most effective and efficient way for society?

The following sub-questions are answered in the thesis:

1. In which manner do CO
2
 reduction policies and renewable energy support mechanisms 

reciprocally interact?
2. Are the gains from an efficient use of resources higher than the additional cost due to higher 
risk premiums?
3. What is the impact of adapting trading strategies on the performance of market-based policy 
instruments?
4. What is the role of regulatory uncertainty and regulatory changes on certificate price volatility?
5. How do regulatory frameworks affect the pricing behavior of certificate market participants?
6. How may policy makers limit price risk without reducing liquidity in certificate markets?

Methodology and research contribution

This thesis investigates quantitatively the performance of different policy mechanisms 
and provides new insights on the topic using innovative methodologies, such as agent-
based modeling and econometric analysis. Moreover, the thesis proposes an innovative 
policy mechanism to improve the performance of market-based mechanisms.

The work presented in this thesis is divided in three main research blocks. The 
first contribution of this thesis is to study the impact of investors’ risk aversion on the 
performance of renewable energy policy using an agent-based modeling approach. A 
model is built to simulate investments in new capacity within the context of liberalized 
electricity markets.

Investments should be taken on the basis of their profit and risk profile. However, 
the agents taking investment decisions are characterized by bounded rationality, since 
their choices are limited by the information they have, the cognitive limitations of 
their brains, and the finite amount of time they have to make a decision. Therefore, 
a modeling approach based on a bottom-up methodology which takes into account 
bounded rationality could provide additional insights to the analysis of renewable 
energy policy performances.
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This part includes chapters 2, 3, 4 and 5. Chapter 2 presents the model used for the 
first two analyses which combines some aspect of agent-based methodology inspired by 
the existing literature (e.g., Nikolic, 2009; Chappin, 2011), with innovative concepts 
of risk measurement taken from a financial context, as the Conditional Value at Risk  
(CVaR) (Rockafellar & Uryasev, 2000). This agent-based model simulates investment 
decisions of risk averse agents accounting for price risk, and is used to study the 
dynamic interactions between carbon reduction and renewable energy policy as well as 
comparing the performances of TGC markets and FiT systems.

The main contribution of Chapter 3 is to confirm the results of previous analyses 
based on equilibrium models and to add insights on the dynamic interactions existing 
between carbon reduction and renewable energy policy using an agent-based model. 
Chapter 3 answers to sub-question 1.

Chapter 4 answers to sub-question 2 and add new insight on the comparison of FiT 
and TGC mechanisms by investigating the negative impact of price risk and investors’ 
risk aversion on the performance of TGC markets compared to FiT. To the author best 
knowledge, no study has previously focused specifically on this issue.

Chapter 5 introduces the concept of adaptive trading agents into the model to 
simulate the behavior of market participants in market-based policy mechanisms. This 
analysis compares the performance of tenders and TGC markets by investigating the 
behavior of learning trading agents in the context of single and double-sided auctions 
(Cliff & Bruten, 1997; Bagnall & Toft, 2006). As such, it answers to sub-question 3.

The second research block focuses on market-based support schemes for RES, 
contributing with an ex-post econometric analysis of European TGC markets. 
Econometrics has been used to study the behavior of liberalized electricity markets 
(Mohammadi 2009; Muñoz & Dickey 2009; Fell, 2010) and more recently has focused 
on the movements of the EU ETS price (Mansanet-Bataller, et al., 2007; Bredin 
& Muckley, 2011; Creti, et al., 2012). To the author best knowledge, no study has 
investigated empirically the performance of TGC markets using econometric analysis 
before.

As far as the EU ETS is concerned, predominantly the development of a market-
based price for the EU allowances has been studied. One of the main objectives of the 
EU ETS is to determine a market price for allowances, thereby internalizing the emission 
cost to polluters. Analogously to how the EU ETS indicates a market established price 
for carbon emissions, a TGC mechanism determines the market premium received by 
renewable energy generators on top of the electricity price. In both cases, policy makers 
establish a market with the objective of assigning a price to a certain externality so that 
market actors must internalize this variable in their short-term and long-term decision 
process.

Two econometric analyses are presented in chapters 6 and 7 using the Swedish/
Norwegian and the UK markets as case studies. Two econometric technics are used for 
the scope of these analyses: Cointegration and Error Correction Model (ECM) (Engle 
& Granger, 1987), and Generalized Autoregressive Conditional Heteroskedasticity  
(GARCH) models (Bollerslev, 1986). The former is used to analyze the influence of 
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different regulatory frameworks on TGC price movements, investigating the long-term 
relationship between TGC price and macro-economic variables. The latter is applied to 
investigate the repercussion of regulatory changes and regulatory uncertainty on TGC 
market volatility.

Chapter 6 analyzes TGC price volatility, which is traditionally interpreted as a 
measure of price risk. Price risk is probably the major drawback of a TGC market and 
limits its effectiveness and efficiency. In particular, using the transition from a Sweden-
only to a Swedish/Norwegian market, this study investigates the role of regulatory 
uncertainty and the impact of regulatory changes on TGC price volatility. This chapter 
answers to sub-question 4. Chapter 7 deals with a different aspect of TGC markets, 
analyzing the long-run determinants of TGC prices, and the impact of different 
regulatory frameworks on TGC pricing behavior. In particular the analysis compares 
the characteristics of the UK and the Swedish/Norwegian markets, answering to sub-
question 5.

The third and last research block is composed of chapter 8 that proposes a new idea, 
which was developed within this work, to improve the performance of traditional TGC 
markets. This proposal takes inspiration from the concept of reliability options, which 
aim to guarantee a minimum reserve capacity for the electricity sector (Vazquez, et al., 
2003; Batlle, et al., 2007). The proposed mechanism consists of combining traditional 
TGC markets with a system of call options bought by the regulator in centralized 
auctions and represents a hybrid between a traditional TGC market and a tendering 
mechanism. The novelty of this idea consists in applying an existing mechanism 
designed to improve security of supply, to improve the stability of a TGC market. This 
chapter answers to sub-question 6.

Finally, Chapter 9 resumes the results presented in this manuscript and concludes 
providing recommendations for policy makers.
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II.I model desCrIptIon

Introduction

This chapter presents a bottom-up investment model which simulates the evolution 
of a hypothetical electricity sector, with characteristics close to the Spanish system, 
under different policy scenarios. This model is used to study the interaction between 
carbon reduction and renewable energy policies (Fagiani, et al., 2014) and to compare 
the performance of FiT and TGC markets (Fagiani, et al., 2013). The two analyses are 
presented in Chapter 3 and 4, respectively. This chapter provides a detailed description 
of the model based on Fagiani, et al. (2014).

The purpose of this model is to analyze how energy policy instruments affect the 
investment decisions of generating companies by changing the profit and risk profiles 
of investment projects (Gross et al., 2010). The model applies the notion of bounded 
rationality (Simon, 1957), recognizing that investors are not fully rational when making 
decisions and do not necessarily optimize but rather satisfice. This means that investors’ 
decisions may not be optimal, but adequate to comply with their expectations. This 
reflects the fact that investors have informational, intellectual, and computational 
limitations. 

Hence, in the model the agents base their investment decisions on available 
information and on expectations, trying to maximize the trade-off between risks and 
profits. Agents’ behavior is also limited by their past investment choices, which affect 
their current generation portfolios, balance sheets and cash positions, reflecting path 
dependency. By simulating the impact of carbon reduction and renewable energy 
policies on investors’ choices, the model allows to simulate how energy policy shapes 
the evolution of the electricity sector.

The model is written and run in Matlab R2011a and simulates the evolution of a 
power sector from 2012 to 2050. The simulation flow consists of three main blocks 
which are repeated every simulated year as presented in Figure 6.

•	 A	market	block	in	which	the	model	clears	the	electricity,	the	carbon	and	the	
TGC markets;

•	 A	forecasting	block	 in	which	the	model	centrally	estimates	 future	prices	 for	
each of these markets;

•	 An	 investment	 block	 in	 which	 the	 different	 generating	 companies	 make	
decisions about investments and dismantling existing power plants.

Three renewable energy and three carbon policy options are implemented. The 
simulation includes these renewable support mechanisms:

•	 No	RES	policy;
•	 A	technology	specific	FiT	system	(price-based);
•	 A	technology	neutral	TGC	market	(quantity-based).
And the following carbon policy options:
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•	 No	CO
2
 policy;

•	 An	increasing	tax	imposed	on	CO
2
 emissions (price-based);

•	 An	emissions	allowances	scheme	limiting	the	discharge	of	CO
2
 (quantity-based).

Figure 6: Flow scheme of the simulation

The electricity market

Some measures need to be taken to reduce the computational complexity of the 
model and the time required to run the simulations. The annual load duration curve 
is approximated with 365 steps, each one including 24 hours with similar electricity 
demand.	Electricity	demand	 is	 assumed	 to	 grow	at	 a	 constant	 annual	 rate	which	 is	
an input of the simulation. The installed generation capacity at the beginning of the 
simulation period corresponds to the generation mix of Spain in 2012 as presented in 
Table 1. 

The model assumes that the electricity companies have no market power, thus the 
bids of the generators reflect their marginal costs (including their cost of carbon). 
For each section of the load-duration curve, the market is cleared by intersecting the 
supply curve with demand, which is assumed to be inelastic. For the sake of simplicity, 
the model disregards ramping constraints of thermal generators and the possible 
congestion	of	transmission	lines.	Nonetheless,	to	account	for	spike	prices	during	peak	
load hours, a constraint is introduced which prevents electricity companies to cover 
the two demand sections with the highest loads by starting up power plants which have 
long start-up times. As a consequence, only gas turbines and generators that are already 
dispatched are allowed to bid in the two peak load periods. 

To reduce the computational complexity of the simulation the model assumes 
that the electricity produced from non-dispatchable resources such as wind and PV is 
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GW 17.6 7.8 12.2 4.4 27.1 21.2 2.0 0.9 4.2 8.5

% 16.6% 7.3% 11.5% 4.1% 25.6% 20.1% 1.9% 0.8% 4.0% 8.0%

Table 1: Installed capacity in Spain in year 2010 (Red Electrica de Espana, 2012)

equally distributed through each section of the load-duration curve. These technologies 
are characterized by a load factor indicating that generators cannot produce at their full 
capacity for the all year. For example, 10 MW of capacity with a load factor of 10% 
corresponds in the model to 1 MW generating constantly at full capacity through the 
year. This is not the case for biomass generators that are dispatched as conventional 
units.

Regarding hydro power, a detailed short-term model should consider the current level 
of water reservoirs, expected rain precipitations and electricity prices to optimize the 
dispatch of these units and maximize their profit. However, again some simplification 
is required to maintain the computational complexity of the model acceptable. For 
hydro generators a load factor is obtained from historical data as the ratio between the 
annual electricity generation and the theoretical maximum generation operating at full 
capacity. This load factor is then applied to hydro generators assuming their production 
is equally distributed through the year as for the case of non-dispatchable units. These 
simplifications limit the use of the model for systems in which hydro power contributes 
significantly	to	the	energy	mix	such	as	the	Nordic	countries.	In	this	case,	a	short-term	
optimization model is necessary to obtain meaningful electricity prices.

Moreover, because of these simplifications the model does not truly represent the 
intermittence	of	some	RES	and	may	underestimate	their	integration	cost	to	the	system.	
The model does consider the occurrence of zero electricity prices and wind spillovers 
instead, and these are considered by the agents when making investing decisions.

Finally, the model updates fuel prices every year. To reflect the performance decrease 
of	old	power	plants,	the	model	increases	the	fixed	O&M	cost	of	generators	by	1%	every	
year after the end of their expected service life. Technological development is simulated 
by updating the characteristics of available technologies according to an exogenous 
learning curve, which is assumed to be independent from the simulation.

Renewable energy support mechanisms

This	 section	 explains	 how	 the	 model	 simulates	 FiTs	 and	 TGCs.	 In	 both	 cases	
the model ends the renewable energy support mechanism in 2050 or if a long-term 
capacity target is reached. This long-term renewable objective is an input variable of the 
simulation; it corresponds to the final quota of the TGC market. This constraint can 
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be interpreted as a technical limit to the integration of intermittent generators or as a 
limit	imposed	by	policy	makers	to	limit	the	cost	of	subsidizing	RES.	This	is	especially	
necessary in case of a feed-in mechanism without a quantity limit.

Under a FiT system, generators are guaranteed a fixed electricity price during their 
expected life time, bidding at a null price in the electricity market (this distinction is 
important	for	RES	technologies	with	marginal	costs	greater	than	zero,	i.e.,	biomass-fired	
generators). After reaching the end of their expected service lives or if no support is 
given	to	renewable	energy,	RES	generators	behave	like	conventional	generators	bidding	
at marginal cost and receiving the electricity price until they are dismantled. The model 
assumes the FiT mechanism to be an open-budget scheme, so there is no limit for new 
generators to apply for subsidy until the long-term renewable target is reached. This 
reflects	the	current	policy	implementation	in	several	European	countries.

Tariffs are technology-specific and reflect the regulator’s estimate of the average 
generating cost of each technology. The regulator has a biased knowledge of generation 
costs. Tariffs for new technologies are calculated by multiplying the exact generation 
cost with a biasing factor as indicated in (1), where FDTj

t 
indicates the FiT level for 

technology j at year t, Costj
t
 the average generating cost of a plant built in year t with 

technology j, and BF the biasing factor which is an input parameter of the model and 
remains constant during the simulated period.

Figure 7. Model sensitivity to FiT markup levels.
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	= BF	CostFDT t t
jj ×

(1)
The tariff level has a strong impact on the effectiveness of the mechanism. If tariffs 

are	set	too	low,	investors	are	unlikely	to	adopt	RES	technologies	and	the	mechanism	is	
ineffective. High tariffs are effective but may result in unnecessarily high subsidy costs 
to society. 

Before running the simulation, a sensitivity analysis is performed to find a moderate 
biasing	factor	which	would	stimulate	investments	in	RES	without	leading	to	an	excessive	
subsidy cost. Figure 7 indicates the results of these sensitivity analysis. There is a notable 
shift in renewable energy production between a biasing factor of 7.5% and 10%, as 
many renewable technologies become competitive with conventional generators in that 
range. A further increase from 10% to 30% only attracts slightly more investment. A 
biasing factor of 15% represents a good compromise between policy effectiveness and 
efficiency for this case.

Under a TGC policy, renewable energy generators receive a TGC for each MWh 
of electricity produced during the expected service period, independently of the 
technology	used.	In	order	to	be	comparable	with	the	FiT	mechanism	in	which	only	new	
generators are subsidized for a period equivalent to their expected life time, generators 
that have reached their expected life times do not receive TGCs and are treated like 
conventional plants. The corresponding electricity that is generated is offered in the 
TGC market at a zero price, so the volume of TGCs always reflects actual renewable 
electricity	production.	Existing	hydro	generators	are	treated	the	same	way.	

The	TGC	and	the	electricity	markets	are	simulated	together.	In	order	to	obtain	an	
approximation of the electricity price, the electricity market is cleared first, assuming a 
null TGC price. The renewable energy generators use this electricity price to compute 
their bids for the TGC market (as explained further below). After the TGC market 
is cleared, renewable energy generators bid their marginal generation cost minus the 
TGC price and the electricity market is cleared again. This process is not iterated again 
since the impact of the TGC price on the electricity price is negligible.

Regarding the bidding behavior in the TGC market, if certificates were not bankable, 
renewable energy generators would bid the difference between the marginal generation 
cost (CostM

t
) and the electricity price (E

t
), as indicated in (2).

C 		=	Cost -	EM
t t t

(2)
This would result in many generators offering TGCs at zero price in the market 

due to zero marginal generation cost of wind and PV generators. As a consequence, 
the TGC price would fluctuate between zero and the marginal cost of biomass-fueled 
generators	 minus	 the	 electricity	 price,	 depending	 on	 supply	 and	 demand.	 Instead,	
we assume the validity of TGCs to be unlimited. Market participants are allowed to 
bank	their	TGCs	and	use	them	to	comply	with	future	quota	obligations.	In	this	case,	
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producers are not forced to sell TGCs in the market during periods of over-supply 
when the price would be close to zero1. 

Certificate banking thus guarantees a certain bargaining power to producers, who 
could try to offer TGCs at a price higher than their marginal cost in the market in 
an	attempt	to	raise	 its	price.	In	the	long	run,	however,	 in	the	absence	of	barriers	to	
entry, the threat of new entrants would cause the TGC price to converge towards the 
difference between the average costs of renewable generators and the electricity price, 
as indicated in (3).

C 		=	Cost 	-	EM
LT LT LT

(3)
Here C

LT
 indicates the long-term TGC price, CostM

LT
 the long-term average generation 

cost	of	the	RES	marginal	technology	and	E
LT

 the long-term average electricity price.
The model reflects the ability of renewable energy producers to arbitrage between 

present	and	future	price	expectations.	In	this	case	the	model	calculates	the	fundamental	
value2 of a TGC by considering short-term and long-term equilibrium price expectations. 
Generators bid the higher of the fundamental TGC price valuation and the difference 
between their marginal generation cost and the electricity price calculated as in (2). The 
latter is important for biomass-fired generators who are willing to run only if the sum 
of electricity and TGC prices is equal to or higher than their marginal cost, and may 
require a price above the fundamental value to run. This introduces a certain elasticity 
to the short-term TGC supply.

The TGC price is obtained by intersecting supply and demand. The demand for 
TGCs is set as a percentage of the electricity demand and constantly increases untill 
2050. The initial and final quota levels are input variables of the simulation which 
depends	on	 the	 simulated	 scenario.	 In	case	 the	 supply	of	TGCs	 is	below	 the	quota	
obligation,	the	price	is	capped	at	100€/MWh.	If	supply	exceeds	demand,	the	model	
dispatches	the	RES	generators	whose	offers	are	accepted	in	the	TGC	market	and	those	
with null marginal cost, such as wind and PV generators. All unsold TGCs are stored 
in producers’ accounts and offered in successive years at the fundamental value.

Carbon reduction policies

This	section	explains	how	the	carbon	tax	and	the	ETS	mechanisms	are	implemented	
in	the	model.	Under	both	policy	mechanisms,	generators	internalize	the	cost	of	CO2

 
emissions in their cost functions when bidding into the electricity market. For the 
carbon market, the model assumes that the regulator constantly decreases the cap, 
down to a value of 20% of the 1990 emissions level in 2050, as indicated by the 
European	Commission.	 In	order	 to	 compare	 the	 two	policies,	 a	 tax	 that	 achieves	 a	
similar	reduction	of	emissions	is	calculated.	The	tax	has	an	initial	level	of	50	€/tonCO

2 

1 This is true for big generating companies that do not urgently require cash for running their businesses. Small players 
could	require	to	sell	TGCs	more	rapidly	to	maintain	business	operation	(Swedish	Energy	Agency,	2012).
2 The procedure used to calculate the fundamental value of a TGC is explained in the section on forecasting
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Figure 8. Model sensitivity analysis to the carbon tax level.

in	2012	and	increases	constantly	until	reaching	100	€/tonCO
2
 in 2050. This value was 

determined by performing a sensitivity analysis by varying the initial level of the tax but 
leaving	its	terminal	value	of	100	€/tonCO

2
 unchanged. Figure 8 presents the resulting 

carbon emissions under an increasing Pigovian tax with a terminal value of 100 €/ 
tonCO

2
 and different initial levels. Different carbon tax levels lead to very different 

outcomes.	For	example,	fuel	switching	from	coal	to	gas	occurs	at	a	CO
2
 price between 

20 and 30 €/ton.
The	implementation	of	a	carbon	market	is	more	complex.	One	option	is	to	clear	

it iteratively together with the electricity market, changing the carbon price until the 
volume	of	CO

2
 emissions corresponds to the emissions cap (Chappin, 2011; Richstein 

et al.,2012). However, this method does not consider the option of banking emission 
allowances. To allow the modeling of banking, the model centrally calculates the 
fundamental value of a carbon allowance based on short-term and long-term price 
forecasts. The procedure used for calculating the fundamental value of a carbon 
emission allowance is similar to that used to calculate the fundamental value of a TGC 
and is explained in the following section.

In	a	first	phase,	the	electricity	market	is	cleared	using	the	fundamental	value	as	a	
carbon	price.	If	the	volume	of	emissions	is	lower	than	cap,	the	excess	is	banked.	If	the	
CO2

 emissions exceed the cap, the market uses allowances that were banked during 
previous	 years.	Only	 if	 these	 are	 insufficient,	 the	model	 increases	 the	 carbon	 price	
above its fundamental value up to the point that emissions are limited to the emissions 
cap,	or	the	price	reaches	the	price	cap	of	200	€/ton.	While	the	real	EU	ETS	does	not	



Chapter II

28

Figure 9. Representation of the clearing process of the three markets.

have such a price cap, the model consider prices above 200 €/ton to be unsustainable. 
Figure 9 represents how the electricity, the TGC and the carbon markets are cleared 
iteratively.

Forecasting

The forecasting block of the model is executed after the market clearing process. This 
part of the model estimates the fundamental values of carbon allowances and TGCs 
which are used as an input for the successive year’s market clearing process. Future 
price forecasts also serve as an input for the investment decisions algorithm to calculate 
the profitability of investment alternatives. The forecasting process is centralized in 
the model, implying the assumption that all the market actors have access to the same 
information.

The model calculates electricity, TGC and carbon prices for the next fifty years. 
Short-term price forecasts are made by considering the current market situation 
while the long-term forecasts are based on the evolution of fuel prices and on market 
efficiency. The long-term electricity price forecast is based on the assumption that the 
system evolves towards an optimal generation portfolio, which is calculated by assuming 
that generators exactly recover the average cost of generation, given expected future fuel 
prices	 (following	Olsina	et	al.,	2006).	The	 long-term	electricity	price	 forecast	 is	 then	
obtained by clearing the electricity market using the expected future electricity demand 
and installed capacity.

The short-term electricity price forecast is obtained by clearing the electricity market 
five years ahead. To do so, the model starts from current market condition and updates 
the system considering the development of electricity demand and fuel prices, the 
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aging of existing power plants, the evolution of carbon and renewable energy policies, 
and the addition of generators that are currently under construction. For reasons of 
simplicity, the model assumes that no power plants are dismantled3 during that period. 
After the model has obtained the short-term and a long-term electricity price forecasts, 
it linearly interpolates from current to short-term and from short-term to long-term 
prices, obtaining an electricity price forecast for each of the next fifty years.

With respect to the carbon market, the model initially calculates the long-term 
emissions	level,	assuming	a	CO

2
	price	of	100	€/tonCO

2
. Then it iteratively adjusts the 

carbon price to converge towards the long-term emissions cap as indicated in Figure 
4, assuming no allowances are banked. For the short-term forecast, the carbon market 
is cleared iteratively, starting with the current spot price and adjusting it so emissions 
converge with the cap. The model also takes the volume of emissions allowances that 
are banked into account. They are distributed over a period of fifty years, proportionally 
to the future market volume of each year.

The TGC price is forecasted as follows. For the long-term forecast, the model 
calculates the optimal mix of renewable technologies that complies with the future 
quota requirement, deploying resources with a lower average generation cost first. 
Then,	it	calculates	the	average	cost	of	the	marginal	RES	generator	and	subtracts	the	
corresponding forecasted electricity price, obtaining the long-term equilibrium price for 
the TGC market. For the short-term forecast, the model calculates the equilibrium price 
of	a	TGC	as	the	difference	between	the	average	generation	cost	of	the	RES	marginal	
plant currently present in the market and the expected average electricity price five 
years	ahead.	In	this	case,	the	demand	for	green	certificates	is	reduced,	assuming	that	
banked certificates are uniformly distributed over the successive fifty years.

Once	the	model	has	forecasted	the	prices	of	carbon	allowance	and	TGC	markets	for	
the next fifty years, it proceeds by calculating the fundamental value of these variables. 
These are used to clear the two markets, as explained in the previous sections. The 
fundamental value equals the present value of the estimated future prices, weighted by 
the future market volume (the carbon emissions cap or TGC quota in each year). More 
specifically, the present value is calculated by summing the discounted4 cost of each 
year’s required carbon allowances/TGCs at the corresponding estimated price, divided 
by the total amount of carbon allowances/TGCs required for the next fifty years as 
indicated in (4).
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Where E(P

i
) is the expected price for year i, D

i
 is the carbon market cap/TGC quota 

for year i, and r is the discount rate. Thus, market agents would be indifferent between 

3 How the agents take decisions regarding power plants dismantling is explained in the next section.	
4 The discount rate is the same used to evaluate new projects and its calculation is explained in next section.
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paying the fundamental price in today’s market and waiting and buying in later years 
at the estimated prices. To reflect price uncertainty and generators’ risk aversion, the 
discounted price is adjusted by multiplying it by a factor which varies between zero and 
one depending on the number of carbon allowances/TGCs banked. See (5), in which 
B indicates the total amount of carbon allowances/TGCs banked.
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In	 this	way,	 generators’	willingness	 to	pay	 in	 today’s	market	 is	 lower	when	more	

carbon allowances/TGCs are banked.

Investment decision process

The last block of the model is the algorithm that simulates investors’ decisions 
regarding the construction and dismantlement of power plants. This block is executed 
after the market clearing and the forecasting block of the model. Seven different agents 
who make investment decisions are simulated in the model. Six agents represent 
electricity companies, each of which can start the construction of two or three power 
plants per year, depending on the conditions of the electricity, carbon and TGC markets 
(i.e., when there is shortage in a market the model allows for more investments). A 
last	 agent	 represents	 financial	 institutions	 attracted	 by	 the	 subsidies	 given	 to	 RES.	
This agent aims to reflect the fact that renewable energy subsidies have attracted a 
wider public than energy utilities, including global corporations with an appetite for 
investments	in	multiple	sectors	(Ernst	and	Young,	2013).	This	agent	behaves	the	same	
as	the	other	agents	but	is	only	allowed	to	invest	in	RES	technologies.

Investments	 are	 made	 on	 the	 basis	 of	 profit	 maximization,	 so	 agents	 invest	 in	
projects	that	promise	the	highest	positive	expected	NPV,	subject	to	availability	of	funds.	
Investments	have	a	fixed	capital	structure	of	40%	equity	(E) and 60% debt (D), and 
future cash flows are discounted using the Weighted Average Cost of Capital (WACC), 
supposing in the base case scenario a cost of equity (K

e
) of 15%, a cost of debt (K

d
) of 

5% and a tax rate (Tax) of 30% (6).

( )1e dK E K DWACC TaxE D E D
× ×

= + × −+ +
(6)

For the sake of this analysis, investment decisions are simply based on a stand-
alone project evaluation and investors do not consider portfolio effects or externalities 
caused by lower market prices. This way, the model simulates a market without barriers 
to entry in which incumbents do not exercise market power and are not protected from 
entry by new competitors. The model considers the impact of fuel price uncertainty 
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when calculating the profitability of alternative investment projects, reflecting how 
different technologies are affected by fluctuating prices. This is done by considering 
a	risk	adjusted	measure	of	the	NPV.	This	approach	also	allows	for	incorporating	the	
additional price risk that is introduced by quantity-based policy mechanisms, compared 
to price-based mechanisms.

The model uses the CVaR as a measure of risk (Rockafellar and Uryasev, 2000). The 
CVaR	is	defined	as	the	expected	loss	in	cases	when	the	NPV	is	lower	than	a	given	Value	
at	Risk	(VaR).	By	definition,	the	probability	that	the	NPV	is	lower	than	the	VaR	under	
a confidence level α is 1 - α. See Figure 10. 

The	NPV	is	adjusted	for	risk	by	subtracting	the	CVaR	from	the	expected	NPV,	as	
indicated in (7).

( )RiskAdj E NPV CVaRNPV β= − ×

(7)
The CVaR is multiplied by a risk aversion factor β, which is an input variable of the 

simulation that indicates investors’ risk preference. A β of zero indicates risk neutral 
investors while higher values correspond to increasing levels of risk aversion.  To calculate 
the	profit	distribution	and	eventually	 the	risk-adjusted	NPV	of	each	technology,	 the	
model first calculates the optimal long-term generation capacity, based on average 
expected future fuel prices (as discussed in the previous section). Then 3000 fuel price 
scenarios are randomly generated using a Weibull distribution which is obtained from 
the	shape	of	monthly	natural	gas	and	coal	price	data	from	the	International	Monetary	
Fund	and	the	World	Bank	covering	the	period	October	1998	-	December	2008.	

Figure 10. Graphic representation of VaR and CVaR of a NPV distribution.
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The model clears the electricity, the TGC and the carbon allowance markets in each 
fuel price scenario, obtaining 3000 long-term price forecasts. The model also generates 
3000 random short-term electricity, TGC and carbon prices, based on past volatility 
and short-term forecasts, assuming un-biased, uncorrelated normal distributions. 
Finally, the model linearly interpolates between the current, short-term and long-term 
prices, obtaining 3000 annual prices scenarios. These are then used to calculate the 
expected	NPV	of	each	technology,	taking	into	account	the	evolution	of	marginal	costs	
in each scenario and its impact on the merit order.

Generation companies also make decisions regarding the dismantling of existing 
power plants. The model assumes that after reaching their expected service life, power 
plants are dismantled once they experience two or three years of consecutive losses, 
with half the agents dismantling after two years of losses and the other half after three.

Model limitations 

Before describing the simulated scenarios, the reader should consider the limitations 
of this model. First of all, the model does not truly represent the intermittence of 
some	RES,	 so	 their	 integration	 cost	 and	 impact	on	dispatchable	 generators	may	be	
underestimated.	 In	addition,	 the	model	assumes	 that	 investors	 consider	a	very	 long	
time horizon, while actual companies appear more oriented towards the short term. 
This would lead to more volatile market prices and perhaps more cyclical investment 
behavior than observed.
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II.II sImulated sCenarIos

Carbon reduction policy

None Pigovian tax Carbon market

R
E

S 
po

lic
y None N-N N-T N-C

FiT F-N F-T F-C

TGC G-N G-T G-C

Table 2: Policy combinations simulated for each scenario run.

Base case scenario and sensitivity analyses

Three renewable energy and three carbon policy options are implemented, resulting 
in a total of nine model runs for each simulated scenario as indicated in Table 2.

The	input	data	used	for	the	base	case	scenario	are	indicated	in	Table	3.	In	addition	to	
the base case scenario, the sensitivity of the results to the impact of different regulatory 
decisions on the simulation are tested by changing the following input variables:

•	 The	long-term	RES	objective;
•	 The FiT biasing factor;
•	 The carbon tax level;
•	 The	long-term	CO

2
 emission target for the carbon market.

The input variables of the base scenario and the different policy sensitivity analysis 
are	summarized	in	Table	3.	The	CO

2
 tax is assumed to start from a value of 50 €/ton 

and constantly increases to a price of 100 €/ton in 2050. For the sensitivity analysis, the 
starting value of the carbon tax is changed to 30 and 70 €/ton, leaving the final price 
of 100 €/ton in 2050 unchanged. 

With	respect	to	the	RES	objective,	a	target	of	65%	renewable	electricity	production	
is used for the base case scenario, at which point the regulator stops subsidizing 
renewable energy. Sensitivities are run with limits of 50% and 80% market penetration. 
The	CO

2
 emissions target represents the long-term objective imposed by the regulator 

when	a	carbon	market	is	in	place.	At	the	European	level,	policy	makers	are	discussing	
a reduction of 80 - 90%, compared to 1990 levels, in 2050. A 80% reduction target 
is used in the base case scenario and a sensitivity analysis is performed with the more 
stringent 90% limit. 

Finally, the FiT biasing factor aims to reflect the regulator’s uncertainty in the 
estimation of generation costs use to calculate the tariffs paid to renewable generators. 
In	the	base	case	scenario,	 the	regulator	adds	a	mark-up	of	15%	to	the	exact	average	
generation	 cost	 to	 guarantee	 a	 certain	 return	 to	 investors	 so	 they	 prefer	 RES	 over	
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conventional technologies. The sensitivity analyses are run using a biasing factor of 5% 
and 25% to simulate the case of the regulator under- or overestimating the exact costs.

The effect of macro-economic variables is also tested by running the base case and 
the policy sensitivity analyses under different hypothesis about economic conditions by 
changing the following input variables:

•	 	Electricity	demand	growth	rate;
•	 	Investor	risk-aversion;
•	  The cost of equity;
•	  The growth rates of fuel prices.
With respect to macro-economic variables, the electricity demand growth rate after 

2020 is changed from 1.9% to 1.7% in order to reflect a scenario in which energy 
efficiency measures are more effective. The demand growth rate before 2020 is fixed 
and assumed to be 1.5% in both scenarios. The impact of investor risk aversion is 
also investigated by changing the CVaR weight factor (β) from 1 to 0, which implies 
that	 investors	are	risk-neutral.	In	order	to	study	the	impact	of	the	cost	of	capital	on	
investment decisions, sensitivity analyses are run with a cost of equity of 10% and 20%. 
Finally, the impact of fuel prices is tested by changing the annual increase rate of each 
fuel price by 0.7%.

Scenario Carbon tax Res Objective Co2 emissions target FiT biasing factor

Base case 50-100 €/ton 65 % 20% of 1990 level 15%

High carbon tax 70-100 €/ton 65 % 20% of 1990 level 15%

Low carbon tax 30-100 €/ton 65 % 20% of 1990 level 15%

High emissions target 50-100 €/ton 65 % 10% of 1990 level 15%

High FiTs 50-100 €/ton 65 % 20% of 1990 level 25%

Low FiTs 50-100 €/ton 65 % 20% of 1990 level 5%

High RES target 50-100 €/ton 85 % 20% of 1990 level 15%

Low RES target 50-100 €/ton 50 % 20% of 1990 level 15%

Table 3: Base case and policy sensitivity analysis.
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III.I IntroduCtIon

This chapter presents the first of two analyses based on the model introduced in 
Chapter 2. This study investigates the dynamic interactions between carbon reduction 
and renewable energy policies based on Fagiani, et al. (2014). In the next chapter, 
the same model simulation is used to compares the performance of FiT and TGC 
mechanisms. 

The European Union set an ambitious target to lower the emissions of greenhouse 
gases and established challenging goals for the production of energy from RES. An ETS 
was established at the European level while mechanisms supporting investments in 
RES are implemented at a national level. A significant sector affected by these policies 
is the power industry, since it is one of the primary sectors emitting greenhouse gases 
and many RES technologies are electricity generators.

Carbon reduction and renewable energy policies affect operational and investment 
decisions concerning renewable and conventional generation in the electricity market. 
Carbon policy adds to the variable cost of conventional generators. This affects their 
revenue streams and may change the merit order. Renewable energy producers also 
affect generation dispatch and thus the (future) revenues of the other generators in the 
market. 

While interactions have been studied for equilibrium conditions, the dynamic 
feedback loops between the two policies over time have been less investigated. Jensen 
and Skytte (2003) discuss the impact of the correlation between the consumer price 
and the renewable energy quota on the interactions between carbon reduction and 
TGC markets. Linares et al. (2008) present an oligopolistic partial-equilibrium model 
simulating the Spanish electricity sector under different energy policy scenarios 
Amundsen and Nese (2009) investigate the interaction between carbon and renewable 
energy policies in the Scandinavian region implementing an analytical equilibrium 
model. De Jonghe et al. (2009) use a welfare maximization simulation in order to find 
equilibrium states for combinations of renewable and carbon policy in a three zone 
system.

This study presents a bottom-up investment model which simulates the evolution 
of a the electricity sector under different policy scenarios using the model presented 
in Chapter 2. This work addresses the following research question: In which manner 
do CO2

 reduction policies and renewable energy support mechanisms reciprocally 
interact? Using an agent-based model, this research adds insights to the analysis of the 
dynamic interactions existing between carbon reduction and renewable energy policy.

Renewable and carbon reduction policies in the European electricity sector

Carbon reduction and renewable energy policy mechanisms can be categorized 
into price-based and quantity-based policies, a distinction made by Weitzman (1974) 
in a seminal paper on the generic case of regulating a particular economic variable. In 
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quantity-based instruments, the desired level of outcome is set and an artificial market 
is created in which participants trade certificates to fulfill the policy target. This yields 
a price for the regulated variable. Examples are the EU ETS for greenhouse gases, in 
which emitters buy emission allowances (and therefore need to pay for emissions) and 
TGCs for the promotion of RES, which are sold by power producers. In price-based 
policies, on the other hand, the regulator sets a price for a specific variable, thus, levying 
a tax on or paying a subsidy to a producer. Ideally, this is a Pigovian tax, which means it 
is equal to the externality cost of the variable. Examples are technology-specific FiT for 
RES technologies and a carbon tax on greenhouse gases emissions. Combinations of 
these policy instruments are possible as well; however, they represent an increased level 
of complexity (Hepburn, 2006).

In the tradition of Tinbergen (1952), the EU implemented different policy 
instruments for the different policy goals. The establishment of the EU ETS, which was 
established by Directive 2003/87/EC, has involved three trading phases, from 2005 to 
2007 (Phase I), 2008 - 2012 (Phase II), and Phase III since in 2013. The main difference 
between the phases was in the increasing number of sectors that were covered and the 
allocation of allowances, freely or through an auction. While the banking of allowances 
was not allowed between Phase I and Phase II, from Phase II they may be taken over 
to Phase III. 

Renewable energy policy, on the other hand, developed at the initiative of member 
states. Directive 2009/28/EC imposed legally binding national renewable targets for 
2020, which differ between the states and were implemented via national renewable 
action plans (European Commission, 2009; European Commission, 2010). However, 
no instruction was provided as to the choice of policy instrument for reaching these 
targets (Haas et al., 2011). In addition, targets for both carbon reduction and renewable 
energy were established for 2050 (European Commission, 2011).
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III.II sImulatIon results

Performance indicators

The additional policy cost to society , normalized to one unit of electricity generation 
(a MWh), is used as a central metric to evaluate the simulation results. To evaluate how 
the cost of a policy is distributed between different actors in the market, the effects of 
a policy are divided into changes of welfare to consumers, producers and government 
finances, as compared to a base case scenario where no policies are implemented (N-N). 
Additional revenues to manufacturers are not considered here, since this would require 
a distinction between imports and national value added in the production of power 
plants, which is outside the scope of this work.

The policy cost to society per MWh of produced electricity is calculated as expressed 
in (8):
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ΔEle

t
 represents the difference in consumers’ electricity bills in year t compared to 

the base case (N-N). This is calculated considering the change in the electricity price but 
without including the additional cost of the RES subsidy. An increase in the electricity 
bill corresponds to a decrease in the social welfare. Secondly, ΔEP

t
 indicates the 

difference in producer surplus, measured as the difference in the industry profits using 
the concept of economic profit (EP). In this case, higher industry profits increase social 
welfare. The economic profit is defined as the part of profits exceeding the required 
return on the book value of assets (9).

( )1EP EBIT Tax Book WACC= × − − ×

(9)
Here EBIT indicates the earnings before interest and taxes, Tax represents the tax 

rate, and Book is the balance sheet value of a power plant.
Next, it is calculated the cost of the renewable energy subsidy, the carbon tax 

revenues and the auctions of CO
2
 credits. While the costs of renewable policies are 

sometimes included in the electricity tariffs and thus affect the electricity consumer 
price, for the sake of clarity it is attributed directly to the government. S

t
 represents the 

cost of subsidizing RES in year t, while C
t
 is the government income from the carbon 

reduction policy. Finally, the overall policy cost to society is defined as the sum of 
each year’s policy cost discounted to the present (using a social discount rate r of 3%), 
divided by the total electricity production over the simulated period (E

t
).
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Figure 11: Cost increment to society.

The efficiency and effectiveness of the investigated policies are defined with 
respect to the two policy goals of CO

2
 emissions reduction and RES generation. The 

effectiveness of the carbon reduction goal is measured by dividing the accumulated 
CO

2 
emissions by the total emissions cap (over all the years under consideration) in the 

corresponding ETS-only scenario (thus the lower, the better). The effectiveness of the 
renewable energy policy is measured as the share of renewable electricity production 
over the entire simulation period. 

Efficiency in reaching the carbon reduction goal is measured as the change in the 
policy cost to society (in absolute values, not per MWh) divided by the tons of CO

2
 

avoided, as compared to the scenario without any policy intervention. Similarly, the 
efficiency in reaching the renewable policy goals is defined as the change of the policy 
cost to society divided by the total renewable electricity production in MWh.

Policy effectiveness and efficiency

Results are based on the simulations of the model described in Chapter 2. A ‘pure’ 
ETS (without a renewable energy policy instrument) reaches its carbon reduction goals 
at a discounted cost to society of 5.15 €/MWh over the simulation period. However, 
it misses the carbon reduction aims in the final years of the simulation leading to high 
final CO

2
 prices (see also Figure 13, with No RES support). This effect can be explained 

as the consequence of an investment cycle in low-carbon technologies. Temporarily 
low carbon prices and imperfect forecasting may attract insufficient investment in low-
carbon technologies for complying with the very strict reduction target assumed for 
2050. A tax (50 - 100 €/ton) was found to achieve similar or even better efficiency at 
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Figure 12: Policy efficiency.

a slightly higher level of carbon emissions than a carbon market (4.95 €/MWh cost to 
society, with a 14.9% overshoot of emissions over the entire simulation period).

Like the ETS, the TGC market is effective in reaching its RES deployment and 
production targets. It does so at a total cost to society of 8.68 €/MWh

RES
. This is 

less than the cost of FiT due to the more gradual and controlled introduction of the 
cheapest RES technologies in the market. On the other hand, the feed-in mechanism 
introduces renewables into the market more effectively, but the overall cost to society 
is higher due to its open-ended nature and more expensive resources being subsidized. 
FiT cause electricity prices to be lower, but this benefit is more than offset by the 
subsidy cost (See Figure 11, which shows the terms of (8)).

Figure 12 indicates that pure carbon policies are not efficient in introducing RES 
to the market. Similarly, pure renewable energy policies demonstrate poor efficiency 
in reducing carbon emissions. When these policies are implemented together, overall 
policy costs increase. As a result, each policy instrument becomes less efficient on its 
own. However, the policy goals of carbon reduction and renewable energy development 
complement each other, so the costs of the policies do not simply add up: the total cost 
of the two policies together is far less than the sum of the individual policy costs, while 
reaching the same policy effectiveness, as can be seen in Figure 11. This confirms that 
both policies are necessary to reach carbon reduction and renewable energy targets 
efficiently.
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Policy interactions

A FiT leads to strong initial investments in RES technologies, which in turn reduce 
CO

2
 emissions leading to lower CO

2
 prices. The expectation of increasing carbon prices 

is sufficient to achieve the CO
2
 reduction objectives over the modeled time horizon, 

although towards the end of the period, the emissions are above the cap. Assuming 
investors do not have such a long time horizon would lead to more investments in 
carbon intensive technologies, jeopardizing the long-term emission target.

The combination of carbon and TGC markets leads to more stable and lower 
carbon prices in the emission trading scheme. The investment cycle in low-carbon 
power plants, which leads to high CO

2
 prices at the end of the simulation in the 

no-RES policy case, is dampened by the investment induced by the TGC market (cf. 
Figure 13). The overall difference in the effectiveness in reducing CO

2
 emissions over 

the entire simulation period is quite small. Combining TGC and carbon markets leads 
to a higher carbon reduction of about 5%, as compared to a pure carbon  market. See 
the Appendix.

Figure 13: The impact of renewable energy policy on CO2 Emissions and the carbon market price.

We would expect the effect of carbon policies on the TGC markets to be similar 
to that of renewable policies on a carbon market. Both a carbon tax and an emission 
trading scheme are found to lower the TGC price. However, the TGC market is found 
to be more robust than the carbon market and prices only drop to zero towards the end 
of the simulation if enough TGCs are available to meet renewable energy targets of 
2050, as can be seen in Figure 14.

The TGC price is more stable in combination with a carbon reduction policy, 
which eliminates price peaks. In contrast to the relatively stable prices, investment in 
renewable energy is subject to investment cycles, as becomes evident in the lower part 
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of Figure 14. Certificate banking allows for a stable price despite these investment 
cycles. However, the assumptions about the long-term horizon of investors may be too 
optimistic. If short-term considerations prevail in investments decision, the volatility 
of the investment cycles may increase, which could cause the TGC price to collapse to 
zero periodically.

Figure 14: The impact of carbon reduction policy on RES production and the green certificate price.

Sensitivity analyses

The result of this sensitivity analysis is measured in terms of the total cost to society 
and of the policy effectiveness. The results are presented in the Appendix. The impacts 
of the FiT biasing factor and of the tax level were already discussed in Chapter 2 when 
describing the model. A more detailed comparison of FiT and TGC is presented in the 
next chapter.

Regarding the macro-economic parameters, renewable energy sources can enter the 
electricity market more easily under a pure carbon policy scheme if fuel prices are high. 
The effect of a carbon tax depends on fuel prices, but a high enough FiT is effective in 
all scenarios.

Higher and lower interest rates for investments (WACC) mainly affect the cost to 
society of both carbon and renewable policies, since capital costs are higher for non-
renewable low carbon technologies, such as CCS, and renewable technologies, than 
for conventional generation. So, the costs to society rise with rising interest rates, as 
expected, because financing becomes more expensive.

The high efficiency scenario does not have a significant impact on the results 
because they are normalized to electricity production. An exception is represented by 
the TGC market, the cost of which reduces because less expensive technologies are 
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required to comply with the lower certificate demand. 
If investors are assumed to be risk neutral, this has several effects.Firstly, the overall 

policy cost of the TGC market alone is lower in the risk neutral case than in the base 
case because generators demand a lower risk premium. Secondly, an ETS without a 
renewable support achieves far higher volumes of renewable electricity than the base 
case scenario. The explanation for this lies in the higher market risk that renewable 
generators face, since they are not naturally hedged against fuel price induced electricity 
price movements, as for example are gas power plants (Roques et al., 2008). The 
effectiveness of FiT is not affected by investor risk aversion because this mechanism 
eliminates price risk in our analysis. However, due to the lower electricity price caused 
by a higher level of investments, the policy cost of FiTs is higher in this case.
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III.III ConClusIons

This chapter presents a study simulating how the investment decisions of risk 
averse, profit maximizing generating companies are affected by carbon reduction 
and renewable energy policies. The goal of this study is to investigate the dynamic 
interactions between these two policies.

This analysis suggests a single policy is not efficient to achieve both a reduction 
of CO

2
 emissions and an increase in renewable electricity generation. Hence, the 

decision of the European Commission and of national governments to introduce 
renewable energy support mechanisms in addition to the EU ETS is sensible because 
it reduces the total cost of achieving a more sustainable electricity sector. This finding 
corroborates what Linares et al. (2008) found with an equilibrium model. Results 
indicate that the combination of carbon reduction and renewable energy policies 
leads to lower and more stable costs for both policies. 

However, while the introduction of a carbon reduction mechanism has limited 
effect on a TGC market, renewable energy policy has a stronger impact on a carbon 
market. A high volume of renewable electricity generation could lead to low prices in 
carbon markets, as has been the practical experience with the EU ETS and recognized 
in the literature. This study indicates that there is also an adverse long-term dynamic 
effect, namely that low carbon prices may attract investment in coal-fired generators, 
which could lock the electricity sector into a pathway of higher future emissions (as 
appears to have happened in the Netherlands).

To avoid periods of low carbon prices, regulators may opt for a hybrid policy 
instrument such as a carbon price floor. The UK introduced a national price floor 
for carbon, within the EU ETS framework, in April 2013. If set high enough above 
the market price for carbon, a price floor may effectively function as a carbon tax. 
The question whether such hybrid instruments work well merits further research.

This analysis demonstrates how difficult it is for policy makers to estimate the 
optimal level of a price-based policy. Both price and quantity policies may perform 
poorly when they are implemented using static parameters, as the dynamic changes 
to external conditions affect the prices and effectiveness of the policies.

A solution may be provided by adaptive policy making. With respect to the 
carbon market, policy makers may intervene by lowering the emission cap faster/
slower if the price is too low/high, in an attempt to keep the price within a certain 
accepted level. This way, an aggressive renewable energy policy would contribute to 
an early achievement of carbon reduction targets, rather than in low carbon costs for 
fossil fuel plant. An example may be found in the July 2013 decision of the European 
Parliament to temporarily reduce the number of allowances auctioned for the EU 
ETS (backloading), although this was not part of a structural policy.

Nonetheless, policy makers should avoid frequent and unpredictable policy 
changes as this would contribute to regulatory uncertainty, which in general 
discourages investment in the energy sector. A solution is to bind policy adaptations 
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to predictable rules, for instance to announce that backloading will take place if the 
carbon price is below a certain level. Another example of how regulatory uncertainty 
could be limited is to reduce the number of carbon allowances as a function of 
renewable electricity production. In practice, the regulator could, for example, calculate 
the reduction in carbon emissions obtained by one MWh of renewable electricity 
substituting conventional technologies, decreasing adequately the cap of the carbon 
market. 

The carbon equivalent of one MWh of renewable electricity would depend on the 
carbon intensity of the electricity sector, more precisely on which power plants the RES 
substitute in the merit order curve, which might be difficult to estimate. However, by 
doing so the regulator could offset the negative impact of renewable energy policy on 
the carbon market, obtaining a mechanism that would be more robust to the dynamic 
evolution of the electricity sector. If such an announced dynamic adjustment of 
emission caps is effective and feasible in practices is another topic for future research.
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IV.I IntroduCtIon

This chapter is based on Fagiani, et al. (2013) and Fagiani, et al. (2014). This is the 
second analysis based on the simulations of the model described in Chapter 2. The 
previous chapter investigates the interactions between carbon reduction and renewable 
energy policies combining different quantity-based and price-based policy instruments. 
This study, instead, focuses its attention on the performance of FiT and TGC markets, 
aiming to clarify when a TGC market is preferable to a FiT system. 

So far, most of the research comparing the performance of FiT and TGC mechanisms 
was based on micro-economic equilibrium analysis and on ex-post facto studies of 
national policies. (Menanteau et al., 2003; Canton & Lindén, 2010; Haas et al., 2010). 
This study adds some insights on the topic using an investment model that investigates 
the performance of these two policies ex-ante, modeling the behavior of risk averse 
investors and the decisions of the regulator affected by imperfect information. As such, 
this research is the first to compare the inefficiency introduced by TGC price risk with 
that caused by feed-in tariff miscalculation.

The research question investigated is: Are the gains from an efficient use of resources 
higher than the additional cost due to a higher risk premium? The point of view taken 
in the analysis is that of policy makers or regulators, whose target is the development of 
renewable energy technologies, limiting the cost burden on consumers.

Risk, cost of capital and financing of renewable energy projects

Before the liberalization of the electricity sector, investment choices were based on 
integrated planning and cost-minimization. The system evolution was centrally planned 
by a regulated power generation company with the goal of minimizing electricity cost 
for final consumers. LCOE was the key parameter for technology choice.

After the liberalization of the power sector, investment selection is left to a competitive 
market in which generating companies try to increase their profits performing better 
than their competitors. Therefore, in today’s liberalized markets investments are 
evaluated by private utilities on a profit-maximization base.

Companies have to decide whether an investment will generate sufficient cash flows 
in the future, for which they need to assess both the expected market development 
and the investment strategies of their competitors. Investments are undertaken only if 
they create sufficient value to the firm’s owner and when (the net present value of) the 
expected revenue offset its lifetime costs, including the initial investment.  

This means, however, that investors have to compare the amount of cash spent 
today with future uncertain cash flows. These future cash flows cannot be compared 
directly because of the time value of money (indicating that the value of money received 
earlier is higher than that of future revenues). Hence, NPV is obtained discounting 
future cash flows to their present value and subtracting the initial investment cost.

A positive NPV means that the present value of future cash flows is higher than the 
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initial cost of the project and therefore should be accepted, on the contrary, a negative 
NPV means that the project should be rejected.

Moreover, investors must take into account the risk associated with uncertain future 
cash flows. This is done by adopting an appropriate discount rate that reflects the 
riskiness of the project. As the uncertainty of future cash flows increases, the discount 
rate used to calculate the NPV should also increase. This exhibits the fact that investors 
are risk averse, and they accept a riskier project only if they expect to receive a higher 
return to compensate it (Hawawini & Viallet, 2010). 

Thereafter, the higher the uncertainty over future cash flows, the higher the discount 
rate used to calculate their present value. Higher risk reduces project NPV and makes 
it less attractive to investors. 

A description of the different types of risks faced by producers in liberalized 
electricity markets is presented in Gross, et al., (2010). These authors evidence three 
major area of risk:

•	 Price	risk.	Reflects	the	uncertainty	of	fuel,	CO2
 and electricity prices affecting 

both the cost and the revenues of generators.
•	 Technology	 risk.	 Indicates	 the	 uncertainty	 of	 investment,	 operating,	

maintenance and decommissioning costs. Quantity risk is also included in this category, 
referring to the uncertainty of utilization levels due to changes in the electricity demand 
and to the entrants of new competitors. In this group it is also considered the regulatory 
risk representing the uncertainty caused by possible legislative changes.

•	 Financial	risk.	Includes	credit,	interest	rate	and	contractual	risks.
Risk	is	reflected	in	the	cost	of	capital	firms	need	to	pay	for	financing	their	projects.	

Funds can be raised from capital markets in the form of debt or equity. The cost of 
capital shows the return expected by investors on the capital they supply to finance a 
project, and should be competitive with the returns on alternative investments with the 
same risk profile. For these reasons, policy makers should pay particular attention at 
how support policies affect the risk of renewable energy projects. Not all the types of 
risk are equally affected by policy decisions. Policy features directly shape quantity and 
price risks, but cannot mitigate technology or financial risks. 

Support	schemes	allocate	price	and	quantity	risks	to	RES	in	different	forms.	FiTs	
guarantee the purchase of the electricity produced at a fixed price removing completely 
the risk associated with the volatility of the electricity price, leaving investors to bear 
no price or quantity risk. A FiP system instead, leaves investors exposed to electricity 
price volatility, though they are granted a minimum fixed payment limiting price 
risk. Generators also face quantity risk in the electricity market. This risk is very low, 
however,	being	RES	marginal	generation	cost	(reduced	by	the	premium	received)	lower	
than the market marginal price most of the time.

A TGC market exposes investors to two different price risks, adding to the volatility 
of electricity prices the uncertainty of TGC prices. Investors are therefore subjected to 
greater price risks under a TGC system compared to FiT, causing investors to require 
a higher return to compensate for it. Moreover, investors suffer an additional quantity 
risk in the TGC market, where they can be phased out by cheaper capacity.
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By limiting quantity and price risks, policy makers can reduce uncertainties over 
generators future revenues. In such a way, a support policy could decrease the required 
financial support diminishing its cost for society (Gross, et al., 2010). Affecting the 
perceived risk of renewable energy projects, support policies have an impact on the cost 
of financing new generators. This not only affects the total system costs (which have 
to	be	paid	for	by	consumers)	but	also	the	market	share	of	RES	technologies,	since	the	
latter generally have a different risk profile compared to conventional generation.

Uncertainty on future revenues may also be an impediment to attract project 
finance. This is historically a leading way to finance renewable energy projects which 
might be otherwise too expensive to be carried on a corporate balance sheet (Kann, 
2009). The basic characteristic of project finance is that the project is developed in an 
off balance sheet arrangement and both debt and equity investors rely only on its future 
cash flows for repayment. In this way the loans received by investors do not impact 
their balance sheet and do not affect their credit rating, allowing for small developers 
to finance large-scale projects. 

Project finance usually permits high financial leverage with debt covering 70-
80% of the investment cost (Pollio, 1998), drastically reducing the cost of capital of 
renewable energy projects. This type of financing relies on guarantees in the form of 
long-term purchase contracts or other contractual relationships with the host sovereign 
to ensure the long-term profitability of a project. It may turn out that financing a 
renewable energy project may become more difficult under a TGC system which does 
not guarantee long-term cash flows. This could be resolved, for example, by granting a 
minimum TGC price which could partially mitigate price risk exposure thus creating 
more favorable conditions for bank to finance renewable energy projects. An alternative 
option is represented by long-term TGC contracts (Agnolucci, 2007).

Policy makers must take into account the financing issues when implementing 
support policies for renewable energy. Ultimately, these affect the economic efficiency 
and the effectiveness of their policies.

This study, focuses specifically on the impact of price risk on policy performance, 
presenting a risk-based assesment of TGC and FiT mechanisms. When making 
investment decisions in the model, agents take into account both electricity and TGC 
price risks. The model thus allows to investigate whether a better use of resources 
achieved through a TGC market mechanism overcomes the higher risk premium 
required by investors.



Chapter IV

52

IV.II sImulatIon results

Performance indicators

This	 study	compares	 the	performance	of	FiT	and	TGC	mechanisms.	Results	are	
based on the simulations of the model described in Chapter 2. The analysis uses the 
base case scenario and the sensitivity analyses run changing the FiT biasing factor and 
the	final	RES	quota	of	the	TGC	market	(See	Table	3).	The	two	‘pure’	policy	scenarios	
are considered (F-N and G-N in Table 2), without any carbon reduction policy 
implemented. 

The additional cost burden on consumers, compared to a base case scenario where 
no policy is implemented, is used as a measure of policy performance. This is obtained 
as	 the	 subsidy	cost	paid	 to	RES	minus	 the	savings	 in	 the	electricity	bills	due	 to	 the	
merit-order	effect,	namely	RES	generators	being	dispatched	 instead	of	 conventional	
generators causing lower electricity prices. Policy efficiency is obtained dividing the 
present value of the cost burden on consumers (ΔCost

RES
) by the additional amount of 

renewable electricity produced over the simulated period (ΔMWh
RES

) as indicated in 
(10). Future cash flows are discounted with a social discount rate of 3%.

     [€ / ]RES

RES

MWhCostSubsidy MWh
= ∆
∆

(10)
Policy efficiency is thus measured as the average subsidy paid for one MWh or 

renewable electricity supported.

Policy efficiency and effectiveness

In the FiT scenario each technology receives a specific support which is calculated 
by the model every year based on technology costs. On the other hand, the TGC 
mechanism guarantees the same price to all technologies, leading to a least-cost resource 
deployment. The revenues received by renewable energy generators in the TGC market 
are generally higher than the tariff paid to wind generators in the FiT scenario due 
to the risk premium required by the agents. Under the TGC scenario, however, PV 
power is not deployed until the end of the simulation, being the TGC price too low to 
cover its cost. FiTs permit investments in PV, instead, offering a higher tariff for this 
technology. This increments the final cost burden on consumers. Therefore, while a 
TGC market  creates some inefficiency due to windfall profits for cheaper technologies 
it guarantees the deployment of least-cost resources. 

Figure 15 represents the performance of the two policy mechanisms in terms of 
efficiency and effectiveness. The lower part of the diagram indicates high efficiency 
and low average cost, whilst the upper part of the chart indicates high average cost and 
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low efficiency. Effectiveness is measured as the percentage of electricity produced from 
renewable energy sources over the simulated period.

Three simulations are run for each policy scenario varying the decision variable of 
the regulator: The biasing factor for the FiT mechanism ( 15%, 5% and 25%) and the 
final	RES	quota	for	the	TGC	market	 (65%,	50%	and	85%)	(See	Table	3).	Two	sets	
of simulations are executed varying the risk aversion factor (β), used by the agents to 
calculate	investment	profitability.	Results	are	shown	for	both	the	risk	averse	(β = 1) and 
the risk neutral scenario (β = 0).

When the FiTs are well calculated, this policy can obtain high efficiency. Nonetheless,  
FiT performance strongly depends on the regulator’s accuracy in setting the tariffs. An 
above optimal FiT level reduces policy efficiency. On the other hand, under estimating 
RES	LCOE	leads	to	low	effectiveness.	In	this	sense,	a	small	miscalculation	in	the	tariffs	
level	 changes	 dramatically	 the	 quantity	 of	 electricity	 produced	 from	RES	 (See	 also	
Figure 7).

According to Weitzman, (1974), a minimal change in the tariff level would result 
in a great variation of the quantity produced if the marginal costs are nearly flat. In 
this case, a quantity-based policy should be preferable. Inversely, when the cost curve is 
steep, a price-based approach should be adopted. 

In the Spanish system represented in this analysis, great part of the renewable 
energy sources potential relies on wind and PV technologies characterized by flat cost 
curves.	The	contribution	of	wind	energy	and	PV	technologies	cover	about	63%	of	the	
total	amount	of	electricity	generated	using	RES	in	both	policy	scenarios.The	analysis	
therefore confirms Weitzman, (1974) suggesting that a quantity-based approach look 
more attractive for this specific case study.

Figure 15: FiT vs TGC policy performance (Social discount rate 3%).
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A TGC market obtains high efficiency when investors are risk-neutral. A higher 
risk aversion towards renewable energy, however, lead investors to require higher TGC 
prices. This generates higher windfall profits for low-cost technologies, decreasing the 
efficiency	performance	of	 a	TGC	mechanism.	Figure	16	 shows	how	 the	TGC	price		
received by renewable energy generators changes during the simulation period in the 
TGC scenario when investors have different levels of risk-aversion. 

Figure 16: Investors’ risk aversion impact on the TGC price.

While in the short run simulation results are not affected by investors’ risk aversion, 
in the second part of the simulated period it is clear that higher risk aversion causes 
higher TGC prices.

Overall, the results of this analysis are strictly dependent on the model assumption 
regarding support scheme characteristics. In particular, this analysis focuses on an 
open-ended	FiT	system,	in	which	there	is	no	budget	limit	to	funds	received	by	RES.	
Therefore, the regulator has no means to control the amount of electricity generated 
from	 RES	 and	 this	 could	 cause	 either	 low	 effectiveness	 or	 over-investments.	 The	
regulator could adapt the tariffs from year to year after observing the effectivity of the 
policy mechanism. A cap can be introduced to limit the available funds payable to a 
certain technology, containing windfall profits due to high-cost estimations.

Another import aspect to consider when evaluating support scheme performance 
is the social discount rate used by the regulator to value future money. TGC markets, 
in fact, gradually deploy renewable energy technologies following a cost-merit order, 
leaving more expensive investments for the future. A FiT system, on the other hand, 
obtains a higher amount of investments from the beginning because no mechanism 
is in place to gradually limit the construction of new power plants. Therefore, TGC 
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markets evaluation benefits from higher social discount rates when compared to FiTs.

Figure 17: FiT vs TGC policy performance (Social discount rate 5%)

There is no international agreement regarding which should be the appropriate 
social discount rate for environmental policies. International practice recommends a 
real discount rate which varies between 2% and 7% for countries such as the United 
States	and	Europe	(Harrison,	2010).	Results	presented	in	Figure	15	are	obtained	with	
a social discount rate of 3%. As expected, discounting simulation results with a higher 
rate of 5% benefits the performance of a TGC mechanism. See Figure 17.

Using a social discount rate of 5%, the TGC market obtains comparable efficiency 
to a FiT mechanisms when investors are risk-averse and outperform it when investors 
are risk-neutral.
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IV.III ConClusIons

This study models and analyzes the effect of risk aversion on the evaluation of 
the performance of two policies which aim to support the development of renewable 
energy technologies in a liberalized electricity market. 

The analysis is based on the investment model described in Chapter 2. The model 
takes into account investors’ risk aversion and how support policies affect project risk. 
Two opposite policy options are compared: a FiT system in which investors receive a 
fixed price for each MWh of electricity produced and a TGC mechanism where the 
regulator sets the market penetration level of renewable energy and leaves to a market 
mechanism to establish a price for each MWh of electricity produced. 

The analysis shows that if FiTs are well calculated they could obtain high economic 
efficiency. However, their performance is strictly dependent on regulator’s decision 
regarding	 tariffs	 level	 which	 are	 based	 on	 average	 cost	 estimations.	 Regulator’s	
estimations could be far from perfect and a feed-in mechanism could either result in 
low effectiveness or low economic efficiency.

A TGC system requires policy makers to establish a target for renewable market 
share, based on their educated judgment. This policy leaves a market mechanism to 
establish a price for the required amount of renewable energy decided by the regulator. 
Nevertheless, it is important to moderate the risk perceived by investors when evaluating 
renewable energy projects, limiting possible barriers to entrance. This, in fact, could 
result in high TGC prices increasing the final cost for consumers.

This analysis confirms the theory presented in Weitzman, (1974) and reaffirmed 
in Menanteau, et al., (2003). These authors predict that, in case of flat marginal cost 
curves, a price-based mechanism would cause high uncertainty in quantities and a 
quantity-based mechanism would be preferable. This seems to be the case for the 
analyzed Spanish power sector, in which low marginal cost technologies like wind and 
PV	are	expected	 to	contribute	 for	more	 than	60%	of	 the	electricity	 generated	 from	
RES.

Another important aspect to consider is the social discount used by policy makers 
to evaluate future cash flows of environmental projects. Gradually increasing the 
required market share, a TGC mechanism limits investment in the short run leaving 
more expensive technologies for future years. This causes TGC performance evaluation 
to benefit from high social discount rate when compared to FiT, while the latter 
benefiting from lower rates.

Finally, this paper bases its analysis on the assumption that producers exercise no 
market power in a TGC market which in reality could not be the case. It is clear that 
in case producers are able to constantly keep TGC prices higher above an equilibrium 
level, the regulator should consider this effect when estimating efficiency. This issue is 
further investigated in the next chapter which introduces adaptive trading agents into 
the model to better simulate TGC market trading.
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V.i introduCtion

Chapter 3 and 4 present two analyses based on the investment model introduced in 
Chapter 2. The study presented in this chapter is based on a similar agent-based model 
that reproduces the evolution of the renewable energy sector in the UK towards 2050. 
Similarly to the previous model, this research simulates the investment decisions of 
renewable energy investors and the effects of renewable energy policy. 

In its recently published guidance for the design of renewable support schemes, 
the European Commission has stated that the renewable energy sector should be 
more exposed to market competition. The Commission recommends phasing out FiTs 
since they exclude generators from actively participating in the electricity market and 
indicates market-based instruments as preferable for supporting RES. Two alternatives 
are highlighted in the report: a competitive auction to allocate FiP to new generators 
and a TGC system with a floor price to reduce price risk for investors (European 
Commission, 2013b). Hence, this analysis compares the performance of these two 
market-based instruments. 

Previous studies have investigated the price patterns of TGC market from a micro-
economic equilibrium perspective (Morthorst, 2000; Agnolucci, 2007; Kildegaard, 
2008) or using system-dynamics simulations (Ford et al., 2007). Chapters 3 and 4 of 
this thesis simulate a TGC market using an agent-based model with agents trading in 
the market based on expectations of TGC fair value.

Market-based mechanism, however, are vulnerable to manipulation by market 
participants. This study thus adds on the contributions of the previous chapters by 
implementing a simple trading learning algorithm which better reflects the trading 
behavior of TGC market participants. In particular, this study investigates and 
compares the impact of producers’ behavior on the performance of the two proposed 
market-based policy instruments.

For the scope of the analysis, the agents in the model are modeled as adaptive 
learning agents making decisions about investments and the operation of electricity 
generators. Agents are modelled as Zero Intelligent Plus (ZIP) traders bidding in 
continuous double and single-sided auctions (Cliff & Bruten, 1997; Bagnall & Toft, 
2006). The first is used to simulate a renewable obligation system in which producers 
and obliged entities trade TGCs continuously in the market. The latter simulates 
the offering strategy of investors participating in an annual tendering mechanism for 
granting FiP to new generators.

The next section presents the model and its main differences with the one presented 
in Chapter 2.
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V.ii Model desCription

The model simulates the evolution of a hypothetical power sector, with characteristics 
similar to the UK system, towards 2050. The UK is chosen as a case study for this 
analysis since it was one of the first countries to introduce a tendering mechanism to 
support RES and has currently implemented a TGC mechanism.

Similarly to the previous model, an agent-based modeling technique is used, applying 
the notion of bounded rationality (Simon, 1957) and recognizing that investors are 
not fully rational when making decisions and do not necessarily optimize but rather 
satisfice. PV, wind and hydro power contribution to the load duration curve is also 
modeled as in the model described in Chapter 2. This simplification allows the model 
to simulate zero electricity prices and spillovers of wind when its contribution to the 
energy mix became significantly high. However, this effect and the burden of other 
integration costs to the system are underestimated.

Two main differences exists with the model presented in Chapter 2. Firstly, annual 
inflation and load demand growth rate are simulated as stochastic independent 
variables to reflect uncertainty over future fuel prices and electricity demand. The 
statistic distribution of these two variables is part of the information available to the 
agents and is taken into account when making investment decisions. A Monte Carlo 
simulation of 100 runs is executed for each simulated scenario with the outcome of 
each run depending on the actual value of these two stochastic variables.

Secondly, in order to reduce the computational complexity of the model and the 
time required to run the Monte Carlo simulations, the model focuses its attention 
exclusively on renewable energy investments, without simulating the investment 
decisions regarding conventional technologies.

The simulation flow of the model consists of two main blocks which are repeated 
every simulated year: A market and an investment block. Within the market block the 
model clears the electricity and the TGC markets, calculating the profits of each agent. 
In the investment block the agents make decisions about investments based on the 
available information, expectations and past decisions.

Two renewable energy policies are implemented in the model: a TGC market and a 
tendering mechanism for granting FiPs. Both policies have the same RES targets, 10% 
initial quota increasing at an annual 1%. Both policies are assumed to be technology-
neutral.

As for the other model, technological development is simulated by updating the 
characteristics of available technologies accordingly to an exogenous learning curve, 
which is assumed to be independent from the simulation.

Electricity market clearing

To reduce the computational complexity of the model and the time required to run 
simulations some simplifications are made with respect to the electricity market. The 
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annual load duration curve of the UK is approximated with 10 steps, each one including 
876 hours with similar electricity demand. The annual growth rate of electricity demand 
is modeled as a stochastic variable following a triangular distribution with mode of 1%, 
lower limit of -1% and upper limit of 3%. This allows the model to better capture the 
impact of economic cycles on the electricity sector. 

The installed capacity at the beginning of the simulation reflects the actual 
generation mix of the UK at the beginning of 2012 and is equally distributed between 
the agents. For simplicity, investments in conventional technologies are not simulated 
in the model. The model calculates every year the installed capacity of each technology 
as a fixed proportion of the residual demand1, assuming the share of each technology 
to remain unchanged through the simulation and RES generation to be equally 
distributed during the year. 

Conventional generators offer their capacity in the electricity market at its marginal 
cost, including their cost of carbon. Fuel, carbon and O&M costs vary from year to year 
depending on inflation. The annual inflation rate is modeled as a stochastic variable 
following a triangular distribution with mode of 0.5%, lower limit of -0.5% and upper 
limit of 1.5%. 

RES generators offer their capacity at the difference between their marginal cost 
and the received subsidy per MWh, if positive, or zero otherwise:

( ) max     , 0   i i i iC VC FC S= + −

(11)
Where C

i
 indicates the price offered by generator i, VC

i
 is its variable cost, FC

i 
its fuel cost, if any, and S

i
 is the subsidy level. Depending on the policy scenario, the 

subsidy level corresponds to the TGC fair value calculated by the agent2, or the FiP 
granted to the generator in one of the auctions.

Simulating the certificate market as a continuous double auction

In the TGC scenario, after simulating the electricity market the model distributes an 
amount of TGCs to each producer representing his renewable electricity production. 
The TGC market is then simulated as a Continuous Double Auction (CDA) in which 
producers and consumers are modeled as ZIP agents (Cliff & Bruten, 1997). 

Simulating the certificate market as CDA allows the model to reflect the interplay 
between TGC supply and demand more realistically. The TGC market is composed by 
consumers that are willing to pay a price as high as the non-compliance penalty (set at 
200 £/MWh) and producers with a very low marginal cost for producing certificates:

1 Residual demand = Peak demand – RES generation.
2 How the agents estimate TGC fair value is explained in the next section.
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( ) max     , 0  i i iMC VC FC el= + −

(12)
Where MCi indicates the marginal cost of producing a certificate and el is the 

electricity price. In this context, a static supply-demand curve approach would cause 
the TGC price to be highly volatile and to fluctuate between the penalty and a low 
marginal cost. 

Instead, in the CDA each offer/bid is characterized by a reserve price, which indicates 
the minimum/maximum price a producer/consumer is willing to accept to sell/buy 
a TGC. The reserve price for producers and consumers are indeed the marginal cost 
(or the floor price, if higher) and the non-compliance penalty. Nonetheless, agents are 
allowed to bargain for a higher/lower price in the market. The TGC price thus derives 
from supply and demand interacting in the market for a fair price.

The model also allows for certificate banking. For this reason, obliged entities are 
allowed to bid for more TGCs than what they are strictly required for complying with 
current year’s obligation. The reserve price of these TGCs bought for future quota 
obligations, however, is not the penalty, since obliged entities would not incur in a 
penalty payment if missing these extra TGCs.

Market participants place these bids in the CDA using its fair value as a reserve 
price. Obliged entities would be indifferent to buy TGCs at what they consider to be 
the fair value today in the market, or to wait and buy it in later years at the estimated 
prices. The fair price is adjusted by multiplying it by a discount factor which varies 
between zero and one, depending on the number of TGCs banked. This reflects the 
diminishing return derived from banking more certificates. The reserve price to buy 
additional TGCs is as follows:

1

1 x
Tx

y y

BTGCR Q=

 
 = × −  
 ∑

(13)
Where R

x
 is the agent’s reserve price for buying certificate x, TGC is the forecasted 

fair value of one certificate, B
x
 indicates the number of certificates banked, Q

y
 is the 

annual quota for the agent in year y and T is the time horizon which is a characteristic 
of the agent.

Resuming, obliged entities place different type of bids. Firstly, they buy the necessary 
amount of TGCs to comply with their annual obligation at any price below the penalty 
which works as the reserve price. Then, they acquire certificates for future use at a 
reserve price which initially reflects their fair value and tends to zero the more TGCs 
an agent has stored.

Producers place two types of offers instead: biomass-fired generators are offered 
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Figure 18: Flow scheme of the CDA.

using as a reserve price the higher between the floor an the marginal cost as in (12), 
while wind generators and banked TGCs from previous years are offered with the floor 
as a reserve price3.

The CDA develops in multiple rounds. Each single round is characterized by 
different stages as indicated in Figure 18. The auction starts with consumers and 
producers preparing their bids and offers including a quantity and a price. At the 
beginning of each round the model randomly selects whether a bid or an offer is 
shouted. In the first case, one consumer shouts her bid to acquire a certain amount of 
TGCs at a determined price. The transaction is closed if any producer is willing to sell 
at a lower price. In this case, the model matches the bid with the offer asking for the 
lowest price. Similarly, an offer is matched with the bid willing to pay for the highest 
price. In both cases, the transaction is closed at the price shouted in the market.

After a shout all agents adapt their bids and offers taking into account their reserve 
price and the information obtained in the last market round using the ZIP adaptive 
algorithm explained in the following section. The model then begins a new round until 
no further transactions are possible and the market is closed.

After the market block is executed the model simulates the investment decisions of 
each agent. The tendering mechanism for granting FiPs is also simulated within the 
investment block and is explained in the next section.

3 The reserve price is set to one if no floor is implemented. A null price would not be compatible with the ZIP algorithm.
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Investment decision process

Investments are made on the basis of profit maximization, so agents invest in 
projects that promise the highest positive expected NPV per MW of installed capacity. 
For the sake of this analysis, investment decisions are simply based on a stand-alone 
project evaluation and investors do not consider any portfolio effect or externalities 
caused by lower market prices.

The model considers the impact of demand and inflation uncertainty when 
calculating the profitability of alternative projects, reflecting how each technology is 
affected by fluctuating electricity and TGC prices. This is done by considering a risk 
adjusted NPV using the CVaR as a measure of risk (see (7)). Simulations are run under 
both the assumption of risk neutral and risk averse agents. When simulating risk averse 
investors the value of β is set to 1.

Investors can choose between two alternative technologies: biomass-fired and on 
shore wind generators. Wind power represents the cheapest RES and is characterized 
by high investment and low variable costs. Investors should opt for wind power when 
a technology-neutral policy is implemented due to its lower LCOE. Nonetheless, risk 
averse investors may opt for biomass-fired generators when facing a quota obligation 
system.

In fact, if TGCs are supplied by wind generators only, a drop in demand would 
cause the TGC price to decrease substantially and producers would not be able to 
recover their initial investment. Biomass-fired generators allow the TGC supply to 
be more flexible, reducing their output when demand is low. For this reason, both 
technologies are present in the model. 

The characteristics and cost of the two technologies are taken from Department of 
Energy and Climate Change (2013) and presented in Table 4.

Size 
[MW]

Load 
Factor

Construction 
time [years]

Operating 
life [Years]

Investment 
cost          
[£/MW]

Fixed 
O&M 
cost       
[£/MW]

Variable 
O&M 
cost       
[£/MWh]

Fuel cost 
[£/MWh]

On shore 
wind

1000 28% 2 24 1600 37100 5 0

Biomass 500 65% 1 22 2530 96500 5 65

Table 4: Characteristics and cost of biomass-fired and on shore wind generators (Department of Energy and Climate 
Change, 2013).

The model assumes generators are dismantled as soon as they reach the end of their 
operating life. In the rest of the section it is explained the investment block for each 
policy scenario.
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The tendering mechanism
In the tender scenario, a single-sided auction is called every year for granting FiP 

contracts. After the auction is called, investors have two years to build a power plant 
before the feed-in contract enters its validity. The model assumes that investors have 
a perfect knowledge of their generation costs, thus each offer results in a profitable 
project which is completed only if granted a contract.

Agents calculate the minimum FiP that obtains a risk-adjusted NPV equal to zero 
for each technology and take the lower FiP as a reserve price for the offer in the auction. 
The model assumes each agent to have access to the same technologies, thus the reserve 
price is the same for all the offers. However, the actual price which is offered in the 
auction depends on the profit margin of each agent and is calculated following (14):

( )1i iP R M= × +

(14)
Where P

i
 is the price offered in the auction, R is the reserve price and M

i
 is the 

profit margin of agent i. The renewable energy demand is set by the model as follows:

( ) 3 33 Y YY
RES Ele Q RESD E D

+ ++= × −

(15)
Where D

RES
 indicates the demand of renewable energy set in the auction, E(D

Ele
Y+3)  is 

the expected electricity demand three years ahead, QY+3 is the corresponding renewable 
quota and RESY+3 is the renewable electricity production of existing generators that will 
be still operative in three years. 

FiPs are granted to the projects asking for a lower price and all contracts are signed 
at the price of the marginal offer. Offers are only acceptable for their entire capacity 
because projects are considered as indivisible. The marginal offer is accepted if more 
than half of its capacity is necessary to comply with the RES demand, otherwise, the 
auction demand is reduced and the last entirely accepted offer becomes the marginal 
one.

After the auction is cleared, the model adapts the profit margin of each agent 
following the ZIP algorithm for single-sided auctions which is described in the following 
section.

The renewable quota scenario
In a tendering mechanism the decision of building a power plant depends exclusively 

on whether investors are successful in the auction or not. In a TGC market system, 
instead, market participants base investment decisions on their forecasts of future 
electricity and TGC prices and NPV calculations.

Agents invest only if they have been profitable during the previous 4 years. This 
constraint reflects the reality in which investors have limited access to capital and are 
required to generate some revenues to finance future projects. 
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This also allows simulating the economic cycle in the renewable sector. If a bad 
economic cycle hits the market, it would cause most of the producers to go bankrupt 
and prevent them from further investing. In this case, the agent remains inactive for 
some years until fully depreciating his assets in the balance sheet and, eventually, the 
model substitutes him with a new agent. On the other hand, all the agents are willing 
to invest when a good economic cycle appears.

Profitability is measured using the concept of economic profit which is calculated as 
in (9). The model calculates each agent’s profitability as the sum of the present values 
of her economic profits during the previous four years. Agent are considered as active 
investors if this measure is positive. Then, the model randomly selects the first agent to 
make an investment decision.

Each active agent calculates and compares the risk-adjusted NPV of biomass-fired 
and wind generators and selects the technology with the higher positive NPV. To do 
this, the agent generates 10000 scenarios with different inflation and demand growth 
pathways. For each of these scenarios, the agent makes short-term and long-term prices 
forecast.

 Agents calculate electricity and TGC prices for the next 25 years using a short-
term and a long-term market forecasts. The short-term forecast consists in clearing 
the market 2 or 3 years ahead assuming that TGCs are supplied to the market at their 
marginal cost as in (12) and that all banked TGCs are equally distributed during this 
time span reducing TGC demand. In case demand is higher than supply, the price is set 
as the non-compliance penalty. For the short-term forecast the model assumes that each 
agent is aware of all the power plants that are currently under construction and those 
that will be dismantled. The long-term price forecast is based on the assumption that 
the system evolves towards equilibrium with the TGC price reflecting the difference 
between the average generation cost of the marginal generator in the market and the 
average electricity price. After the model has obtained the short-term and the long-term 
price forecasts, it linearly interpolates from current to short-term and from short-term 
to long-term, obtaining a price forecast for each of the next 25 years. 

Once the agent has estimated future electricity and TGC prices it calculates the 
expected revenues of each technology. The agent obtains a NPV distribution for both 
projects and calculates the risk-adjusted NPV using (7). The agent eventually builds 
the project with the higher positive NPV and its status is set as inactive. The model 
executes this loop until the last active investor takes its decision and the investment 
block ends. (See figure 19).

The forecasting algorithm is also used to estimate the fair value of one TGC which 
is used as an input for the market block of the model. When estimating the fair 
value of a TGC, the model forecasts its price using the average annual inflation and 
demand growth rates. The fair value is calculated as the present value of the estimated 
future prices, weighted by the future market volume. More specifically, the present 
value is calculated by summing the discounted cost of each year’s TGC quota at the 
corresponding estimated price, divided by the total amount of TGCs required for the 
next 25 years as indicated in (16):
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Where FV indicates the fair value of a certificate, E (P
y
) is the forecasted TGC price 

for year y, Q
y
 is the TGC demand for year y and r is the discount rate used to evaluate 

new projects. Market agents are indifferent between trading TGCs at their fair value in 
today’s market or waiting and trade in later years at the estimated prices.

Figure 19: Flow scheme of the investment decision process.
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V.iii adaptiVe learning algorithM

Agents are modelled as ZIP traders (Cliff & Bruten, 1997). This section describes 
the adaptive learning algorithm used to adjust the offers and bids of market participants 
in the CDA and how the same algorithm is adapted to work in a single-sided auction 
framework (Bagnall & Toft, 2006).

ZIP algorithm for continuous double auctions

As indicated in Figure 18, the learning algorithm is used to adjust the offers and 
bids of market participants in each round of the CDA after a price is shouted in the 
market. A ZIP trader calculates the price p for a TGC with a reserve price of λ using its 
profit margin μ:

( )1p µλ= +

(17)
This implies that a seller’s margin is increased by raising μ and lowered by decreasing 

it. The situation is reversed for a buyer. Each ZIP trader alters its profit margin on the 
basis of four factors: whether the trader is active in the market or inactive because it has 
sold or bought its full entitlement of units, the last shouted price q, if it was a bid or an 
offer and whether the last shout resulted in a transaction or not. 

If the last shout resulted into a transaction then any seller for which p ≤ q and any 
buyer for which p ≥ q should raise their margins. If the successful shout was a bid, 
however, each active seller for which p ≥ q should lower its margin. Similarly, active 
buyers for which p ≤ q should lower their margins if an offer led to transaction. If the 
last shout was unsuccessful, instead, active sellers should lower their margins if p ≥ q 
while active buyers should do it if p ≤ q. The logic behind these trading strategies is 
described in details in Cliff & Bruten, (1997).

The algorithm used to raise and lower the margin of a trader is now described. 
Firstly, the trader calculates a target price using a stochastic function of the last shouted 
price q:

( )qR Aτ = × +

(18)
Where R is random coefficient and A is a small random price alteration. 1.01 ≤ R ≤ 

1.05 and 0.01 ≤ A ≤ 0.05 when the intention is to increase the agent’s price and 0.95 ≤ 
R ≤  0.99 and -0.05 ≤ A ≤ -0.01 otherwise. R and A are independent stochastic variables 
and calculated every time a trader’s profit margin is changed. The model then corrects 
the trader’s price towards the target price τ as indicated in (19).
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(19)

( )pβ τ= −∆

Where β indicates a trader-specific learning rate coefficient assigned to each agent 
at the beginning of the simulation and varying between 0.1 and 0.5. Finally, the new 
profit margin is calculated as follows:

( )
1

p
µ λ

+
= −

∆

(20)

ZIP algorithm for single-sided auctions

The tendering mechanism is modelled as a single-sided auction in which producers 
offer their availability to produce a certain amount of electricity from RES at a 
minimum FiP price. The auction is simulated as a Uniform Price Sealed Bid (UPSB) 
auction, where each agent submit a single offer and the lowest offers are accepted and 
sign a FiP contract. 

The strategies and learning issues in single-sided auctions are different from those 
of a CDA. The information available to agents in a CDA is fundamentally different 
than the information received in a UPSB auction. In CDA the agents receive a stream 
of data of asks, bids and transactions. In a single-sided auction, agents are not aware 
of the offers made by others participants, they are only aware of whether they won the 
auction or not and the winning price q.

The model simulates an auction every year. Based on its results, agents adapt their 
offers for next year’s auction. Agents’ offers are adjusted using the ZIP algorithm 
adapted for single-sided auctions (Bagnall & Toft, 2006). ZIP agents estimate their 
optimal offer using a stochastic function of the last winning price q.

( )   qR Aτ = × +

(21)
R and A are independent stochastic variables calculated as for the CDA. If the agent 

loses, but possibly could have won (q ≥ λ), it reduces its price. On the contrary, when 
an agent wins, its greed makes it increase the price over its last offer. Once the agent 
has calculated the optimal offer, its profit margin is calculated following (19) and (20).
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V.iV results and disCussion

Two sets of simulations are run considering different investors’ appetite for risk. 
Firstly, simulations are run assuming investors are risk neutral (β = 0), then a second set 
of  simulations is run with risk-averse agents (β = 1). Five policy scenarios are executed 
for each case. In addition to the tendering and the TGC scenarios, three additional 
TGC scenarios are run with a floor price in the market of 10, 20 and 30 £/MWh. Each 
scenario is simulated varying the number of producers (5, 10, 15 and 20) to verify the 
impact of market competition on the two policy mechanisms. 

A Monte Carlo simulation of 100 runs is executed for each scenario. Two 
performance indicators are calculated using the average result values:

•	 The	cost	burden	on	consumers;
•	 The	aggregated	economic	profit	of	producers;
The cost for consumers is measured as the sum of an electricity market and a RES 

subsidy component. Each year’s cost is discounted to year one using the average annual 
inflation rate so that the cost figure is in real values. The industry aggregated economic 
profit is calculated as the sum of each agent’s annual economic profit measured using 
(9). This is also measured in real values. Positive economic profit indicates revenues 
exceeding the expected return on capital, thus above-normal profits. 

Market price patterns

A Monte Carlo simulation allows investigating the appearance of different price 
patterns in the different policy scenarios. Figure 20 presents the simulated TGC spot 
price in a market with no floor price, varying investors’ risk aversion and the number of 
agents. The dark area indicates the bandwidth of TGC price values included between 
the 5th and 95th percentiles, while the dark central line indicates the average run price. 
From the analysis of Figure 20 it appears clear that producers can maintain a high TGC 
price in the market when the sector is highly concentrated (See the left side of Figure 
20). In this case, the price never drops to zero.

As expected, higher competition between producers decreases TGC prices, which, 
in some cases, drops towards zero at the end of the simulation. Figure 20 also indicates 
that risk averse agents require a higher TGC price to remunerate for price risk. 

Figure 21 presents the annual winning price of the auction in the tender scenario. 
Again, producers obtain higher prices in the auction when the renewable energy sector 
is concentrated, especially towards the end of the simulation when more investments 
are required. The price difference between risk averse and risk neutral scenarios is rather 
limited, due to the fact that investors are only exposed to electricity price volatility, thus 
lower price risk. The price variation within different model runs is relatively small 
compared to the TGC policy scenario. Prices are overall lower than compared to a 
TGC.
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Figure 20: The impact of market concentration and investors’ risk aversion on the TGC price.

Figure 21: The impact of market concentration and investors’ risk aversion on the auction price.
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Figure 22: The impact of introducing a floor price in the TGC market.

Figure 22 presents the impact of introducing a floor price in the TGC market. The 
four plotted scenarios represent a simulation with 20 agents under different TGC floor 
prices. Introducing a floor price in the TGC market has two opposite effects. On one 
side, it protects investors by increasing their bargain power in the market due to a higher 
reserve price. This increases TGC prices and has a negative impact on policy efficiency. 
On the other side, the floor price limits producers’ losses in a downside scenario. This 
reduces the risk premium required by investors and attracts more investments, lowering 
TGC prices. This causes the TGC price to hit the floor level more frequently than in a 
no-floor scenario. Finally, if the floor price is set too high, the TGC system turns into a 
FiP system with TGCs being traded in the market at the fixed price set by the regulator 
most of the time. (See the lower right side of Figure 22).

Figure 23 represents the impact of the number of producers on the average industry 
profit margin in the risk-averse and risk-neutral scenario. The profit margin is calculated 
as the ratio between the industry aggregated economic profit and the total cost paid by 
consumers including both electricity and subsidy costs. The industry economic profit 
depends on producers’ revenues and their average generation costs, which is a function 
of the technology mix used to generate renewable electricity.
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Figure 23: Producers’ profit margin in the different scenarios.

Positive profit margins denote a wealth transfer from consumers to producers, 
increasing the subsidy cost. As indicated already by Figure 20 and 21, producers can 
easily maintain higher profit margins when the renewable sector is more concentrated.

Figure 23 indicates that although producers obtain positive profit margins when 
supply is concentrated, a competitive TGC market brings down the profit of the 
renewable energy sector to a normal level or, in some cases, to a negative level. On the 
other hand, producers maintain a certain bargain power in a tendering system keeping 
the industry profits to a positive level even when more competition enters the market.

A low floor price reduces producers’ profit margins independently from investors’ 
risk aversion. This indicates that the reduced price risk overcomes the increased bargain 
power of producers. However, increasing floor prices lead to higher profit margins and 
lower efficiency. In this case, the higher bargain power retained by producers offsets the 
benefits of reduced risk premiums. In both scenarios, the profit margin is higher with 
a minimum price of 30 £/MWh than without the floor.
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Figure 24: Subsidy cost for the risk averse scenario.

Policy efficiency

Policy efficiency is measured using the cost to consumers as a performance indicator. 
This indicator depends on the average generation costs, the profit margin earned by 
the renewable energy sector and the amount of electricity being subsidized.

Regarding this last component, there is a substantial difference between the TGC 
and the tendering mechanisms. In case demand is lower than expected a TGC market 
supports only the required amount of electricity to comply with the quota. The 
regulator is obliged to pay the premium to all generators that signed a contract in a 
tendering mechanism, instead.

Figure 24 and Figure 25 present the results for the risk averse and risk neutral 
scenarios, respectively. The efficiency of the tendering mechanism is not affected 
significantly by the number of producers or their risk appetite. The structure of a 
tendering mechanism causes investors to always opt for the technology with the lowest 
generation (wind power in this case).

The performance of a TGC market, instead, varies strongly depending on the 
number of producers and on their risk aversion. Risk averse agents may invest in 
more expensive biomass-fueled generators as an alternative to wind power in fact. This 
increases the subsidy cost, lowering policy efficiency. 
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Figure 25: Subsidy cost for the risk neutral scenario.

This has two reasons. On one side, risk averse producers prefer to invest in flexible 
units to limit the downside risk of lower than expected demand causing them to be 
unable to sell TGCs. In this case, the cost structure of these generators allows producers 
to reduce their variable costs by running these units at partial capacity. 

A second reason behind investors’ preference for biomass-fueled generators is due 
to the higher load factor of these plants which makes them more attractive than wind 
power (per MW of installed capacity) when the certificate price is high. Figure 26 
represents the NPV per MW of installed capacity for each technology at the beginning 
of the simulation. Wind power is less expensive than biomass and has a LCOE of about 
100 £/MWh. The LCOE for biomass is higher, around 140 £/MWh. Nevertheless, 
biomass-fired units have a higher load factor which means that one MW of installed 
capacity produces more electricity in a year than compared to a wind generator. This 
makes biomass units more profitable for producers when higher revenues are expected 
in the market. In this case the turning point is about 167 £/MWh.

Generating companies limit investments in new capacity when the market is 
concentrated, keeping the TGC price high in the market. This causes investors to 
prefer biomass over wind, further decreasing policy efficiency.
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Figure 26: Profitability of 1MW of installed capacity of wind and biomass generators as a function of the expected 
revenues.
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V.V ConClusions

This chapter presents an agent-based model that reproduces the evolution of the 
renewable energy sector in the UK towards 2050. It simulates the effect of renewable 
energy policy on investors’ decisions by comparing the performance of two market-
based instruments, i.e. a TGC market and a tendering system.

This study indicates a trade-off in the way the two mechanisms allocate risk 
between consumers and producers. A tendering mechanism involves almost no risk for 
producers, assuming they perfectly know their generation costs. On the other hand, a 
renewable quota obligation is risky for investors, mainly because demand fluctuations 
and erroneous forecasts may lead to an over-supplied market and depressed TGC prices 
as suggested by Morthorst (2000) and Kildegaard (2008). Agnolucci (2007) argues 
instead that investors will maintain the price close to the cap most of the time and that 
TGC markets will attract insufficient investments to comply with the quota.

This study indicates that a market with risk averse agents and full information about 
power plants under development can lead to stable TGC prices. Simulating a TGC 
market with no price floor shows that the price never reaches the cap and only drops 
towards zero at the end of the simulation. This contradicts the results of Ford et al. 
(2007) which predict very volatile TGC prices fluctuating between the cap and zero. 
However, these authors only consider wind power generators and disregard investors’ 
risk aversion.

Simulation results indicate that risk averse producers combines investments in 
wind generators and more expensive but flexible biomass-fired units. This allows the 
TGC supply to be flexible, limiting the downside risk of lower than expected demand 
causing the TGC price to fall to zero as expected by Morthorst (2000) and Kildegaard 
(2008). A flexible TGC supply complies with the quota by varying the production of 
biomass-fired units. The TGC price set by these units is higher than the long-term cost 
of wind generators. However, the TGC price does not remain close the cap as expected 
by Agnolucci (2007).

The results of this analysis also indicate that higher competition and lower price risk 
improve the performance of a TGC mechanism. Hence, regulators may introduce a 
floor price to reduce project risk. This measure works well if the floor price is correctly 
calculated. However, this is a rather complicated task for the regulator and an excessively 
high floor may turn the system into a FiP mechanism.

Under both mechanisms, the behavior of market participants affects the performance 
of these policies, causing it to depart from its desired outcome. Producers can easily 
manipulate both mechanisms for their own profits when supply is concentrated. 
Nonetheless, the bargaining power retained by consumers in TGC markets reduces 
the profit margin of producers when more competition is introduced. Tendering 
mechanisms, instead, grant producers a favorable bargaining position that may lead to 
above-normal profits even in a competitive sector.

Nonetheless, allocating FiP through a tender mechanism is very cost-effective. The 
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structure of this mechanism causes generating companies to undertake investments in 
low-cost technologies first, minimizing generation costs. Efficiency is slightly decreased 
by the bargaining power retained by investors in the auction which may cause high 
profit margins for producers. The subsidy cost further increases when the regulator’s 
forecast about future electricity demand is too optimistic.

In conclusion, regulators may combine TGC markets and tendering mechanism 
into a single policy by auctioning call options on TGC on behalf of consumers. This 
would protect investors by fixing part of the subsidy level into the option premium, 
thus reducing price risk. This part of the mechanism resembles a tendering system. At 
the same time, this instrument leaves the TGC market in place maximizing allocative 
efficiency and allowing consumers to bargain for a fair TGC price that reflects market 
fundamentals. This mechanism is explained in more details in Chapter 8.
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VI.I IntroduCtIon

So far, this dissertation has presented some simulation analyses aiming to predict 
the performance of renewable energy policy ex-ante. Chapter 6 and Chapter 7 take a 
different approach instead, developing an ex-post econometric analysis of European 
TGC markets. This chapter is based on Fagiani & Hakvoort (2014) and presents an 
econometric analysis of the Swedish TGC market, investigating the role of regulatory 
changes on the volatility of TGC prices. Particular attention is given to the process that 
led to the creation of a joint market together with Norway.

TGC markets are characterized by a politically driven demand, causing investors 
to be heavily exposed to regulatory uncertainty (Holburn, 2012). Political changes can 
harm investors, making it more difficult to estimate future revenues and costs, thus 
decreasing the willingness to invest in new renewable energy projects (Soderholm, 
2008). For example, a change in the quota levels or a different allocation of TGCs to 
generators, could lower the profitability potential, or decrease the economic profitability 
of renewable energy projects. Changes in the regulation can have an impact on TGC 
prices, price volatility and risk, ultimately affecting the cost of financing a project 
(Gross et al., 2010). Similarly to how political instability can increase the volatility of 
equity markets (Brown et al., 2006), regulatory uncertainty is reflected in TGC price 
volatility. As such, price stability is an important determinant of the performance of 
a TGC market mechanism, in turn making the analysis of how regulatory risk affects 
market volatility worthwhile.

Previous studies analyzed TGC markets predominantly using numerical modeling 
frameworks or ex-post case studies analyses, no study has investigated empirically 
the impact of regulatory uncertainty on TGC price volatility. More specifically, this 
study aims to answer the following research question: What is the role of regulatory 
uncertainty and regulatory changes on certificate price volatility? 

As a case study it focuses on the Swedish TGC market which was introduced in 
2003. Almost ten years after its creation, the Swedish market has become the first multi-
national market of this kind in January 2012, when Norway joined the mechanism. This 
collaboration gives European policy makers the opportunity to verify the behaviour of 
international TGC markets, which may represent a model for the EU as a whole (Del 
Rio, 2005; Canton & Lindén, 2010).

A bigger joint Swedish/Norwegian market is expected to increase liquidity and 
competition by increasing the number of market participants (Swedish Energy Agency, 
2012). Also, a joint market with Norway will stimulate investments in cheaper wind 
power plants in Norway, where wind conditions are more favorable, lowering the cost 
burden of the quota system on Swedish consumers (Soderholm, 2008). Moreover, 
an international market guarantees a diversification of RES that could mitigate the 
fluctuation of  TGC supply compared to a smaller national market, providing TGC 
price stability (Del Rio, 2005). However, a bigger market is also expected to decrease 
the market power of Swedish producers (Amundsen & Bergman, 2012) which may 
increase the volatility of TGC prices (Gross et al., 2010).
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For the scope of this research an econometric analysis of the Swedish TGC market 
is developed using the GARCH methodology. The GARCH model is one of the most 
widely used to investigate volatility characteristics of time series (Engle, 1982; Bollerslev, 
1986). GARCH models assume no constant variance allowing for volatility clustering, 
namely the characteristic that large changes tend to be followed by large changes, of 
both sign, and small changes tend to be followed by small changes. For this reason 
a large volume of literature has modeled price volatility in financial and commodity 
markets using GARCH models. For example, Bollerslev et al. (1992) and Brailsford & 
Faff (1996) investigate volatility in financial markets. West & Cho (1995) and McKenzie 
& Mitchell (2002) analyze currency exchange rates. More recently, Sadorsky (2006) 
models the volatility of petroleum future prices, Oberndorfer (2009) investigates the 
interactions between the EU ETS and the stock market, while Paolella & Taschini 
(2008), Alberola et al. (2008), and Benz & Stefan (2009) study the price dynamics of 
CO2

 emissions allowances in the EU ETS.
This analysis implements an endogenous structural break test to detect changes 

in the unconditional variance of the Swedish TGC price (Inclan & Tiao, 1994; 
Sanso et al., 2004), investigating the correspondence between structural breaks and 
changes in the regulation. This test has been used to study changes in the volatility of 
U.S. exchange rates (Rapach & Strauss, 2008), oil price (Ewing & Malik, 2010), and 
commodity markets (Vivian & Wohar, 2012). Also, Chevallier et al. (2011) implement 
this endogenous structural break test to investigate the impact of introducing option 
trading on the volatility of the EU ETS.

After testing for structural breaks, a GARCH model with dummy variables is 
estimated to analyze the impact of regulatory changes on the volatility of TGC price 
(Chevallier et al., 2011). 

From the creation of the Swedish certificate system in 2003 to the establishment of 
a joint market with Norway in 2012.

Sweden introduced a TGC market mechanism to stimulate electricity production 
from RES in May 2003. Electricity producers whose electricity production fulfills 
the requirement of the Electricity Certificate Act receive one TGC for each MWh of 
electricity generated. Demand for TGCs is created by obligating electricity suppliers 
and some consumers to purchase TGCs corresponding to a certain proportion (quota) 
of the electricity they sell and consume. Suppliers are required to submit every year no 
later than March 1st  an annual return to the Swedish Energy Agency with the details of 
the electricity sold and consumed in the previous years and the TGCs corresponding to 
their quota obligation. Obliged parties holding insufficient TGCs to comply with the 
legislation are charged a penalty price for each TGC they are short of, corresponding 
to 150% of the average TGC price of the previous year. Through the sales of TGCs, 
electricity producers receive an extra source of revenue integrating the income deriving 
from the electricity market. As a result, the TGC market stimulates investments in 
renewable energy generators.
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Apart from the first year of the system, the proportion of cancelled TGCs in relation 
to the overall quota obligation has been constantly over 99 percent.  Market liquidity is 
guaranteed by a buffer of banked TGCs which absorbs annual fluctuations of demand 
and supply avoiding period of scarcity in the market. Importantly, policy makers review 
the system every four years deciding to adjust the size of the quota to take into account 
actual and forecasted electricity demand, capacity expansion, and the size of the TGC 
surplus. 

Half of the TGCs are traded through bilateral agreements or directly between 
producers and those having quota obligations, with the other half traded through 
brokered transactions. The most liquid trading is in forward contract for the following 
March and spot contracts, each of which account for about one third of total traded 
volumes. In order to improve the liquidity of the TGC market during its initial phase, 
certain existing generators were initially included in the system. These power plants 
were entitled to receive TGCs until the end of 2012 at the expense of electricity 
consumers (Bergek & Jacobsson, 2010). However, liquidity is of extreme importance 
in order for the market price to be regarded as reliable, and has progressively improved 
with increasing quota obligations (Swedish Energy Agency, 2012).

The quota requirement is constantly raised from year to year, increasing TGC 
demand. Initially the objective of the system was to increase by 2010 the production 
of electricity from RES by 10 TWh relative to the production level of 2002. In 2004, 
the object of the mechanism was extended including the production of electricity from 
peat as a fuel in combined heat and power plants. In January 2007 the RES target was 
increased to achieve 17 TWh of additional renewable electricity by 2016, relative to the 
corresponding production of 2002 (Swedish Energy Agency, 2007). On the 16th of June 
2009 the Swedish parliament decided that the target of the TGC mechanism should 
have further risen in order to comply with the EU Renewable Energy Directive proposal 
adopted on September 17th, 2008 (Swedish Energy Agency, 2009). Consequently, on 
the 10th of March 2010 the government presented ‘The electricity certificate system: 
higher target and further development’ bill, in which proposed to extend the TGC 
mechanism until 2035. The bill also proposed to adjust the quota obligation to the 
new target of renewable electricity production, which involved an increase of 25 TWh 
by 2020 compared to the levels of 2002. Moreover, the government presented, together 
with the bill, an assessment indicating that the TGC system should have included more 
countries, aiming to establish a common TGC market with Norway from January 2012 
(Ministry of Enterprise, Energy and Communications, 2010a). The new quota was 
approved by the Swedish parliament on July 1st, 2010 (Swedish Energy Agency, 2011).

Successively, the Swedish and the Norwegian governments signed a protocol to 
create a common TGC market on the 8th of December 2010. The new market would 
have started in January 2012 aiming to provide 26.4 TWh of electricity from RES by 
2020 in addition to the 25TWh Swedish target. The final agreement between the two 
countries was signed in Stockholm on the 29th of June 2011, and the joint mechanism 
will be effective until 2035 (Ministry of Petroleum and Energy, 2011). The Swedish 
parliament finally approved the bill no. 2010/11:155 ‘A new electricity market act - 
simpler rules and a joint electricity market’ on the 30th November 2011 (Riksdag, 2011).
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In the Swedish/Norwegian market, TGCs can be traded across the countries’ 
border with no differences between TGCs issued in the two countries, representing 
the first example of international TGC market worldwide. Policy makers expected a 
bigger market to lead to improved competition, increased liquidity and more stable 
prices. Moreover, they expected to achieve renewable energy targets more efficiently 
since investments will take place where conditions are more favorable between the two 
countries (Ministry of Enterprise, Energy and Communications, 2010b). No reference 
was made to the fact that producers’ market power may decrease price volatility (Gross 
et al., 2010) and that a more competitive market may thus lead to more volatile prices. 
This study investigates whether volatility has changed during the analyzed period 
focusing on the impact of creating a bigger Swedish/Norwegian market.



The role of regulatory risk in green certificate markets

85

VI.II data

This study develops an econometric analysis of the Swedish TGC market using data 
from January 1st, 2007 to March 25th, 2013. A sample of 326 weekly observations from 
data published online by Svensk Kraftmäkling, NordPool and STOXX limited is used.

Green certificate price

For the TGC price the spot price published by Svensk Kraftmäkling, a brokerage 
firm of the Nordic electricity market, is used. Prices are in Swedish Kronas (SEK). The 
evolution of the spot price and its return between January 2007 and March 2013 are 
represented in Figure 27 and Figure 28.

Figure 27: TGC spot price from January 1st, 2007 to March 25th, 2013.

Descriptive statistics of the TGC spot price and its return are presented in Table 
5. The TGC price presents negative excess kurtosis and positive skewness, while the 
return shows both positive excess kurtosis and skewness. Both the Augmented Dickey-
Fuller (ADF) and the Kwiatkowski–Phillips–Schmidt–Shin (KPSS) tests indicate that 
the return of the TGC price is stationary (Said & Dickey, 1984; Kwiatkowski et al., 
1978).
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Mean Median Max Min St.Dv. Skew. Kurt. ADF KPSS N

Price 242.59 227.30 376.00 140.00 65.70 0.357 1.97 -1.255 0.855*** 326

Return 0.0004 0.001 0.122 -0.073 0.255 0.107 4.87 -13.58*** 0.235 325

Table 5: Descriptive statistics of the TGC spot price and return for the period from January 1st, 2007 to March 25th, 
2013.

Electricity price

The primary source of revenues for renewable energy generators derives from 
participating in the electricity market. The TGC price rewards renewable electricity 
producers for the higher generation cost of renewable energy technologies, and should 
reflect the difference between the average cost of renewable electricity and the electricity 
price. The analysis uses the system day-ahead electricity price in SEK published by Nord 
Pool Spot, a leading power market in Europe which includes Sweden, Norway, Finland, 
Denmark, Estonia and Lithuania. The return on the electricity price is presented in 
Figure 29. Descriptive statistics of the electricity price return are presented in Table 6. 
The electricity price return presents positive excess kurtosis and skewness, moreover 
the ADF and KPSS tests indicate that it is stationary.

Figure 28: Return on the TGC spot price from January 1st, 2007 to March 25th, 2013.
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Mean Median Max Min St.Dv. Skew. Kurt. ADF KPSS N

Elect. 0.0011 0.0007 0.098 -0.711 0.148 0.582 15.84 -14.22*** 0.053 325

Equity -0.0002 0.0018 0.097 -0.138 0.024 -0.820 6.92 -15.99*** 0.165 325

Table 6: Descriptive statistics of the Nord Pool electricity and Nordic 30 index price returns for the period from 
January 1st, 2007 to March 25th, 2013.

Equity markets

Economic growth has an important role in determining the demand of energy 
commodities and electricity (Chen et al., 2007; Narayan et al., 2007; Squalli, 2007; He 
et al., 2010). It has been demonstrated that economic activity also influences the EU 
ETS price, with economic growth leading to higher carbon prices (Bredin & Muckley, 
2011; Creti et al., 2012). Economic growth should also influence TGC demand since it 
is obtained as a percentage of electricity consumption. 

Similarly to Bredin & Muckley (2011) and Creti et al. (2012) an equity index is used 
as a measure of economic condition. In addition to the fact that this variable reflects 
financial and economic conditions expectations with the required weekly frequency, 
it allows considering TGCs as a financial asset, controlling for the recent financial 
turmoil. The variable used for the analysis is the STOXX® Nordic 30 index, which 
includes 30 stocks of the bigger companies of Denmark, Finland, Iceland, Norway 
and Sweden. Return on the index price is presented in Figure 30. Descriptive statistics 
indicate that the index price return is stationary, with negative skewness and positive 
excess kurtosis, Table 6.

Figure 29: Return on the electricity price from January 1st, 2007 to March 25th, 2013.
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Figure 30: Return on the equity index price from January 1st, 2007 to March 25th, 2013.
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VI.III methodology

GARCH models are often used to investigate the volatility of time series (Engle, 
1982; Bollerslev, 1986). GARCH models assume no constant variance, modeling 
the conditional variance as a function of the mean volatility level, previous period 
conditional variance and information about volatility from the previous period. The 
return of the TGC price is initially modeled using the GARCH model presented in 
(22).

1t ttrr ρ ε−
= +

t t ts eε 

22 2

1 1t t tss βω αε − −
= + +

(22)
Where r

t
 is the return on the TGC price, e

t
 follows a standard normal distribution, 

s2
t
 represents the conditional variance, and ω is a constant. α, β, and ω must be non-

negative to ensure that the conditional variance remains positive. A GARCH process 
is stationary if α+β<1, in that case the unconditional variance is not time dependent 
and given by (23):

( )
2

1
ωσ α β

=
− −

(23)
However, the model presented in (22) assumes constant unconditional variance. 

Instead, for the scope of this analysis, the null hypothesis of constant unconditional 
variance is tested against the alternative of a break. The Chow test is often used to test 
for the presence of structural breaks in time series analysis (Chow, 1960). Unfortunately, 
this test is designed to test whether the coefficients of a linear regression suffer from a 
structural break and is not applicable to this case. Instead, Inclan & Tiao (1994) propose 
the following cumulative sum of squares (IT) statistic for testing the null hypothesis of a 
constant unconditional variance of GARCH models.

sup 2k
k

TIT D=

(24)
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Where:

k
k

T

C kD C T
= −

(25)
And C

k 
is the cumulative sum of squares of ε

t
. Under the assumption that ε

t
 follows 

a normal distribution with zero-mean, the asymptotic distribution of the test is given 
by:

( )*sup
r

rWIT ⇒

(26)
Where W*(r) is a Brownian bridge:

( ) ( ) ( )* 1r W r rWW = −

(27)
W(r) is a standard Brownian motion and → stands for weak convergence of the 

associated probability measures. If the IT statistic is greater than a critical value, the 
null hypothesis of constant unconditional variance is rejected and the series presents a 
structural break. Inclan & Tiao (1994) also demonstrate that the IT statistic could not 
detect multiple breaks in variance when examining the entire data series. To avoid this 
problem, they propose an Iterated Cumulative Sum of Squares (ICSS) algorithm based 
on the IT statistic that controls different pieces of the series looking for multiple breaks 
in the unconditional variance.

Sanso et al. (2004) demonstrate that the IT statistic is significantly oversized when 
used on GARCH processes. In particular, they indicate that the most serious drawback 
to the IT statistic is the fact that its asymptotic distribution is critically dependent on 
the assumption that the random variable ε

t
 has a normal, independent and identical 

distribution. Therefore, they propose a nonparametric adjustment to the IT statistic 
which makes it suitable for GARCH models showing that structural breaks can be 
accurately detected with their proposed method. These authors present the following 
adjusted IT (AIT) statistic:

sup 1
k

k T GAIT  =  
 

(28)
Where:

4

1
k k T

kG C CTω
  
 = −     



(29)
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Where ω
4
 is a consistent estimator of ω

4
:

( )2 2

4
1

1lim
T

tT t
E Tω ε σ→∞

=

  
= −  

  
∑

(30)
Sanso et al. (2004) propose to use a non-parametric estimator of ω

4
 which depends 

on the selection of a bandwidth using an automatic procedure, as for example the 
Newey & West (1994) procedure. The ICSS algorithm based on the AIT statistic is 
used to detect multiple structural breaks in the variance of the TGC price.

The results of the break test are compared with the regulatory changes of the TGC 
market to investigate if there is any correspondency between them. Then, the GARCH 
model is estimated introducing dummy variables in the variance equation of (22) 
representing the breaks indicated by the endogenous test, as indicated in (31):

1t ttrr ρ ε−
= +

t t ts eε 
22 2

1 1it ti tss Dφ βω αε − −
= + + +∑

(31)
Also, the model is estimated using different dummies corresponding to other 

regulatory changes for the sake of completeness. 
Succesively, the estimated coefficients of the GARCH model (31) are compared to 

those of a Taylor/Schwert GARCH model (Taylor, 1986; Schwert, 1990). The Taylor/
Schwert GARCH model was proposed considering the empirical fact that, in many 
financial series, autocorrelation is greater for absolute than squared returns (Ding et 
al., 1993). Thus, it models the conditional standard deviation as a linear function 
of lagged absolute returns, instead of assuming the conditional variance as a linear 
function of lagged squared returns. See (32):

1t ttrr ρ ε−
= +

 
t t ts eε 

1 1it ti tss Dφ βω α ε − −
= + + +∑

(32)
Finally, in order to avoid misspecification of the econometric approach, the 

electricity and equity index prices are introduced as explanatory variables in the 
GARCH model, adding their return as independent variables to the mean equation 
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of the model. Also, their variance is included in the variance equation, controlling for 
volatility spillovers from these markets. See (34). Moreover, a linear combination of 
TGC, electricity and equity index price may converge to a stationary process indicating 
a long-run equilibrium relationship between these variables, as presented in (33).

t t tCertificate Electricity EquityC= + +

(33)
For this to occur, it is necessary to test if the three time series are cointegrated 

avoiding a spurious regression (Engle & Granger, 1987; Johansen, 1991). Assuming that 
cointegration is confirmed, it is possible to use the lagged residuals from the regression 
of (33) as an error correction term in the mean equation of the model. As such, changes 
in the return of the TGC price are explained by changes in the independent variables 
and adjustments towards a long-term equilibrium as indicated in (34).

11 11t t tt tteqr ECelr λρ γυ ε−− −−
= + + + +∆ ∆

t t ts eε 
2 222 2

1 1 11it ti t tteq elss D ψσ ζσφ βω αε − − −−
= + + + + +∑

(34)
Where Δel

t
 and Δeq

t
 are the first difference of electricity and equity index price, 

respectively, and EC
t
 is the error correction term corresponding to the residuals 

obtained from an Ordinary Least Squares (OLS) regression of (33).  σ
el

2  and σ
eq

2  
indicate the variance of electricity and equity index price measured as squared price 
changes; they are introduced in the variance equation to control for volatility spillovers 
(Oberndorfer, 2009).

After estimating the model with different specifications the study concludes 
discussing the impact of regulatory changes and uncertainty on the volatility of TGC 
price.
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VI.IV empIrICal analysIs

The full sample data1 is used to estimate three initial models. Initially, the mean 
equation of (22) is estimated using an OLS method, then the coefficients of the GARCH 
model presented in (22) are estimated, and finally, a GARCH model is estimated with a 
seasonal dummy variable (k) added to the mean equation which takes the value of zero 
during the first semester of the year and one otherwise. The last model estimation aims 
to verify if there is a pattern of seasonality in the TGC price return. In fact, observing 
Figure 27 and Figure 28 it seems that, from 2009 onwards, the TGC price tends to 
decrease in the first part of the year to increase afterwards. The results of the three 
models estimation are resumed in Table 7.

OLS GARCH GARCH

ρ 0.244*** (0.065) 0.315*** (0.064) 0.308*** (0.063)

κ - - 0.0015 (0.0016)

ω - 0.0001* (0.0001) 0.0001* (0.0001)

α - 0.217*** (0.062) 0.206*** (0.062)

β - 0.564*** (0.142) 0.584*** (0.136)

ARCH LM (Chi sq.) 27.66*** 9.29 9.69

Serial correlation (Chi sq.) 13.60 - -

AIC -4.64 -4.69 -4.68

Table 7: OLS and GARCH (1,1) model estimates without dummy variables. Standard errors in parenthesis. *,** and 
*** show significance at the 10%, 5%, and 1% level, respectively.

The ARCH Lagrange Multiplier test (Engle, 1982) evidences the presence of ARCH 
effects in the OLS model, indicating that the GARCH model is more appropriate. 
Instead, the Breusch–Godfrey serial correlation Lagrange multiplier test finds no 
presence of serial correlation in the residuals of the OLS model. The coefficient of 
the seasonal dummy indicates that the TGC price return tends to be higher during 
the second semester of the year; however, this effect is not statistically significant to be 
considered in the analysis 2.

1 At a first glance, there is evidence of an additive outlier corresponding to the first week of April 2008, when the 
TGC price rose about 12% due to the reduction in TGCs surplus (Swedish Energy Agency, 2008). The methodology 
proposed by Doornik & Ooms (2005) confirms the presence of an additive level outlier (ALO) coinciding with this 
observation. We correct the raw data prior to model estimation accounting for the ALO as indicated by Doornik & 
Ooms (2005).

2 The coefficient remains statistically insignificant also reducing the sample to the period January 1st, 2009 - March 
25th, 2013.
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Structural breaks in the unconditional variance

The ICSS algorithm is applied to the residuals of the GARCH model estimate 
(22), searching for breaks in the unconditional variance of the TGC price return. The 
ICSS indicates two structural breaks corresponding to the weeks going from 8 to 15 
March, 2010 and from 5 to 12 September, 2011. For both breaks the AIT statistic is 
statistically significant at a 5% level. The first break coincides with the week in which 
the government presented the bill aiming to extend the life of the TGC system and 
to increase the quota requirement. Very importantly, the same week the government 
presented an assessment indicating its interest in creating a joint market with Norway. 
The second break, instead, does not coincide with any regulatory change, and falls 
in the period between June 2011, when Sweden and Norway signed an agreement 
for a joint market, and November 2011, when the Swedish parliament approved the 
corresponding bill.

The GARCH model is estimated adding two dummy variables (D
2
 and D

6
) in the 

variance equation to take into account for these breaks, as presented in (31). Estimate 
results are presented in Table 8 (Model 1). The coefficients of the two dummies are 
both statistically significant and indicate that volatility increased after the first structural 
break and later decreased in correspondence of the second break. Interestingly, the 
Wald test cannot reject the null hypothesis of the two dummies coefficients being 
equal in absolute terms. This suggests that the two breaks enclose a period of higher 
variability, after which the volatility returned to its previous levels, as represented in 
Figure 31. 

Figure 31: TGC price returns and three standard deviations bands for the volatility regimes defined by the struc-
tural breaks identified by the ICSS algorithm.
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

ρ 0.33473***
(0.0646)

0.33145***
(0.0642)

0.33150***
(0.0621)

0.33753***
(0.0630)

0.33552***
(0.0652)

0.33423***
(0.0645)

0.33559***
(0.0649)

ω 0.00014**
(0.0001)

0.00012*
(0.0001)

0.00012**
(0.0001)

0.00011*
(0.0001)

0.00015**
(0.0001)

0.00014**
(0.0001)

0.00015**
(0.0001)

α 0.23032***
(0.0787)

0.24283***
(0.0754)

0.24821***
(0.0732)

0.18713***
(0.07212)

0.22380***
(0.0788)

0.21301***
(0.0752)

0.2092***
(0.0781)

β 0.36541*
(0.2036)

0.43737**
(0.1810)

0.47089***
(0.1636)

0.48096**
(0.2114)

0.33933*
(0.2017)

0.37934*
(0.2113)

0.3455
(0.2212)

D
1
 (Jun-09) 0.00016*

(0.0001)

D
2
 (Mar-10) 0.00038**

(0.0002)
0.00040*
(0.0002)

0.00043**
(0.0002)

0.00034*
(0.0002)

0.00037**
(0.0002)

D
3
 (Jul-10) 0.00026

(0.0002)

D
4
 (Dec-10) -0.00031

(0.0002)

D
5
 (Jun-11) -0.00034*

(0.0002)

D
6
 (Sep-11) -0.00032*

(0.0002)
-0.00012
(0.0001)

-0.00023
(0.0002)

D
7
 (Nov-11) -0.00028*

(0.0002)

D
8
 (Jan-12) -0.00032*

(0.0002)

Wald test 
(Chi sq.)

0.7751 0.3962 0.2983 1.6449 1.2367 0.6788 0.4164

AIC -4.7492 -4.7039 -4.7234 -4.7414 -4.7452 -4.7440 -4.7489

Table 8: GARCH (1,1) estimates with different dummy variables. Bollerslev-Wooldridge (1992) heteroskedasticity 
robust standard errors in parenthesis. *,** and *** show significance at the 10%, 5%, and 1% level, respectively.

The model is also estimated using different dummies specifications to better 
investigate the role of regulatory changes and uncertainty on price volatility.

Initially, the model is estimated with the first dummy corresponding to other 
regulatory events related to the Government bill adjusting the RES quota (Table 8; 
Model 2, and 3):

•	 D
1 
 - The Swedish parliament increases the RES target on the 16th of June 2009;

•	 D
3
 - The Swedish parliament approves the adjusted quota proposed by the 

government on the 1st of July 2010.
Then, the model is estimated changing the second dummy to reflect other events 

related with the creation of a joint Swedish/Norwegian market (Table 8; Model 4, 5, 
6, and 7):
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•	 D
4
 - The Swedish and Norwegian governments sign a protocol to create a 

common market on the 8th of December 2010;
•	 D

5 
- Two governments sign an agreement for the joint market on the 29th of 

June 2011;
•	 D

7
 - The Swedish government approves the new market regulation on the 30th 

of November 2011;
•	 D

8
 - The new market becomes effective on the 1st of January 2012.

An analysis of Table 4 evidences that the coefficients ρ, ω, and α are always 
statistically significant and their value oscillates between 0.33145 and 0.33753, 0.00011 
and 0.00015, 0.18713 and 0.24821, respectively. β varies between 0.33933 and 0.48096, 
but is not significantly different from zero for model 7. In all the model specification 
the coefficient of the first dummy indicates an increase in the unconditional variance 
of the TGC price, and the second dummy a reduction. 

The two dummies are both statistically significant for models 1, 5, 6, and 7. Only 
one coefficient is statistically different from zero in model 2 and 4, while for model 3 
they are both non-significant. The Wald test cannot reject for any of the seven models 
the null hypothesis that the coefficients of the two dummies are equals in absolute 
terms. Also, the Akaike Information Criterion (AIC) indicates that model 1 should be 
preferred (Akaike, 1974).

A Taylor/Schwert GARCH model is also estimated to verify if by modeling the 
conditional standard deviation instead of the conditional variance, results remain 
unchanged. Table 9 indicates that the estimated coefficients are very similar, although 
a little more significant for the Taylor/Schwert model. Importantly, the coefficients of 
the dummy variables indicate that the conditional standard deviation increases and 
successively decreases, confirming the results of the  GARCH model. Again, the Wald 
test cannot reject for any of the seven models the null hypothesis. Overall, these results 
confirm those previously obtained with a GARCH model.

Despite the fact that no exogenous factor is considered in this first analysis (see 
next section), results indicate that the TGC market went through a regime of higher 
volatility between 2010 and 2011, hampered by regulatory intervention. In particular, 
regulatory changes could have caused a more volatile market for two reasons. First 
of all, as indicated by Amundsen & Nese (2009), the introduction of a higher quota 
level has an indeterminate impact on the demand for TGCs. In fact, an increase in 
the quota requirement does not necessarily lead to an increase in the production of 
renewable electricity, but only guarantees an increase in the share of RES over total 
electricity consumption and reduced generation from fossil fuels. Furthermore, the 
assessment indicating the possible creation of a joint market added some ambivalence 
regarding future quota levels for Norway, affecting the expectations of future TGC 
demand. In both cases, regulatory changes generated uncertainty about future TGC 
prices affecting the ability of market agents to forecast correctly the future. The fact that 
volatility returned to pre-2010 levels afterwards, indicates that instability was caused by 
temporary incertitude. Indeed, after uncertainty dissolved, the TGC market restored 
its previous price variability. Notably, while the end of the discussion regarding the 
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

ρ 0.35150***
(0.0633)

0.35158***
(0.0629)

0.34142***
(0.0604)

0.34899***
(0.0626)

0.35062***
(0.0640)

0.35060***
(0.0633)

0.34877***
(0.0632)

ω 0.00782**
(0.0036)

0.00633**
(0.0030)

0.00654**
(0.0031)

0.00649*
(0.0036)

0.00847**
(0.0038)

0.00803**
(0.0038)

0.00832**
(0.0039)

α 0.21589***
(0.0663)

0.22515***
(0.06390)

0.22376***
(0.0624)

0.17714***
(0.0661)

0.20394***
(0.0672)

0.20602***
(0.0659)

0.19645***
(0.0675)

β 0.40817*
(0.2096)

0.49378***
(0.1733)

0.50341***
(0.1777)

0.50750**
(0.2192)

0.38003*
(0.2188)

0.40323*
(0.2230)

0.39336*
(0.2315)

D
1
 (Jun-09) 0.00349*

(0.0019)

D
2
 (Mar-10) 0.00711**

(0.0035)
0.00717*
(0.0042)

0.00780**
(0.0039)

0.00667*
(0.0035)

0.00686*
(0.0035)

D
3
 (Jul-10) 0.00503*

(0.0030)

D
4
 (Dec-10) -0.00474

(0.0032)

D
5
 (Jun-11) -0.00557*

(0.0031)

D
6
 (Sep-11) -0.00571*

(0.0030)
-0.0025
(0.0016)

-0.00446*
(0.0026)

D
7
 (Nov-11) -0.00533*

(0.0023)

D
8
 (Jan-12) -0.00585*

(0.0031)

Wald test 
(Chi sq.)

0.7887 0.4660 0.1894 1.9807 1.3083 0.6328 0.3430

AIC -4.7547 -4.7122 -4.7259 -4.7425 -4.7483 -4.750 -4.7551

Table 9: Taylor/Schwert GARCH (1,1) estimates with different dummy variables. Bollerslev-Wooldridge (1992) het-
eroskedasticity robust standard errors in parenthesis. *,** and *** show significance at the 10%, 5%, and 1% level, 
respectively.

joint market led to a decline in TGC price volatility, this has remained unaffected by 
the bigger size of the market compared to pre-2010 levels. 

Policy makers were expecting a bigger market to lead towards more stable and lower 
prices due to resources diversification and improved liquidity. However, this analysis 
indicates that price volatility has not benefitted from the bigger market, yet. This can 
be explained as the new market is still in an initial phase, since obliged entities had to 
surrender TGCs for the first time since its creation in March 2013. Moreover, the initial 
quota obligation for Norway was quite low, 3% compared to the 17.9% of Sweden. 
Thus, it is possible that the size effect will become more important in future years with 
rising quota and increasing market maturity. However, it should also be considered the 
role of market power as a stabilizing factor for TGC prices (Gross et al., 2010). Indeed, 



Chapter VI

98

increased competition will lead to lower prices, nonetheless, policy makers should be 
aware that competition could also offset some benefits deriving from a bigger market 
in terms of price stability.

Controlling for the influence of exogenous variables

This section continues investigating TGC price volatility by studying the role of 
exogenous factors such as electricity, and equity markets. By considering the impact 
of exogenous variables on the TGC price variance, it is possible to verify if the regime 
of higher volatility was due to regulatory changes, or was caused by volatility spillovers 
from these markets. 

The electricity and equity index prices are introduced as explanatory variables in the 
GARCH model . As indicated in (34),  the squared electricity and equity index price 
changes are also added to the variance equation (Oberndorfer, 2009; Chevallier et al., 
2011). Also, the return of electricity and equity index price is included in the mean 
equation of the model and it is tested if the three time series are cointegrated following 
a long-term relationship. 

In order to do so, the Johansen (1991) test for cointegration is performed on TGC, 
electricity and equity index prices. The null hypothesis of the test is that there are r 
cointegrating relationships against the alternative that the cointegrating relationships 
are more than r. Both test statistics reject the null hypothesis of no cointegration 
indicating that one cointegrating relationship exists as indicated in Table 6.

Null hypothesis r=0 r=1 r=2

Maximum eigenvalue 23.85** 6.92 9.17

Trace statistic 33.16* 9.32 2.40

Table 10: Test statistics of the Johansen (1991) test for cointegration. The test is implemented with a constant 
and no linear trend in the cointegrating relationship. The number of lags is chosen based on the Schwarz (1978) 
information criterion. ***, **, and * indicates significant at 1%, 5%, and 10%, respectively.

Thus, the TGC price is regressed on the electricity and equity index prices using the 
OLS method as indicated in (33). Then, the model in (34) is estimated by regressing 
TGC price changes on lagged changes of the explanatory variables and on the lagged 
residuals obtained from the regression of (33). The latter represents the error correction 
term (EC

t-1
 ) of the mean equation (34), which captures the level of disequilibrium from 

the long-run cointegrating relationship. Estimation results of (34) are resumed in Table 
11.

The autoregressive coefficient of the TGC price return remains statistically significant 
and its value only slightly decreases compared to previous estimations. Interestingly, 
neither the electricity nor the equity index price returns influence the TGC price. 
Instead, it seems that the variance of the TGC price is positively affected by the variance 
of the equity market, with the coefficient of this variable statistically significant in five 
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

ρ 0.30337***
(0.0608)

0.31779***
(0.0648)

0.31254***
(0.0622)

0.31220***
(0.0628)

0.30342***
(0.0615)

0.30229***
(0.0558)

0.30414***
(0.0559)

λ 0.08465
(0.0565)

0.06090
(0.0574)

0.05092
(0.0584)

0.05221
(0.0582)

0.08158
(0.0566)

0.07512
(0.0514)

0.07564
(0.0518)

υ 0.00120
(0.0087)

0.00154
(0.0035)

0.00156
(0.0034)

0.00161
(0.0035)

0.00150
(0.0086)

-0.00106
(0.0093)

-0.00110
(0.0094)

γ -0.00001
(0.0000)

0.00000
(0.0000)

-0.00001
(0.0000)

-0.00001
(0.0000)

-0.00001
(0.0000)

-0.00001
(0.0000)

-0.00001
(0.0000)

ω 0.00005*
(0.0000)

0.00005**
(0.0000)

0.00007***
(0.0000)

0.00007***
(0.0000)

0.00006*
(0.0000)

0.00002*
(0.0000)

0.00003
(0.0000)

α 0.10715**
(0.0505)

0.20657***
(0.0713)

0.21931***
(0.0719)

0.16204**
(0.0680)

0.12728**
(0.0536)

0.00000
(0.0000)

0.00000
(0.0000)

β 0.57962***
(0.1541)

0.53660***
(0.0923)

0.54400***
(0.0887)

0.55374***
(0.0842)

0.51771***
(0.1526)

0.79797***
(0.0742)

0.77178***
(0.0966)

Ψ 0.06494*
(0.0389)

0.0636*
(0.0364)

0.05401
(0.0337)

0.06198*
(0.0353)

0.08333*
(0.0442)

0.03867*
(0.0232)

0.04138
(0.0259)

ζ 0.0001
(0.0004)

-0.00054
(0.0005)

-0.00055
(0.0005)

-0.00054
(0.0005)

0.00013
(0.0004)

0.00052
(0.0005)

0.00054
(0.0005)

D
1
 (Jun-09) 0.00015**

(0.0000)

D
2
 (Mar-10) 0.00028*

(0.0001)
0.00038**
(0.0002)

0.00033**
(0.0001)

0.00017**
(0.0001)

0.00018**
(0.0001)

D
3
 (Jul-10) 0.00022*

(0.0001)

D
4
 (Dec-10) -0.00030*

(0.0002)

D
5
 (Jun-11) -0.00028**

(0.0001)

D
6
 (Sep-11) -0.00022*

(0.0001)
-0.00009
(0.0001)

-0.00017
(0.0001)

D
7
 (Nov-11) -0.00014**

(0.0001)

D
8
 (Jan-12) -0.00015**

(0.0001)

Wald test 
(Chi sq.)

1.1662 8.4870*** 4.5124** 18.284*** 1.1025 2.7676* 2.5404

AIC -4.7508 -4.7167 -4.7276 -4.7576 -4.7559 -4.7543 -4.7560

Table 11: Taylor/Schwert GARCH (1,1) estimates with different dummy variables. Bollerslev-Wooldridge (1992) 
heteroskedasticity robust standard errors in parenthesis. *,** and *** show significance at the 10%, 5%, and 1% level, 
respectively.
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over seven model specifications. On the other hand, no volatility spillovers are found 
from the electricity to the TGC market. The ARCH (α) and GARCH (β) coefficients 
are slightly different from previous model estimates. Introducing explanatory volatility 
variables has led to lower ARCH coefficient estimates, meanwhile, the GARCH 
coefficient has increased, indicating a process with higher autocorrelation in variance 
and lower impact of new information on price volatility.

Remarkably, the coefficients of the two dummies are both statistically different 
from zero in five of seven model specifications, even after accounting for exogenous 
explanatory variables. However, in this case the Wald test rejects the null hypothesis 
of the two coefficients being equal in absolute terms in four over seven model 
specifications. These results confirm that regulatory changes caused a stage of higher 
variability in the TGC market and that the creation of a bigger market with Norway has 
not led yet to more stable prices as expected by Swedish policy makers. Instead, after 
the creation of the joint mechanism the market might be more volatile than in the past.
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VI.V ConClusIons

Previous studies analyzed TGC markets predominantly using numerical modeling 
frameworks or ex-post case studies analyses. To the author’s best knowledge, this is 
the first econometric study of the Swedish TGC market investigating the impact of 
regulatory uncertainty on TGC price volatility. 

Particular attention is given to the process that led to the creation of a joint market 
together with Norway. An econometric analysis is presented based on the estimation 
of a GARCH model using a sample of weekly observation from January 1st, 2007 to 
March 25th, 2013. GARCH models assume no constant variance allowing for volatility 
clustering, for this reason are very often used to study financial time series. 

An endogenous structural break test is applied to the residuals of a GARCH model 
to detect changes in the unconditional variance of the TGC price (Inclan & Tiao, 1994; 
Sanso et al., 2004). The test finds two breaks in the analyzed period corresponding 
to the weeks going from 8 to 15 March, 2010 and from 5 to 12 September, 2011. 
These breaks are related to the regulatory changes occurred in the Swedish TGC 
market. More specifically, the first break corresponds to the government’s proposal 
of adjusting the TGC quota together with the presentation of an assessment aiming 
to create a joint market with Norway. The second break is related to the end of the 
political process encompassing the establishment of a common market, happening in 
the period between when the two governments signed an agreement and when the 
Swedish parliament finally approved it.

Two dummy variables are introduced in the variance equation of the GARCH 
model corresponding to the breaks, finding that volatility increases around March 
2010, remains higher until the second break, and decreases afterwards. The model 
is also estimated using dummy variables corresponding to different events related to 
these two regulatory changes, obtaining similar results. Notably, in none of the model 
specifications the Wald test can reject the null hypothesis of the two dummies’ coefficients 
being equals in absolute terms, indicating that the TGC market experimented a phase 
of higher variability, after which volatility returned to its previous levels.

Including explanatory variables in the variance equation of the GARCH model, 
such as the variance of the electricity and equity index price, it is found some evidence 
that the volatility in the TGC market is positively affected by the volatility of the equity 
market. Instead, results reveal no evidence of volatility spillovers from the electricity 
market. Remarkably, after accounting for exogenous factors, results confirm that 
regulatory changes generated a regime of higher volatility in the market between 2010 
and 2011. In this case, results also indicate that, after this period of uncertainty, the 
market might remain more volatile than in the past. Thus, these results undermine 
the expectation of Swedish policy makers regarding the possibility of obtaining more 
stable prices through a bigger market. Of course, increasing market maturity and rising 
quota may indeed lead to lower price volatility in the future. However, it could also 
be possible that increased competition has offset the benefits of a wider and more 
diversified market.
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Concluding, these results provide evidence for the negative impact of regulatory 
changes in TGC markets, indicating that regulatory uncertainty leads to increased 
volatility, exasperating price risk and restraining investors. Therefore, policy makers 
should be very careful in changing the regulatory framework of TGC markets, deeply 
investigating the impact of their decisions on future TGC prices before to act. 

Moreover, policy makers should accompany regulation adjustments spreading 
detailed information regarding the expected long-term impact on TGC prices. In such 
a way, the regulator can help market agents, especially small players that have no access 
to detailed analysts’ information, to better forecast future prices reducing uncertainty 
and market volatility. 

Regarding multinational markets, this analysis highlights how the long political 
process required for establishing an international market could generate a phase of 
higher regulatory uncertainty. While it is probably difficult to reduce the duration 
of such a bureaucratic procedure, the regulator should try to make the transition as 
smooth as possible, by following an open process, disclosing as much information as 
possible about the status of the discussion, future quotas, expected starting date of the 
new market and all the information that could help better forecasting the evolution of 
the market.
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VII.I IntroduCtIon

This chapter presents a second econometric analysis that studies the pricing behavior 
of market participants in TGC markets. This study analyzes the Swedish/Norwegian 
and the UK markets from a macroeconomic perspective, comparing the two countries 
in the light of their regulatory frameworks.

Several studies are present in the literature investigating the relationship between 
macroeconomic and energy variables. For example, Masih & Masih (1996) present an 
estimation of long-run price and income elasticities of coal demand for China. He et al. 
(2010) investigate the relationship between the oil price and global economic activity. 
Mohammadi (2009) and Muñoz & Dickey (2009) analyze the impact of fossil fuel prices 
on electricity prices in the U.S. and Spain. Fell (2010) investigates the relationship 
between electricitiy prices in the Nord Pool market and EU ETS, coal and natural gas 
prices proving these variables are characterized by a long-run equilibrium.

As far as the EU ETS is concerned, scholars predominantly studied the development 
of a market-based price for the EU allowances. One of the main objectives of the EU 
ETS is to determine a market price for carbon emissions, in order for polluters to 
internalize their cost. Focusing on the daily changes of the EU ETS price during 2005, 
Mansanet-Bataller et al. (2007) examine the underlying rationality of CO2

 pricing 
behaviour. Their results indicate that energy prices and extreme temperatures are the 
main factors in the determination of CO

2
 price levels. In successive studies both Bredin 

& Muckley (2011) and Creti et al. (2012) show that the price of the administratively 
established emission market follows theoretically expected relations with economic 
variables, specifically the oil price, equity indexes and the switching price between 
natural gas and coal.

Analogously to how the EU ETS indicates a market established price for carbon 
emissions, a TGC market determines the premium received by renewable energy 
generators on top of the electricity price. In both cases, policy makers establish a 
market with the objective of assigning a price to a certain variable in order for market 
participants to internalize these costs in their short-term and long-term decision process.

Similar to previous studies on the EU ETS price (Bredin & Muckley, 2011; Creti et 
al., 2012), this study applies cointegration techniques and error correction modeling to 
investigate short-term and long-run dynamics between TGC, energy prices and economic 
activity. The ultimate goal of this research is to improve the knowledge surrounding 
TGC mechanisms, studying their link with the macroeconomic environment. The 
main contribution of this paper is to provide evidence for the impact of different 
regulatory frameworks on the pricing behavior of market agents in Sweden, Norway 
and the UK. This research is expected to be of interest for market participants, brokers 
and policy makers, improving the ability to forecast the long-term evolution of TGC 
prices, create hedging strategies and formulate policy recommendations. Ultimately, 
a better understanding of the determinants of TGC price levels in the long-run will 
decrease the uncertainty faced by investors, reducing their risk and improving the 
efficiency of TGC mechanisms.
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VII.II dIfferenCes and sImIlarItIes between the 
swedIsh and the uk markets

For the scope of this analysis, the Swedish and the UK markets are studied. Since 
January 2012 Norway has joined the Swedish system, creating a single TGC market, 
which is the first multi-national market of this type worldwide.

Both mechanisms impose an obligation on electricity suppliers and consumers to 
purchase TGCs corresponding to a certain proportion of the electricity they sell. The 
two markets are characterized by an annual compliance period, suppliers are required 
to surrender the TGCs corresponding to their obligation every year in March. For the 
compliance period 2011-12, the UK and the Swedish markets supported 31 and 19.8 
TWh of renewable electricity respectively. The generation mix supported by the two  
mechanisms is represented in Figure 32. TGCs are produced in the UK mainly from 
wind power, which supply 58.9% of TGCs with on shore and off shore generators. 
33.3% of the TGCs are obtained from biomass and the remaining 7.8% from hydro 
power. In the Swedish market TGCs are mainly produced from biofuel-fired plants, 
which contribute to 54% of the total TGCs supply. Wind and hydro produce 30.0% 
and 13.3% of the total amount of TGCs respectively. Only small hydro generators (< 1.5 
MW) are supported by the mechanism which does not support big hydro generators.

The difference between the technologies deployed in both markets is mainly due to 
the regulatory frameworks and the availability of natural resources. The Scandinavian 
region has a very high hydro power potential, and substantial areas of forest and 
arable land which benefit the production of biofuels. Moreover, the two schemes 
differ substantially in the way the two markets are regulated. The Swedish/Norwegian 
system is technology neutral, with each technology receiving one TGC per each MWh 
of electricity produced from RES or peat. The UK system was initially technology 
neutral, with one TGC corresponding to one MWh of renewable electricity. However, 
the regulation was changed in April 2009 making the number of TGCs received by 
generators  technology-dependent. Banding levels are reviewed every four years to 
reflect changes in market conditions and technological innovation.

In both systems, suppliers holding insufficient TGCs are charged a penalty  for 
each TGC they are short. For the Swedish/Norwegian market the penalty amounts 
to 150% of the volume-weighted average price of the previous year. In the UK its 
value is set by the regulator. The amount collected by the buy-out mechanism in the 
UK is subsequently recycled back to suppliers in proportion to the number of TGCs 
they used for compliance. This buy-out recycling mechanism led in the past to TGCs 
being traded in the market at a higher price than the buy-out, providing incentives 
for suppliers to under-comply with the quota obligation and paying the buy-out price 
(OFGEM, 2013). As indicated by Agnolucci (2007), recycling buy-out payments could 
incentivize strategic behavior, especially in concentrated markets. Apart from the first 
year of operation, the proportion of cancelled TGCs in relation to the overall quota 
obligation in the Swedish market has been constantly over 99 % (Swedish Energy 
Agency, 2012). 



The price drivers of green certificate markets

107

Figure 32: Certificate supply per energy source type in Sweden and the UK during 2011.

Setting the quota obligation as a percentage of the electricity consumption makes 
TGC demand relatively price-inelastic. Demand elasticity can be increased by allowing 
market agents to bank an excess of TGCs to comply with future years’ obligations 
(Amundsen et al., 2006). Certificate banking is allowed in both the Swedish/Norwegian 
system and the UK market. Nonetheless, in the UK TGCs can only be carried forward 
for one year and market agents cannot comply with their obligation using more than 
25% of banked TGCs (OFGEM, 2013). These restrictions limit the elasticity of TGC 
demand in the UK market. 

The amount of TGCs banked plays a key role in the Swedish/Norwegian system. 
Surplus ensures market liquidity and creates a buffer to absorb annual variations of 
demand and supply. The magnitude of the surplus and the market view over its future 
level has also an impact on TGC prices. Between 2007 and 2011 the surplus remained 
unchanged around 5 TWh. Lower electricity demand and increased TGC supply 
caused the surplus to increase in 2011 (reaching 8.8 TWh). Surpuls is expected to 
grow until 2013 (Swedish Energy Agency, 2012). Policy makers review the TGC system 
every four years and may decide to adjust the size of the quota to correct the deviations 
from forecasted and actual electricity demand.  For example, in the spring of 2010 
the Swedish government introduced a higher quota obligations from 2013 (Ministry 
of Enterprise, Energy and Communications, 2010a).  A bigger market increases the 
demand for TGCs, thereby reducing the proportion between surplus and total TGC 
demand.



Chapter VII

108

VII.III data and methodology

The Sweidhs/Norwegian TGC market is a continuous market in which TGCs are 
traded fairly steadily throughout the year with weekly current and historical prices 
published online on a regular basis (Swedish Energy Agency, 2012). Historical prices 
are also available online for UK TGC system. There, TGCs are traded in auctions 
or directly through bilateral agreements. From 2003 to 2009 auctions were held on 
quarterly basis while from September 2010 the frequency was increased to a monthly 
basis. 

For the analysis of the Swedish/Norwegian market it is used a time series of monthly 
TGC spot prices in SEK, covering the period from January 2007 to March 2013. The 
analysis of the UK market is based on the time series of auction prices in Great Britain 
Pound (GBP) published on the Non-fossil Purchasing Agency Limited. A shorter time 
series is used in this case due to the limited availability of monthly auction prices. The 
sample spans from September 2010 to February 2013. The evolution of TGC prices in 
the two countries is presented in Figure 33.

To understand the interaction between TGC prices and the macro-economic 
environment there are many relationships that have to be accounted for. It was already 

Figure 33: TGC price in the Swedish/Norwegian and UK markets
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said that Mohammadi (2009) and Muñoz & Dickey (2009) emphasized the role of 
energy prices on electricity markets. Energy prices should also influence the TGC 
market, at least indirectly through their impact on the electricity price, for two reasons.

Firstly, high energy prices lead to high electricity prices, reducing electricity 
demand.  This in turn reduces TGC demand, thus its price. Secondly, the TGC price 
should reflect the difference between average generation costs of renewable energy 
generators and the electricity price in the long-run (Morthorst, 2000). The electricity 
produced from RES becomes more competitive when high fuel prices increase the 
cost of conventional electricity, reducing the premium required by renewable energy 
generators in the TGC market. Therefore, higher energy prices should lead to lower 
prices in the TGC market.

Figure 34: Coal, carbon and natural gas prices.

Sweden is part of the Nord Pool electricity market, which also includes Denmark, 
Finland, and Norway. The Nordic market includes a wide range of electricity 
generation capacity, with hydro power acting as the major source of power for Sweden 
and Norway, while both Denmark and Finland have considerable coal and natural gas-
fired electricity production. 

When fossil-fueled generators are the marginal producers, coal, natural gas and 
carbon prices influences the Nord Pool system spot price (Fell, 2010). In the UK, 
natural gas and coal-fired generators produced 46% and 28% of total electricity 
generation in 2010 (Department of Energy & Climate Change, 2012). Hence, UK 
electricity price is also affected by coal, natural gas and carbon prices. The average 
monthly price of Russian natural gas ($/MMBTU) traded at the border with Germany 
published by the International Monetary Fund, the average monthly future price ($/
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ton) of coal delivered to the Amsterdam/Rotterdam/Antwerp region and the average 
monthly future price (€/ton) of one EU ETS phase II allowance both published by the 
European Energy Exchange1 are used as a proxy for energy prices. The EU ETS future 
price is used instead of the spot price because it was not exposed to the structural 
break that affected the spot market between phase I and II when, due to an excess 
of allowances available in the market at the end of phase I, the ETS price fell to zero 
(Bredin & Muckley, 2011). The evolution of energy prices during the period January 
2007- March 2013 is presented in Figure 34.

Another important variable to consider when analyzing TGC markets is the level of 
economic activity. The relationship between energy demand and economic growth has 
been extensively investigated in the literature (e.g., Masih & Masih, 1996; Chen et al., 
2007; Narayan et al., 2007; Squalli, 2007; He et al., 2010). Economic growth directly 
affects demand for electricity, energy consumption and energy prices. Economic 
growth causes electricity demand to increase due to new industries and production 
plants entering into operation. In a TGC market, demand is created by imposing an 
obligation for electricity suppliers to buy a certain amount of TGCs corresponding to a 
percentage of the electricity they sell. Everything else equal, an increase in the demand 
for electricity causes an increase in the demand for TGCs. 

Economic growth is usually measured as the change in Gross Domestic Product  
(GDP), which represents the standard measure used to estimate the economic activity 
in a country or region. GDP is measured on an annual or trimestral basis, however, and 
it cannot be used for this analysis. Instead, two different variables are used as a proxy 
for economic growth: an equity index price and an industrial production index.

Equity indexes provide market financial and economic expectations with a daily 
frequency. The monthly closing price of the Stoxx Nordic 30 index in SEK is used for the 
analysis of the Swedish TGC market. The index provides a Blue-chip representation of 
the supersector leaders in the Nordic region, covering 30 stocks of Denmark, Finland, 
Iceland, Norway and Sweden. For the UK market it is used the average monthly closing 
price of the FTSE 100 index in GBP, which includes the 100 companies listed in the 
London stock exchange with the highest market capitalization. As an alternative to 
equity index, it is used each country’s seasonal adjusted industrial production index 
for the manufacturing sector published by the Eurostat on a monthly basis. Both series 
are presented in Figure 35.

For the analysis of the Swedish/Norwegian market a variable measuring water 
reservoir levels is also considered. This is due to the high contribution of hydro power 
to both TGC and electricity production. Hydro reservoir levels have been shown to 
affect electricity prices in the Nord Pool market (Fell, 2010). The variable used as a 
proxy for reservoir levels is calculated as (35) and is presented in Figure 36.

1 The time series of EU ETS and coal future prices were obtained rolling forward futures contracts. Carchano & Pardo, 
(2009) demonstrated that changing the rolling forward date the series obtained are not significantly different. Thus, it 
is unlikely that any bias is introduced by constructing the two time series (Chevallier, 2011).
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Figure 35: Industrial production and equity index prices in Sweden and the UK

t
t

t

LevelHydro Level=

(35)
Level

t
 is the percentage of reservoir capacity filled, Level

t 
represents its median value 

for the period 1990-2012.
Coal, natural gas and carbon prices are converted to SEK and GBP using the 

corresponding average monthly exchange rates, so that the models are estimated using 
variables expressed in congruent monetary units. Variables are converted to logarithmic 
scale. Descriptive statistics of the data used for the two analyses are presented in Table 
12 and Table 13.
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TGC Natural gas Coal EU ETS Equity
Ind. 

production
Hydro

Mean 5.46 7.80 6.56 4.84 9.04 4.65 4.51

Median 5.43 7.76 6.55 4.95 9.04 4.65 4.57

Maximum 5.92 8.45 7.06 5.55 9.34 4.81 5.18

Minimum 4.94 7.35 6.17 3.56 8.69 4.47 3.77

Std. Dev. 0.27 0.25 0.18 0.46 0.15 0.09 0.25

Skeweness -0.01 0.68 0.27 -0.83 -0.14 0.03 -0.80

Kurtosis 1.94 3.34 3.91 2.99 3.05 1.98 4.27

Obs. 75 75 75 75 75 75 75

Table 12: Descriptive statistics of the data set used for the analysis of the Swedis/Norwegian market. Prices are in 
logarithmic scale and in SEK.

Figure 36: Hydro reservoir levels.
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TGC Natural gas Coal EU ETS Equity
Ind. 

production

Mean 3.80 5.51 5.17 2.10 8.66 4.62

Median 3.81 5.56 5.19 1.98 8.66 4.62

Maximum 3.94 5.67 5.37 2.71 8.76 4.63

Minimum 3.68 5.28 4.96 1.28 8.54 4.59

Std. Dev. 0.08 0.13 0.12 0.42 0.05 0.01

Skeweness 0.12 -0.60 0.09 -0.05 0.06 -0.64

Kurtosis 1.92 1.88 1.78 1.71 3.26 2.46

Obs. 31 31 31 31 31 31

Table 13: Descriptive statistics of the data set used for the analysis of the UK market. Prices are in logarithmic scale 
and in GBP.

Econometric methodology

Statistical inferences based on OLS regressions for time series models may be 
invalid unless the series being modeled are covariance stationary. This is not the case 
for many energy and economic time series which are characterized by non-stationarity 
and could lead to spurious regressions (Nelson & Plosse, 1982).  While an individual 
variable may be non-stationary and wander through time, a linear combination of 
more non-stationary variables may converge to a stationary process outlining a long-
run equilibrium relationship (Engle & Granger, 1987). Two series are said to be 
cointegrated if are integrated of the same order and some linear combination of them 
is stationary.

The analysis begins testing for the order of integration of the univariate series 
considered. Assuming TGC prices and at least some of the other series are integrated 
of the same order, the data sets are investigated for cointegration. In case the analysis 
indicates some series to be cointegrated, the cointegrating vector representing the long-
run equilibrium relationship is estimated. 

An ECM is estimated in which changes in the dependent variable are explained 
through short-term changes of the independent variables and adjustments towards 
the long-term equilibrium relationship. The analysis concludes estimating an ECM 
for each market by regressing first-differenced TGC prices against first-differenced 
lagged variables and the lagged residuals of the cointegrating relationship. Next session 
presents the results of the analysis and the model estimates.
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VII.IV empIrICal results and dIsCussIon

Tests for univariate integration

A series is said to be stationary if its mean and the autocovariances are time 
-independent. A series is said to be integrated of order one, I(1), when its first 
difference is stationary. The order of integration is the number of unit roots contained 
in the series, or the number of times it has to be differenced to become stationary. To 
determine whether the time series used for the analysis are integrated of the same order 
and cointegration is applicable, a unit root test is performed on the individual variables 
in both levels and first differences.

These tests are used: the Phillips & Perron (1998), the Augmented Dickey & Fuller 
(1981), and the Zivot & Andrews (1992) unit root tests. The three tests are designed 
to test the null hypothesis of the series being non stationarity against the alternative 
hypothesis of stationarity. Both the Augmented Dickey & Fuller, (1981) and the Phillips 
& Perron (1998) tests allow to include a constant, a linear trend or both in the test 
regression. The two tests differ for the method used to controll for serial correlation. 
The Augmented Dickey & Fuller (1981) test uses a parametric correction, the Phillips 
& Perron (1998) test applies an alternative non-parametric method instead.

Unit root tests often over-reject the null hypothesis in presence of structural breaks 
(Perron, 1989). Zivot & Andrews (1992) modified the Augmented Dickey & Fuller 
(1981) test to allow for a structural break in either the intercept, the linear trend, or 
both. Also, they proposed a methodology to determine the break date endogenously 
from the data. The Phillips & Perron (1998) and the Augmented Dickey & Fuller (1981) 
tests are used for the analysis of the UK data. For the analysis of the Swedish market, 
which comprehends the period of the financial crisis when most of the series were 
affected by structural breaks, the Phillips & Perron (1998) and the Zivot & Andrews 
(1992) tests are used instead. Results of the two tests are presented in Table 14.

Both the Phillips & Perron (1998) and the Zivot & Andrews (1992) tests indicate 
that all the variables used for the analysis of the Swedish market are integrated of 
order 1, I(1), rejecting the null hypothesis of a unit root for all the first-differenced 
variables. For the UK analysis, both tests show that TGC, coal, carbon and equity 
index prices are best modeled as I(1).  Results are mixed for the natural gas price and 
the industrial production index. Nonetheless, for both variables there is at least one 
test which indicate them as an I(1) process. Thus, this analysis proceeds assuming that 
all variables are integrated of order one and investigate for cointegration.
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Variable

PP (Swe/Nor) ZA (Swe/Nor) PP (UK) ADF (UK)

Interecpet
Intercept 
and trend

Interecpet Trend
Intercept 
and trend

Interecpet
Intercept 
and trend

Interecpet
Intercept 
and trend

TGC
-1.36 

(-6.12***)
-1.77 

(-6.09***)
-2.68 

(-7.08***)
-2.72 

(-6.75***)
-2.53 

(-7.54***)
-0.88 

(-3.26**)
-1.90  

(-3.08)
-1.45 

(-3.46**)
-2.10 

(-3.33*)

Natural gas
-2.20 

(-5.86***)
-2.22 

(-5.82***)
-3.94 

(-5.00**)
-2.93 

(-4.20*)
-5.38** 
(-4.96*)

-1.61 
(-5.99***)

-1.18 
(-6.28***)

-3.99*** 
(-3.85***)

-3.96** 
(-3.83**)

Coal
-2.48 

(-5.58***)
-2.13 

(-5.92***)
-2.54 

(-7.35***)
-2.86 

(-6.94***)
-2.93 

(-8.11***)
-1.05 

(-3.25**)
-3.51* 

(-3.76**)
-0.71 

(-3.39**)
-2.82 

(-3.87**)

EU ETS
1.38 

(-6.13***)
-1.42 

(-6.66***)
-3.10 

(-5.09**)
-3.57 

(-4.87**)
-3.67 

(-5.95***)
0.51 

(-3.77***)
-1.73 

(-3.80**)
-1.38 

(-6.13***)
-2.47  

(-6.67**)

Equity
-1.91 

(-7.28***)
-1.67 

(-7.31***)
-2.98 

(-7.99***)
-3.29 

(-7.59***)
-4.17 

(-8.71***)
-1.52 

(-5.81***)
-1.66 

(-5.89***)
-2.03 

(-6.78***)
-1.25 

(-6.87***)

Ind. 
production

-1.61 
(-9.07***)

-1.50 
(-9.06***)

-3.63 
(-10.61***)

-2.86 
(-9.17***)

-3.68 
(-11.20***)

-2.73* 
(-15.32***)

-5.31*** 
(-20.79***)

-1.47 
(-9.02***)

-1.30 
(-9.02***)

Hydro
-2.79* 

(-7.23***)
-2.70 

(-7.22***)
-4.70* 

(-8.50***)
-3.52 

(-8.04***)
-4.04 

(-8.96***)
- - - -

Table 14: Phillips and Perron (1998) (PP), Zivot and Andrews (1992) (ZA), and Augmented Dickey and Fuller (1981) 
(ADF) unit root test statistics for the variable used in the analysis of the Swedish (prices in SEK) and the UK markets 
(prices in GBP). In parentheses the test statistics for the first-differenced variables. The ZA test is implemented with 
both an intercept and trend, and allowing for a change in the either intercept, trend or both. the number of lags is 
chosen based on the Schwarz (1978) information criterion (SIC). ***, **, and * indicates significance at 1%, 5%, and 
10%, respectively.

Tests for multivariate cointegration

The next step of the analysis consists of investigating the presence of cointegration. 
A first type of test for cointegration apply a unit-root test on the residuals obtained 
from a OLS regression (Engle & Granger, 1987; Phillips & Ouliaris, 1990). Under the 
assumption that the series are not cointegrated, the residuals are non-stationary, hence, 
a test of the null hypothesis of no cointegration against the alternative of cointegration 
is simply a unit root test. The major limitation of this test is that it requires to indicate 
which is the dependent variable and which are the independent, exogenous variables, 
analyzing only one possible cointegrating relationship. 

Alternatively, Johansen (1991) proposes a test for cointegration assuming all the 
variables to be endogenous in the model. The test is based on the calculation of 
the eigenvalues of a stochastic matrix, and allows for more than one cointegrating 
relationships. The null hypothesis of the test is that there are r cointegrating relationships 
against the alternative that these relationships are more than r. In this case, it is not 
necessary to define which is the dependent variable in the regression.

The TGC price is considered the dependent variable and the other variables to be 
exogenous to the model. Indeed, it is plausible to consider energy prices and equity 
markets to remain unaffected by changes in TGC prices. Therefore, cointegration is 
investigated by testing the residuals obtained from the estimation of equation (36) for 
the two markets, using both the equity index price and the industrial production index 
as a proxy for economic growth:



Chapter VII

116

1 t t t ttCertificate Coal NaturalGas Carbon EconomicGrowthµ= + + + +

(36)
The tests presented by Engle & Granger (1987) and Phillips & Ouliaris (1990), 

which simply differ in the unit root test applied to the residuals, are applied. The 
Engle & Granger (1987) test uses the Augmented Dickey & Fuller (1981) test, while 
the Phillips-Ouliaris test uses the Phillips & Perron (1998) test. In both cases, the test 
statistic distribution is non-standard and depends on regressor specification. Critical 
values are provided by MacKinnon (1996). Both tests are disigned to test the null 
hypothesis of no cointegration against the alternative of cointegration. 

However, these tests assume that the cointegrating vector is time-invariant under 
the alternative hypothesis, and may fail to reject the null hypothesis of no cointegration 
when a structural break is present in the cointegrating relationship. Gregory & Hansen 
(1996) proposed an extension of Engle & Granger (1987), and Phillips & Ouliaris (1990) 
tests which set the alternative hypothesis to be cointegration while allowing for a one-
time regime shift in both the intercept and in the slope coefficients of the cointegrating 
relationship, at unknown time. Rejection of the null hypothesis, thereofore, provides 
evidence in favour of this specification. 

This test does not indicate wheter or not there was a regime shift. Thus, it is 
usually applied together with the methodology to test the hypothesis of no regime 
switch against the alternative of a shift proposed by Hansen (1992). In order to account 
for the possible structural break caused by the regulatory changes of spring 2010, the 
Gregory & Hansen (1996) test is applied for the analysis of the Swedish market and 
the traditional Engle & Granger (1987), and Phillips & Ouliaris (1990) tests for the 
analysis of the UK market. Results of the tests are presented in Table 15.

Regarding the analysis of  the UK market, the Engle & Granger (1987) test rejects 
the no-cointegration hypotehsis only with one of two test statistics, instead the Phillips 
& Ouliaris (1990) does not reject the null hypothesis at all. Overall the two tests 
indicate that there is no long-run relationship between these variables. Cointegration is 
further investigated reducing the number of independent variables in the cointegrating 
equation, founding a long-term relationship between the TGC price and the industrial 
production index. The results of the tests for the TGC price and the industrial 
production index are reported in the last row of Table 15. Both tests reject the null 
hypothesis of no cointegration with both statistics.

For the analysis of the Scandinavian market, the Gregory & Hansen (1996) rejects 
the null hypothesis with two test statistics when the equity index is used as a proxy 
for economic growth, indicating that there is a long-term equilibrium between the 
certifictae, coal, natural gas, carbon, and equity prices. The test cannot reject the null of 
no cointegration when the industrial production index is used as a proxy for economic 
growth instead. No evidence of cointegration is found adding the hydro reservoir level 
to the list of the independent variables. Thus, the TGC price in Sweden is cointegrated 
with natural gas, coal, carbon and equity index prices.
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The Gregory & Hansen (1996) test indicates that there was a shift in the cointegrating 
equation during May 2010, evidence supported by the Hansen (1992) methodology 
which rejects the null hypothesis of no shift in the cointegrating relationship. This 
break in the market long-run equlibrium was probably caused by the intervention of the 
government which increased the quota from 2013 in order to contrast the increasing 
surplus of TGCs. The 10th of March 2010 the government presented the bill ‘The 
electricity TGC system: higher target and further development’ proposing to extend 
the TGC mechanism until 2035 and to increase the quota raising the renewable energy 
target to obtain 25 additional TWh compared to the levels of 2002. The new quota was 
then approved by the Swedish parliament on July 1st, 2010 (Swedish Energy Agency, 
2011).

For the sake of completeness, the two cointegration relationships are tested assuming 
all the variables as endogenous. The Johansen (1991) test is used for the UK market; 
the methodology proposed by Lütkepohl et al. (2004), which extends the Johansen 

Gregory and Hansen (1996) Hansen (1992)

ADF Zt Zα Lc statistic

Sw
ed

en
/N

or
w

ay

TGC, Coal, 
Natural gas,  EU 
ETS, Industrial 
production

-5.84           
Break 2010M04

-5.08           
Break 2010M05

-39.55         
Break 2009M10

-

TGC, Coal, 
Natural gas, EU 
ETS, Equity 
index

-6.28*         
Break 2010M05

-6.32*         
Break 2010M05

-52.45         
Break 2010M05

1.6093***

Engle and Granger (1987) Phillips and Ouliaris (1990)

Zt Zα Zt Zα

U
K

TGC, Coal, 
Natural gas, EU 
ETS, Industrial 
production

-3.44 -35.62*** -1.58 -5.60

TGC, Coal, 
Natural gas, EU 
ETS, Equity 
index

-3.29 -33.00*** -2.13 -10.28

TGC, Industrial 
production

-3.40* -17.18** -3.36* -16.60*

Table 15: Gregory & Hansen (1996), Engle & Granger (1987), Phillips & Ouliaris (1990), and Hansen (1992) test 
statistics. The results of the Gregory & Hansen (1996) test are based on the model with a regime shift (C/S). Engle 
& Granger (1987) and Phillips & Ouliaris (1990) tests are implemented with a constant and no linear trend. The 
number of lags is chosen based on the Schwarz (1978) information criterion (SIC). ***, **, and * indicates significance 
at 1%, 5%, and 10%, respectively.
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(1991) test to account for a structural shift at unknown time, is used instead for the 
Swedish/Norwegian market. 

Results of the two tests are summarized in Table 16. In both cases the tests should 
reject the null hypothesis of zero cointegrating equations in favour of the alternative of 
at least one relationship. Indeed, the Lütkepohl et al. (2004) test indicates that there 
is one cointegrating relationship. The results of the Johansen (1991) test are mixed 
for the UK, with the maximum eigenvalue statistic indicating the presence of one 
cointegrating relationship and the trace statistic failing to reject the null hypothesis of 
no cointegration. 

Considering the results of both single equation and systems cointegration tests, 
this analysis suggests that the TGC price is characterized by a long-run equilbrium 
relationship with energy and equity prices in the Swedish/Norwegian market, while 
in the UK a relationship exists between the TGC price and the industrial prodcution 
index. This difference is probably due to the different norms regulating the two markets 
and the diverse resources used to produce electricity in the two countries. 

Because of the favourable conditions for the production of biomass in Scandinavia, 
more than half of the TGC were produced from biofuel-fired plants there in 2011. The 
substantial contribution of biomass-fired generators allows a higher flexibility compared 
to a system where wind generators are prevalent. In fact, while wind generators are 
characterized by an almost null marginal cost and produce electricity everytime wind is 
available, this is not the case for biofuel-fired plants which must pay fuel cost in order 
to run and therefore are operated only if the sum of electricity and TGC prices covers 
their marginal costs. 

Similarly, co-fired generators base their decision to burn more or less biofuels taking 
into consideration the TGC price and the difference between biomass and fossil fuels 
prices. Therefore, in the Swedish/Norwegian market where biomass has a key role 
in the generation mix of RES the TGC price is influenced by fossil fuels and carbon 
prices. 

Instead, in the UK where half of the renewable electricity is produced from wind, 

UK (TGC, Industrial production) Sweden/Norway (TGC, Coal, Natural gas, 
EU ETS, Equity index)

Johansen (1991) Lütkepohl et al., (2004)

r = 0 r = 1 r = 0 r = 1

14.89* 2.45 - -

17.34 2.45 56.39* 31.39

Table 16: Lütkepohl et al. (2004), and the Johansen (1991) test statistic. r = 0 indicates the test for the null hypothesis 
of zero cointegrating relationship against the alternative of at least one. r = 1 indicates the test for the null hypothesis 
of one cointegrating relationship against the alternative of more than one. The Johansen (1991) test is implemented 
with a constant and no linear trend in the cointegrating relationship. The number of lags is chosen based on the 
Schwarz (1978) information criterion (SIC). ***, **, and * indicates significance at 1%, 5%, and 10%, respectively.



The price drivers of green certificate markets

119

and policy makers restricted the use of banking, the TGC price is characterized by a 
long-run equilibrium with economic activity. By limiting the use of banked TGCs to 
comply with the quota, the UK market is less flexible on the supply side and more 
affected by fluctuations in the demand of TGCs. Hence, the relationship between 
TGC price and industrial production that affects electricity demand.

The TGC price is not affected by energy prices which have an impact on the 
electricity price. This could be explained by the important role that the buy-out price 
and the buy-out recycling mechanism have on market participants pricing behavior and 
by the lower penetration of biofuel-fired generators. Both factors cause participants of 
the TGC market to take pricing decisions independently of the electricity price.

Estimates of the cointegrating relationships

Given the presence of cointegration for both markets, the long-run equilibrium 
equations are estimated using the procedure developed by Stock & Watson (1993) 
known as Dynamic Ordinary Least Squares (DOLS). DOLS allow to estimate long-
run cointegrating vectors taking into account for serial correlation and regressors 
endogeneity and are preferable for the analysis of small samples compared to alternative 
estimators as the fully-modified OLS (FM-OLS) proposed by Phillips & Hansen (1990). 
Following the results of the cointegration test, the long-run equilibrium relationship 
between the TGC price and the industrial production for the UK are estimated 
following (37):

t tCertificate Industrialproductionµ= +

(37)
For the Swedish market instead, the model with a regime shift (C/S) proposed by 

Gregory & Hansen (1996) is used for the cointegration test, as indicated in (38):

1 21 2

T T

t tt t t

t t tt t

Certificate y yD D

y EquityNaturalGas Coal Carbon

µ µ α α= + + +

= + + +

(38)
Where D represents the dummy variable corresponding to the structural break date 

of May 2010 as indicated by the Gregory & Hansen (1996) test:
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1   if  t

t T
t TD
≤

=  >

(39)
Table 17 and Table 18 present the estimation of the cointegrating realtionships for 

the two markets. Results indicate that there is a significant positive relationship between 
industrial production and the TGC price in the UK market which is congruent with 
theoretical expectations. 

Variable μ Industrial production

Estimated value (SE) -24.98*** (5.63) 6.23*** (1.22)

Table 17: Stock and Watson (1993) dynamic OLS long-run parameter estimates of TGC price in the UK. Newey 
& West (1994) heteroskedasticity and autocorrelation consistent standard errors in parenthesis. ***, **, and * 
indicates significance at 1%, 5%, and 10%, respectively.

Variable μ
1

μ
2

Natural 
gas

1

Natural 
gas

2

Coal
1

Coal
2

EU 
ETS

1

EU 
ETS

2

Equity
1

Equity
2

Estimated 
value (SE)

15.05*** 
(2.62)

34.91*** 
(10.42)

-0.37*** 
(0.08)

-2.74*** 
(0.64)

0.53*** 
(0.17)

-0.75* 
(0.38)

0.14 
(0.25)

-0.82** 
(0.33)

-1.18*** 
(0.27)

-0.56 
(0.69)

Table 18: Stock and Watson (1993) dynamic OLS long-run parameter estimates of TGC price in the Scandinavian 
market. Newey & West (1994) heteroskedasticity and autocorrelation consistent standard errors in parenthesis. ***, 

**, and * indicates significant at 1%, 5%, and 10%, respectively.

The coefficients of the cointegrating equation for the Swedish market are statistically 
significant in most of the cases. The coefficients of natural gas are both negative 
and significant, coal has a positive coefficient before the break and turns negative 
afterwards. The EU ETS price is not significant before the break but has a negative 
coefficient after May 2010. The equity index price also has negative coefficients. The 
dummy variable representing the break in the market is statistically significant and has 
a positive sign. This reflects the fact that, everything else equals, by increasing future 
quotas the regulator increased the demand for TGC, thus its price, in the long-run.

Taking into account the stuctural break, the cointegrating equation evidences a 
negative long-run relationship between the TGC price, energy prices and the equity 
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market. As expected, energy prices, which positevly affect the price of electricity price, 
have an opposite impact on the TGC price.

The sign of the equity index should be positive, instead, reflecting the positive 
impact of economic activity on TGC demand. This negative sign could indicate that 
adding TGCs to a financial portfolio increases its diversification. Similarly, both 
Bredin & Muckley (2011) and Creti et al. (2012) found a long-run negative relationship 
between the EU ETS price and equity markets in their analysis.

Error correction model estimations

After estimating the cointegrating relatioships, an ECM is estimated for each 
countries. The ECM implies that changes in the dependent variable are explained 
by an error correction term which captures the level of the disequilibrium from the 
cointegrating relationship, and by changes in other explanatory variables which 
represent short-term relationships (40):

1 ttt t j t j

T
j jCertificate yCertificate ECφ βϕδ ε−− −

= + + + +∆ ∆∆ ∑ ∑

(40)
Where EC is the error correction component of the model and β measures the 

speed at which prior deviations from equilibrium are corrected. The model in (40) is 
estimated by regressing changes in the TGC price on lagged changes in the explanatory 
variables as natural gas, coal, and carbon price, economic activity and the reservoir 
levels for the Scandinavian market, as well as the long-term disequilibrium represented 
by the residuals obtained from the estimation of (37) and (38). In order to maintain 
coherency between long-run and short-run relationships, as a proxy for economic 
activity the industrial production index for the UK market, and the equity index price 
for the Swedish case are used. Models estimations are presented in Table 19.

Model estimations indicate that the return on the TGC price is positively affected 
by its own return during the previous month in both markets. Neither economic 
activity nor energy prices directly influence TGC markets in the short-run. Instead, 
hydro reservoir levels do impact the TGC price in Sweden. More precisely, during wet 
years the increased supply of TGCs produced from hydro generators negatively affect 
TGC prices, while the opposite happens during dry years. Notably, the coefficient of 
the error correction term is negative in both cases, implying that imbalances from the 
long-term equilibrium are corrected in each short period as expected by cointegration 
theory. The fact that this coefficient is not statistically significant for the UK c ould be 
due to the small sample used for the analysis and weakens the finding of a long-term 
relationship.

Both models are robust to various departures from standard OLS regression 
assumptions. In particular the Breusch-Godfrey Lagrange Multiplier test cannot reject 
the null hypothesis of no serial correlation in the residuals up to four lags. The ARCH 
test cannot reject the null hypothesis concluding that residuals are homoscedastic; the 
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Jarque-Bera test does not reject the null hypothesis indicating that the residuals follow 
a normal distribution. Stability tests conducted by plotting estimates of CUSUM and 
CUSUM squares have found no instability in the model.

Variable Sweden/Norway UK

Constant 0.0037 (0.0067) -0.0064 (0.0054)

ΔTGC (-1) 0.4842*** (0.0920) 0.5919** (0.2307)

ΔTGC (-2) - -0.0629 (0.1818)

ΔNatural gas (-1) 0.0442 (0.0970) 0.1024 (0.1052)

ΔNatural gas (-2) - -0.0719 (0.1195)

ΔCoal (-1) -0.1272 (0.1050) 0.0088 (0.1049)

ΔCoal (-2) - 0.3011 (0.1735)

ΔEU ETS (-1) 0.1229 (0.0768) 0.0452 (0.0408)

ΔEU ETS (-2) - -0.0900 (0.6667)

ΔEconomic activity (-1) 0.1043 (0.1270) -1.4171 (0.8380)

ΔEconomic activity (-2) - -1.4356 (1.1280)

ΔHydro (-1) -0.1428*** (0.0315) -

EC -0.6072*** (0.1294) -0.2247(0.3151)

Summary of diagnostic

R2 0.4083 0.5233

R2
adj

0.3436 0.1955

Breush-Godfrey [Chi-square (4)] 5.2055 6.6000

ARCH [Chi-square (4)] 4.8063 2.3965

Jarque-Bera [Chi-square (2)] 1.9357 3.3810

Table 19: Error correction model estimation for the Swedish and the UK markets. The number of lags is chosen 
based on the Schwarz (1978) information criterion. Newey & West (1994) heteroskedasticity and autocorrelation 
consistent standard errors in parenthesis. ***, **, and * indicates significance at 1%, 5%, and 10%, respectively.
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VII.V ConClusIons

This study presents an empirical analysis of the Swedish/Norwegian and the UK 
TGC markets investigating the pricing behavior of market participants and analyzing 
their differences in the light of the regulatory frameworks. Similar to previous studies 
on the EU ETS price, this study investigates ex-post the relationship between TGC 
markets and the macroeconomic environment. To the author’s best knowledge, no 
previous studies have investigated this topic and the results of this analysis add new 
insights to the knowledge of TGC market mechanisms.

For each market, it is estimated a cointegrating relationship representing a long-run 
equilibrium between the TGC price and macro-economic variables using the DOLS 
procedure developed by Stock & Watson (1993). This research is of interest for both 
market participants and policy makers, improving their ability to forecast future prices 
and reducing uncertainty for investors, thus decreasing the risk premium required for 
their projects. Moreover, by relating pricing behavior to the regulatory framework of 
TGC markets, this research is of interest for policy makers.

Results provide evidence for a positive long-run relationship between the industrial 
production and the TGC price in the UK. At the same time, this market appears to 
be unaffected by those energy prices which directly influence the electricity price. The 
price in the Swedish market, instead, follows a long-run equilibrium with energy prices 
so that rising fuel prices are accompanied by a lower TGC price. This analysis proves 
that regulatory changes directly affect the TGC price. More specifically, after increasing 
the quota during the spring of 2010, the Swedish market experienced an upward shift 
in the cointegration relationship describing the TGC price long-run equilibrium. 

No significant influence of energy prices and economic activity is found on the 
TGC price in the short-term. Instead, hydro reservoir levels affect the TGC price in the 
Swedish/Norwegian system in the short run, with high reservoir levels leading to lower 
TGC prices due to increased TGC supply.

The differences found in the pricing behavior of the two markets are related to the 
characteristics of the two systems. TGC supply is less flexible in the UK market where 
wind contributes to more than half of the supply and strict limits are imposed on 
certificate banking. This leads to a market in which the TGC price is affected by the 
fluctuations of TGC demand caused by variations in the economic activity. 

Moreover, the pricing strategy of market participants is heavily dependent on the 
buy-out price and its recycling mechanism, causing the TGC price to be independent 
from energy prices. In the Swedish market instead, the important role covered by 
biomass-fired generators and the absence of limitation on certificate banking has led 
to a more flexible supply of TGCs. The TGC price so reflects the increased cost of 
producing electricity from biomass as an alternative to conventional fossil fuels, and is 
less dependent on economic activity.

Since the UK TGC market is characterized by a ‘banding’ mechanism, with TGCs 
issued on a technology basis, and an annual buy-out price which guides pricing decisions 
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within the market, the UK system resembles a feed-in mechanism, with the regulator 
roughly establishing the subsidy level for each technology reducing the price risk faced 
by investors. Compared to a feed-in system the TGC mechanism imposes a limit on 
the amount of energy subsidized annually, leaving generators to bear the quantity risk 
related to fluctuations of demand and supply. This risk is further exaggerated by the 
limitations imposed on certificate banking and could be reduced by either increasing 
the validity of TGCs to more than one year, or by introducing a price floor at which 
unsold TGCs are retired.

On the contrary, the Swedish/Norwegian system requires rather little intervention. 
The regulator only reviews the quota every four years to verify that the electricity 
demand corresponds to its forecasts. During these regular ‘checkpoints’ policy makers 
can adjust the quota in case electricity consumption differ from their expectations as 
happened in 2010. Investors are exposed to both price and quantity risks, leading the 
market to prefer more flexible biofuel-fired generators and co-firing units as expected 
by Kildegaard (2008). Scandinavian policy makers could create more favourable 
conditions for investing in low marginal-cost technologies, such as wind generators, 
by introducing a floor price which reduces project risk as demonstrated in Chapter 5.

Finally, although the DOLS methodology has demonstrated to provide better 
cointegration coefficient estimates in small samples than other techniques (Stock & 
Watson, 1993), the cointegration tests used for the analysis are characterized by poor 
small sample properties. Regarding this, the UK sample size is extremely small and 
scholars should further investigate these relationships in the following years when 
more data will be available.
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VIII.I IntroduCtIon

The previous chapters presented ex-post and ex-ante analyses of renewable energy 
policy. These analyses indicate that the existing choice renewable energy policy 
instruments present a trade-off between economic efficiency  (TGC markets) and 
policy effectiveness (FiT) and that the main drawback of a TGC market derives from 
the price uncertainty faced by investors.

This chapter introduces a novel approach to improve the performance of TGC 
markets by providing more stable and predictable revenues for producers, lowering 
project risk. This chapter proposes a system of mandatory call options for TGCs, as 
an add-on to a TGC market. This proposal combines the advantages of both types 
of instruments by providing a degree of long-term price stability to producers and 
consumers while keeping the short-term certificates market, which facilitates allocative 
efficiency.

The European Commission recently proposed the use of quotas and FiPs to expose 
RES to the electricity price, fostering their integration into the power sector (European 
Commission, 2013b). The Commission suggested auctions as the ideal framework for 
providing competition between producers and between technologies. A well-designed 
auctioning system combined with a FiP mechanism can provide a more predictable 
revenue stream for investors than a TGC system. The auction is intended to prevent 
over-compensation of producers and thus limit the cost to the public and achieve the 
renewable energy target efficiently (European Commission, 2013b).

Auctioning FiPs combines the best of both price-based and quantity-based 
instruments and corresponds to a market in which TGCs are traded through long-
term contracts (Agnolucci, 2007; De Vries, 2011). This market does not arise naturally, 
because in the European context of liberalized electricity markets it is not possible 
for retailers to enter into long-term TGC contracts since this would require them to 
accurately predict their future share of the electricity demand. Producers would not 
enter in long-term contracts either, due to the counterparty risk involved with retailers. 
Therefore the regulator can auction long-term TGC contracts on behalf of the entire 
electricity demand instead, eliminating counterparty risk. Similarly, in regulated retail 
electricity markets, the regulated utility can operate on behalf of the whole demand 
purchasing TGCs as part of Power Purchase Agreements (PPA) (Gaul & Carley, 2012).

In some states of the United States with a Renewable Portfolio Standard (RPS), 
TGCs are indeed sold through long-term contracts. Cost-of-service regulated utilities 
can accurately predict their future share of electricity demand entering into long-term 
contracts with renewable producers. Renewable electricity producers sell TGCs as 
part of PPA and the regulated utilities eventually recover the cost deriving from these 
contracts through standard rate-making proceedings (Wiser et al., 2007). It is unclear, 
however, how regulators should control how much electricity providers spend and, 
consequently, what taxpayers must pay to comply with the RPSs (Stockmayer et al., 
2012). Utility companies operating in restructured electricity markets are more likely 
to acquire TGCs in the spot market instead. These utilities frequently renegotiate 
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electricity contracts with their customers and are exposed to volume risk. Therefore, 
they cannot offer long-term TGC contracts because they could lock themselves into 
paying for more TGCs than necessary if future demand declines (Gaul & Carley, 2012).

In a liberalized retail market context such as Europe, the regulator can buy long-term 
TGC contracts through a centralized auction as proposed by the European Commission 
(European Commission, 2013b). This would eliminate the counterparty risk faced by 
investors when entering into a contract with retailers exposed to a high volume risk. 
Nonetheless, while this mechanism combines investor certainty with the economic 
efficiency of a competitive market, it effectively eliminates the short-term market 
for TGCs. This would reduce allocative efficiency and cost-reduction incentives for 
generators. Within this study a new idea is proposed. An alternative policy mechanism 
which allows the regulator to reduce investors’ exposure to price risk, although without 
completely remove it, maintaining the central role of the TGC market.

This policy proposal takes inspiration from the concept of reliability options, which 
aim to guarantee a minimum reserve capacity for the electricity sector. Reliability 
options are call options that are purchased from generators by the system operator on 
behalf of the electricity demand. They provide generators a premium in exchange for 
giving up the possibility to obtain high electricity prices, reducing revenues’ volatility. 
Reliability options protect consumers from high electricity prices while providing the 
market with long-term economic signal for new investments (Vázquez et al., 2002; 
Batlle et al., 2007).

Similarly, it is proposed to combine the traditional TGC market with a system of 
option contracts. The novelty of this idea consists in applying an existing mechanism 
designed to improve security of supply (i.e. the reliability options), to improve the 
stability of a TGC market.

Instead of auctioning long-term TGC contracts, the regulator auctions TGC call 
options on behalf of obliged entities (typically large consumers and retail companies). 
The regulator pays renewable energy producers a fixed premium in exchange for the 
right to buy TGCs at a determined strike price. This premium partially covers the cost 
of renewable energy producers, reducing revenues’ volatility thus project risk. At the 
same time, option contracts do not affect market liquidity since the regulator maintains 
the obligation for obliged entities to buy TGCs. 

In the proposed mechanism, generators and obliged entities optimize their 
operational planning according to the electricity and the TGC spot prices. The TGC 
market thus maintains a central role. It stimulates participants to make efficient use 
of resources and incentivizes producers to reduce renewable energy cost. At the same 
time, the premium that is paid to generators functions as a long-term price indicator 
to the market, facilitating the strategic planning of investors. This combines short-term 
operational efficiency with long-term market stability, dampening investment cycles 
and minimizing the cost of renewable energy subsidies.
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VIII.II the proposed meChanIsm

The design of the call option

This section describes the proposal of combining a traditional TGC market with 
a system of TGC call options. This system is called ‘green certificate options’. The 
proposed mechanism allocates the financial subsidy given to RES between a long-term 
fixed component, which is set through a competitive auction mechanism, and a short-
term variable part, established by the interaction of producers and consumers as in 
traditional TGC markets (See Figure 37). This provides a good compromise between 
short-term market efficiency and long-term investment stability.

Figure 37: Green Certificate Options combine aspects of traditional TGC markets and tender mechanisms.

The regulator should organize central auctions regularly, for example once a year. 
Each option contract refers to an exercise period for which the producer commits 
to deliver TGCs to the market. The exercise period should start after a few years, so 
investors have the time to build a power plant. In this way, the option premium set in 
the auction would provide a long-term price signal to the market. The option demand 
should correspond to the future quota obligation of the TGC market at the moment 
when the options are exercisable. Hence, the regulator needs to consider the expected 
future electricity demand and RES quota when calling the auction.

Auction participants offer the volume of TGCs they are willing to supply and the 
option premium required, while the strike price is the same for all the options and 
decided by the regulator. Eventually, successful auction participants sign a call option 
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contract with the regulator. At the beginning of each exercise period, the regulator 
distributes a volume of options to obliged entities corresponding to their obligation and 
pays the premium to the generators. The option cost is either passed on to electricity 
consumers by levying an electricity tax or can be paid from the government budget.

This part of the mechanism resembles long-term TGC contracts, signed and paid 
for by the regulator. However, the option premium covers the cost of renewable energy 
generators only partly1. Generators need to cover the remaining part of their costs 
by selling TGCs to obliged entities in the market. This guarantees that short-term 
operational decisions are optimized taking into account the TGC price.

In the successive sections are described the main design variables of the options 
scheme which determine the value of TGC call options and their ability to provide 
a long-term price signal for the TGC market. These variables are: the strike price, the 
reference market, the lag period, the exercise period, certificate banking, technology 
banding, and market power.

The strike price

The strike price is probably the most important variable the regulator needs to set 
when implementing green certificates options. The strike price determines the division 
between the fixed income from selling the options (the premium) and the volatile cash 
flow received selling TGCs in the market. In an extreme case, if the strike price were 
zero, generators would effectively end up signing long-term TGC contracts, with the 
premium corresponding to the TGC price. A very high strike price, on the other hand, 
would make the options worthless, making the policy instrument ineffective (with a 
traditional TGC market as a result). The regulator can tune the strike price shaping the 
support mechanism to his preference, as indicated in Figure 38.

To guarantee liquidity in the option market, all the options should be traded in 
a single market. Similarly, TGCs are traded in a single TGC market. This maximizes 
liquidity, guaranteeing that all participants face a level playing field. In order to have a 
single option market, however, all the options should have the same strike price. 

Policy makers may decide to change the strike price periodically in order to adjust 
the performance of the mechanism, or simply because the TGC price has changed. 
This complicates the mechanism because option contracts are issued with multiple 
years’ validity.

There are two possibilities for dealing with this issue. A first alternative consists in 
policy makers defining the strike price as a function of some external variables and 
updating it from year to year, disclosing all this information to investors. For example, 
the electricity price, fossil fuel prices and inflation are some factors which should affect 
the TGC price and could be used to adjust the strike price. In this way, the strike price 
of old options would change every year, matching that of new ones, and all the options 
would be traded in a single market. This solution would require investors to forecast 
future strike price changes and bid accordingly in the auction. This would cause 

1 This depends on how the regulator set the strike price of the option and is discussed more in detail in the next section.
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Figure 38: The impact of the strike price on the policy mechanism.

uncertainty for investors and could therefore reduce the effectiveness of the policy.
Instead, we suggest a second method which leaves policy makers free to change 

the strike from year to year. Policy makers need to establish a formula to adjust the 
premium of an option to a change in the strike price in order to leave its fair value 
unchanged. In fact, a generator who sold an option for a low premium due to a very 
high strike price should be remunerated if the strike price is decreased successively, 
and vice versa. As such, policy makers would be free to change the strike price and the 
premium of old options would be adjusted consequently. 

Nonetheless, policy makers should be aware that changing the strike price frequently 
in an unpredictable manner would discourage investment due to regulatory uncertainty 
(Holburn, 2012). Investors would prefer to know how the strike and the premium 
evolve before investing and policy changes should be minimized and predictable.

The choice of the reference market

Whether options are settled in cash or physically, it is necessary to establish a 
reference price for the underlying asset in order to value these contracts. The reference 
price for certificate options could be either the TGC spot price or the price of the 
forward TGC contract with delivery at the end of the compliance period, when TGCs 
must be surrendered to the regulator. Following the theory of storage (Fama & French, 
1987), and considering that TGCs can be stored at no cost, the relationship between 
TGC spot and futures prices follows an arbitrage-free relationship:
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t
 indicate the future and the spot prices at time t, T is the delivery date of the 

future contract, and r is the interest rate. As indicated in (41), the spot price represents 
the present value of the future price. This reflects the fact that producers earn interest 
on the money received by selling TGCs in the spot market. Instead, if the TGC is sold 
through a future contract, the buyer earns interest because he keeps his money until 
the delivery date.

Since the quota obligation requires obliged entities to surrender the TGCs at the end 
of the compliance period, the call options should use the future price with delivery at 
the end of the compliance period as a reference market. Otherwise, if the spot market is 
used as a reference, the present value of the strike price would increase with the passing 
of time causing the value of the call options to continuously decrease. Moreover, before 
the end of the compliance period, generators may still need time to produce the TGCs 
that they committed to sell, so they may be unable to sell TGCs in the spot market 
when options are exercised. A generator which is momentarily lacking TGCs would 
agree to sign a future contract when an option is exercised instead, delivering the TGC 
afterwards during the compliance period.

The lag period

One of the benefits of auctioning TGC call options is the fact that by running the 
auctions some years in advance, policy makers can attract new investments in the market 
when necessary. This characteristic is intrinsic of any type of auction mechanism and 
is therefore not exclusive to this proposal. The regulator should guarantee a sufficient 
lag period, allowing new entrants who successfully participate in an auction to build 
a power plant. This lag period should be two or three years at least, depending on 
the time required to go through the administrative procedures and to build a new 
generator.

The price (option premium) set in the auction indicates to investors whether the 
TGC supply is abundant or scarce. If enough resources are available to comply with 
the quota requirement, there would be a sufficient number of actors offering in the 
auction, keeping the option premium low. Instead, a high premium would indicate 
that the resources available are becoming scarce. In this case the high premium should 
attract new participants and resources to the market before the TGC supply tighten 
excessively. The premium provides a long-term price signal to the market, allowing 
investors in the renewable energy sector to develop a long-term strategic plan.
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The exercise period

Cash flows of renewable energy generators depend on the evolution of TGC and 
electricity prices, which can be highly uncertain. Therefore, investors may be reluctant 
to commit to capital-intensive renewable energy projects. The aim of this proposal is to 
reduce renewable energy project risk by reducing cash flow uncertainty and volatility 
while maintaining the advantages of a liquid short-term TGC market. To enhance 
policy effectiveness, the option contracts should guarantee stable revenues for a period 
between 10 and 20 years, similar to a FiT.

The exercise period of the option contracts should correspond to the compliance 
period of the TGC market, guaranteeing the necessary TGC supply. Generators thus 
receive multiple call options exercisable in successive compliance periods. For example, 
if the option contract covers a period of 20 years, and the TGC market has a compliance 
period of one year, renewable energy generators receive 20 call options, all remunerated 
at the same premium. Each option is exercisable in one of the successive 20 compliance 
periods, guaranteeing investors with a fixed premium payment for each of the next 20 
years.

In this way green certificate options successfully reduce revenues uncertainty for 
producers, attracting enough investments in capacity to comply with renewable energy 
targets, fostering the effectiveness of TGC mechanisms.

Certificate banking

Until now, option demand has been considered as completely inelastic and 
established by the regulator as a fixed quantity. However, it is possible to introduce 
some demand elasticity in the auction by allowing obliged entities to offer banked 
TGCs. These offers represent the premium that obliged entities demand for selling an 
option on their banked TGCs. If accepted, they cause obliged entities to reduce their 
net position in call options. The regulator should be very careful with allowing obliged 
entities to reduce their exposure to call options, because they could present unreliable 
offers in an attempt to gain a profit from the premium, causing the TGC market not 
to achieve its renewable target.

To prevent speculation, the regulator should only allow offers from parties who 
have banked TGCs. In case a call option is sold on a banked TGC, the regulator should 
freeze it in the TGC account until the option expires or is exercised. In this way, the 
regulator guarantees that a lower option demand is supported by an adequate number 
of banked TGCs.

By participating in the auction, obliged entities with banked TGCs gain the 
opportunity to influence the level of the option premium. In order to do so, market 
participants need to accumulate a certain surplus of TGCs in their accounts. Hence, 
obliged entities may acquire more TGCs in the market than imposed by the quota 
obligation to gain some flexibility in future auctions. These TGCs are not covered by 
the call options and may be traded at a price higher than the strike.
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Green certificate options so allow consumers to participate in the auction to 
determine a fair option price, limiting the bargaining power of producers and improving 
efficiency.

Technology banding

TGC markets introduce competition between producers and technologies, aiming 
to improve economic efficiency and decreasing renewable energy cost. In a technology 
neutral market, the TGC price is set by the marginal generator (using the most expensive 
technology). This may generate windfall profits to cheaper technologies which receive 
an unnecessarily high price for their TGCs, causing allocative inefficiency (Bergek & 
Jacobsson, 2010; Haas et al., 2010). Windfall profits are eliminated by either issuing a 
technology-specific number of TGCs or by splitting the quota into technology bands. 
The latter substantially reduces liquidity in TGC trading and may be feasible in a 
Europe-wide market only. The former relies on the regulator comparing the generation 
costs of the different technologies, issuing more TGCs to more expensive ones. In this 
case, the quantity set by the regulator would no longer represent the renewable energy 
quota, since a technology-specific amount of electricity would correspond to each TGC.

Green certificate options allow for technology banding without reducing liquidity 
in the TGC market. In this case, the auction is divided into different technology bands, 
with different volumes of obligations per renewable energy generation technology. This 
stimulates competition between projects using the same technology. Renewable energy 
projects in different technology bands sign call options with the same strike price, but 
less mature and more expensive technologies receive a higher premium in the auction. 
The same is possible if the regulator decides to auction long-term TGC contracts. 

Figure 39: Green certificate option allows for technology banding without reducing market liquidity.
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Nonetheless, green certificate options maintain competition between technologies in 
the TGC market, while eliminating windfall profits to cheaper technologies.

Green certificate options allow the regulator to allocate more market risk to 
mature technologies (for example on-shore wind and biomass-fired generators) while 
protecting riskier projects guaranteeing a higher proportion of revenues through the 
fixed premium (for example PV and wind off-shore generators). See Figure 3.

Different projects using the same technology compete in the auctions thus 
bringing the premiums down. Moreover, the TGC market forces competition between 
technologies when generators trade TGCs in the short-term. As such, green certificate 
options allow policy makers to deploy different RES technologies in the market 
efficiently, achieving both static and dynamic efficiency (Menanteau et al., 2003).

Two-step auction and market power

Policy makers should be aware that, as in any other market-based mechanism, there 
is the risk of participants manipulating the market for their own profits, especially if 
there are only few actors participating in the auction. If the market lacks new investors 
willing to participate in the auction it may be easy for incumbents to obtain high 
premiums at the expense of consumers. This mechanism relies on the capacity of the 
auction to attract new investors to the market. It should be noted, however, that even 
a traditional TGC market can be manipulated and that the auction should decrease 
market power by attracting more actors to the renewable energy sector.

Regulators should use a two-step auction in which agents initially offer quantities 
with no prices (Batlle et al., 2007). Successively, in case the volume of the offers is 
satisfactory, the regulator proceeds with a second auction round in which he asks 
participants for prices. In case the regulator considers the capacity offered to be 
insufficient, a new auction is announced, trying to attract more investors in the next 
round. Furthermore, the regulator should verify that each offer presented in the 
auction is supported by some banked TGCs, an existing generator, or a new generator 
under development. 

With respect to vertically-integrated utilities, the regulator should consider their 
net position in the market to avoid strategic behaviors and gaming opportunities in 
the auction. For example, consider the case of a utility with the generating capacity to 
produce 8 GWh of TGCs and whose retail division has the obligation to surrender 10 
GWh of TGCs. In this case the regulator should auction only 2 GWh of call options 
on behalf of that utility, precluding it from offering its capacity in the auction.
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VIII.III InteraCtIons wIth the eleCtrICIty market

Price development

The markets for TGCs and electricity are tightly interrelated. The TGC price should 
tend in the long run to the difference between the average generation cost of renewable 
energy generators and the average electricity price, as indicated in (42):

TGC RES tC C e= −

(42)
 C

TGC
 indicates the average cost of producing a TGC,  C

RES
 is the average generation 

cost of producing electricity from RES, and  e
t
 is the electricity price.

If banking is not allowed, generators would offer TGCs in the market at the 
difference between the marginal cost of RES electricity and the electricity price, as 
indicated in (43) (Morthorst, 2000).

TGC RES tC C e= −

(43)
C

TGC
 indicates the marginal cost of producing a TGC, C

RES
 is the marginal generation 

cost of RES electricity, and e
t
 is the electricity price. Considering that the majority of 

RES, excluding biomass, are characterized by almost null marginal cost, they would 
offer TGCs for a negative or zero price. These generators are price takers in the market. 
Instead, biofuel-fired and co-fired generators are willing to produce electricity only if 
the sum of electricity and TGC price is high enough to recover the marginal cost. 
Therefore, they offer TGCs in the market for a higher price, providing more flexibility 
to the supply of TGCs.

The TGC market price is determined by the intersection of demand and supply 
as indicated in Figure 40. Market participants would expect the price to be set by the 
expensive unit which asks a price of P1

. The high TGC price would attract investment 
in capacity, bringing the price down to P

2
. Fear of over-capacity and a consequent price 

collapse may deter investment, however (Agnolucci, 2007). In this case, the market 
price would be set by an expensive biofuel-fired generator, causing the TGC market to 
poorly perform in terms of efficiency. 

Policy makers can introduce some demand elasticity allowing certificate banking. 
In this case, market participants may store certificates, speculating about higher 
future prices. During periods of abundance, when prices would be otherwise very low, 
market participants will buy certificates for storage, driving up the price in the market. 
Eventually speculators will sell these certificates during period of scarcity limiting price 
peaks. Banking reduces TGC price volatility considerably by allowing intertemporal 
trading, which reduces the risk of investment cycles (Amundsen et al., 2006).
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Figure 40: The TGC price is determined by the intersection of supply and demand in the market.

The option premium

By selling a call option in exchange for a premium, generators limit the maximum 
price of TGCs, reducing their income from the TGC market. Therefore the option 
premium should compensate producers for the lower revenues obtained, paying them 
the difference between what they expect to be TGC market (E(c

t
)) and strike (S

t
) price, 

or zero if the expected TGC price is lower than the strike. Generators may add a risk 
premium to this value to account for forecasting uncertainty:

( ) = max ,  0t premiumpremium
E StOption c Risk − + 

(44)
The aim of the auction is to attract new investments in the market. The main 

difference between new entrants and existing generators is that the latter have already 
incurred the investment cost, which is therefore a sunk cost, so their offers should be 
based on their marginal costs, as indicated in (44). New generators would only enter 
the market if investors are reasonably certain to cover their average generation costs. 
Hence, new generators offer in the auction at their average costs minus the sum of 
expected average electricity and TGC price:

( ) ( ) = -ele t t premiumpremium
E EOption C e c Risk− +

(45)
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The impact of green certificate options on  the TGC market

This section analyzes the impact of introducing call options on the TGC market. At 
this point it is important to notice the main difference between this proposal and the 
reliability option mechanism. Within the reliability option mechanism, the reference 
price is the electricity price. Whenever the electricity price reaches the strike price, 
generators who sold an option must produce electricity to avoid paying an implicit (and 
sometimes also an explicit) penalty. In this case, the strike price of the option is always 
higher than the marginal cost of generators and it is profitable for generators to run.

In the proposed mechanism the reference price is the forward TGC price. Thus, if 
the sum of the electricity and strike price is not enough to recover its marginal cost, a 
biofuel-fired generator which has sold some options may still decide not run. He has to 
purchase a TGC at c

t
 and sell it at s

t
, so his cost is c

t
-s

t
. So a generator prefers not to run 

if the difference between his marginal cost and the sum of electricity and TGC prices 
is higher than the difference between TGC and strike price:

 -  > ele t t t tC e c c s− −

(46)
In this case a generator would be better off paying the implicit penalty (c

t
-s

t
) than 

generating electricity. Policy makers should add an explicit penalty to guarantee the 
required supply of TGCs. In order to be effective the penalty should be as high as:

 -  2ele t t tPen C e c s− +>
(47)

Let us now consider the supply curve in a traditional TGC market, where generators 
offer at the difference between their marginal generation costs and the electricity price 
as indicated in (43). See the upper part of Figure 41. The regulator initially sets the 
strike price and buys a certain volume of options equal to the expected TGC demand. 
The pricing behavior in the TGC market of generators who have sold option contracts 
depends on their marginal costs and on the strike price. They cause the supply curve 
for TGCs to change slightly. See the lower part of Figure 41. The difference is caused 
by generators who sold option contracts and who have a marginal cost higher than the 
strike price. If the explicit penalty is set correctly, they would be indifferent between 
receiving the strike price or a higher TGC price. Effectively, the strike price caps the 
TGC price for generators who have sold option contracts. In the end, however, the 
TGC price depends on the actual demand for TGCs, which could be either higher or 
lower than what the regulator expected when purchasing the options.

Looking at the lower part of Figure 41, the TGC price is expected to remain close to 
the strike price. The ability of the option mechanism to maintain a stable TGC price 
closer to the strike depends on the shape of the supply curve, on the strike price set by 
the regulator and on the actual TGC demand. In case demand is higher than forecasted 
by the regulator, the TGC price will be higher than the strike following the supply 
curve. However, the option mechanism would limit the revenues for the majority of 



Green certificate options

139

Figure 41: The impact of the option mechanism on the TGC market.

producers to the strike price, leaving a little volume of TGCs to receive a higher price. 
In case of an unexpected increase in demand, green certificate options reduce the 
windfall profits to cheaper generators. In case of lower than expected demand, the 
TGC price may remain close to the strike or decrease substantially depending on the 
shape of the supply curve and the demand drop. The impact on a generator revenues 
would be less dramatic than compared to a traditional TGC market, however, since 
part of their income is received through the payment of the fixed premium.

Demand risk

The main difference between the green certificate options system and the long-term 
TGC contracts proposal is that the former leaves generators facing demand risk, namely 
the risk of not being able to sell TGCs because of an excess of TGCs. Nonetheless, the 
auction mechanism is designed to protect market incumbents from over-investment, 
limiting the demand risk of traditional TGC markets. Allowing certificate banking 
further limits demand risk (Amundsen et al., 2006). We recommend policy makers 
to set the strike price low enough for generators to recover a substantial part of their 
cost through the option premium. (The premium should cover at least 50% of total 
revenues). A lower strike price leads to a lower TGC price in the market, making it 
difficult for generators to be profitable without receiving the premium payment. As 
a consequence, investors will finance only projects that successfully participated in 
the auction. At the same time, a high fixed premium allows to use project finance, 
increasing the financial leverage thus reducing the cost of capital of renewable energy 
projects.
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Although this mechanism leaves generators with some demand risk, it allows 
obliged entities to bargain for a fair price in the market improving policy efficiency.  
Moreover, green certificate options allows obliged entities to actively participate in 
the auction limiting the bargaining power of producers. Consequently, it is expect to 
achieve higher economic efficiency than a system based on the regulator purchasing 
long-term TGC contracts through a centralized auction.
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VIII.IV ConClusIons

Within this work a new idea is developed to improve the performance of TGC 
markets, both with respect to effectiveness and economic efficiency. This policy 
mechanism is called green certificate options. This proposal combines a traditional 
TGC market with a system of TGC call options that are purchased in centralized 
auctions by the regulator on behalf of consumers. The novelty of this idea consists in 
applying an existing mechanism designed to improve security of supply, such as the 
reliability options, to improve the stability of a TGC market. Call options give the right, 
but not the obligation, to buy TGCs at a maximum price in exchange for the initial 
payment of a premium, protecting consumers from high TGC prices. 

At the beginning of each compliance period, the regulator pays the premium to 
the RES producers and distributes the call options to obliged entities based on their 
share of the electricity demand. Obliged entities then trade TGCs in the market with 
the options capping their price. A liquid TGC market guarantees allocative efficiency, 
forcing generators and obliged entities to optimize their short-term operational 
planning following the indications provided by the TGC price. The TGC market thus 
forces participants to make efficient use of resources and incentivizes producers to 
reduce renewable energy cost.

Renewable energy producers shift part of the volatile TGC market revenues into 
the option premium, reducing project risk. By auctioning options several years in 
advance, the regulator can dampen investment cycles in the renewable energy sector. 
The premium also functions as a long-term price indicator to the market, facilitating 
the strategic planning of investors. Green certificate options combine short-term 
operational efficiency with long-term market stability, dampening investment cycles 
and minimizing the cost of subsidizing renewable energy.

The presented policy is a hybrid between a traditional TGC market and a long-term 
contract market. By tuning the strike price of the options, policy makers can allocate 
RES subsidy between a fixed long-term and a volatile short-term part. An option loses 
its function, thus its value, when the strike price is set too high, leaving this mechanism 
to coincide with a traditional TGC market. Conversely, a system of long-term TGC 
contracts corresponds to the regulator signing multiple call options with a null strike 
price. In this case the premium received at contract initiation would correspond to the 
price of a long-term contract.

Green certificate options allow for technology banding, eliminating windfall profits 
to cheaper technologies without reducing liquidity in the TGC market. In this case, 
the auction is divided into different technology bands with separate TGC volume 
requirements, stimulating competition between projects that use the same technology 
and allowing more expensive technologies to receive a higher premium. The TGC 
market keeps competition between different technologies.

In conclusion, green certificate options guarantee stable and more predictable 
revenues for renewable energy generators, reducing risk for investors and the financing 
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cost of these projects. At the same time, maintaining the TGC market increases 
efficiency and competition to reduce generation costs. For these reasons, green 
certificate options should obtain higher policy efficiency than a system based on long-
term TGC contracts. 

Nonetheless, policy makers should be aware that introducing a second market 
mechanism on top of the TGC market may increase the gaming opportunities for 
market participants. This increases the required monitoring efforts and the complexity 
of this policy instrument.
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IX.I ConClusIons

The central question of this thesis is: How may a market-based policy mechanism 
promote renewable energy development in liberalized electricity markets in the most 
effective and efficient way for society?

Analysis demonstrates that a price-based policy performance is strictly dependent 
on the regulator’s accuracy in estimating the subsidy level. Due to the flat cost curve 
of many RES, price-based support schemes may easily lead to over-investments if 
prices are set too high. The European experience indicates that a high volume of 
RES being supported at excessive subsidy levels causes the policy cost for society to 
become unsustainable. The results of this dissertation suggest that an unpredictable 
high volume of renewable electricity generation may also deter the well-functioning 
of the EU ETS, causing low carbon prices to attract investments in carbon-intensive 
technologies. For these reasons, policy makers should opt for market-based instruments 
when supporting RES, as recently indicated by the European Commission (European 
Commission, 2014).

Two market-based policies have been used in Europe so far: tendering mechanisms 
and renewable quota obligations based on TGC markets. This research indicates 
that TGC markets expose generators to significant TGC price uncertainty, causing 
investors to require higher risk premiums for renewable energy projects and reducing 
the efficiency of this policy. TGC price uncertainty is further exacerbated by regulatory 
changes and uncertainty, which lead to higher market volatility and increased price risk 
for producers.

The particular cost structure of many RES, which are characterized by high 
fixed investment and almost null variable costs, requires a certain degree of revenue 
predictability to make some of these projects easier to finance. Policy makers may 
improve the performance of a TGC market by allowing for certificate banking and 
intertemporal trading. Alternatively, regulators may introduce a low floor price in the 
market to reduce the price risk faced by generators. This is a rather complicated task 
for energy regulators, however, and a floor price set too high may actually transform the 
TGC market in a price-based FiP system.

Competitive auctions have been recently re-proposed as a good framework to 
combine subsidy stability, lower project risk and market efficiency. This dissertation 
evidences that although tendering mechanisms can be very cost-effective, they are not 
immune from inefficiency. Consumers retain no bargain power in an auction, placing 
generators in a strong bargaining position. Analysis indicates that producers may keep 
above-normal profit margins in the auction, especially when demand for new capacity 
is high. Moreover, tenders eliminate the incentives for cost reduction intrinsic of spot 
market competition, guaranteeing a fixed subsidy to producers.

This dissertation presents an innovative policy mechanism that integrates the best 
features of TGC markets and tendering mechanisms, providing investors with lower 
revenue uncertainty while maintaining the certificate market in a central position. The 
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proposed mechanism allocates renewable energy subsidy between a fixed and a variable 
part, combining a TGC market with a system of certificate call options bought by the 
regulator through a competitive auction. The regulator pays producers a fixed premium 
in exchange for the right to buy certificates at a determined strike price. The premium 
partially covers the cost of renewable energy producers, reducing revenue volatility, thus 
project risk. At the same time, maintaining the TGC market increases efficiency and 
competition to reduce generation costs. Furthermore, green certificate options allow 
consumers to participate in the auction limiting the bargaining power of producers.

The interactions between renewable and carbon reduction policies

Both carbon reduction and renewable energy policies are necessary to achieve a 
sustainable electricity sector in a cost-efficient way, reducing CO

2
 emissions and 

increasing the contribution of RES to the energy mix. By combining these instruments 
regulators can obtain a lower and more stable policy cost. Nonetheless, a high volume 
of renewable electricity generation may have a negative impact on a carbon market, 
reducing its price, as practical experience with the EU ETS has shown. Analysis reveals 
an adverse long-term effect since low carbon prices may attract investments in carbon-
intensive technologies, which could lock the sector into a pathway of higher future 
emissions. 

To avoid periods of low carbon prices, regulators may opt for introducing a carbon 
price floor. An alternative solution is to intervene by lowering the emission cap slower/
faster if the price is too high/low, in an attempt to keep the price within an accepted 
level.

Risk-based assessment of renewable energy policies

A FiT mechanism reduces the risk premium required by investors, obtaining high 
economic efficiency when the tariffs are well calculated.  Its performance, however, is 
strictly dependent on the accuracy of the regulator in setting the subsidy level based on 
average cost estimations. FiT can result in either low effectiveness, if tariffs are set too 
low, or high inefficiency, if tariffs are too high. The latter was the case of some European 
countries where national governments were forced to retroactively reduce the subsidy 
levels or suspended supporting RES in order to limit unsustainable growing subsidy 
costs. In this case, an open-ended feed-in mechanism led to boom and bust investment 
cycles in the renewable energy sector.

Analysis confirms that an open-ended feed-in mechanism causes high uncertainty 
in quantities when marginal cost curves are flat. This is actually the case for many RES 
which are characterized by high fixed investment and almost null variable costs. In this 
case, a quantity-based instrument is preferable. On the other hand, the performance of 
a TGC market depends on the risk appetite of investors. When investors’ risk aversion 
is moderate its performance is comparable to a feed-in system, however, its efficiency is 
negatively affected by investors’ risk aversion.
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Market-based policies and gaming opportunities

Producers can manipulate market-based mechanisms for their own profit when 
supply is concentrated. Analysis, however, evidences a trade-off in the way TGC markets 
and tendering mechanisms allocate risk between consumers and producers. 

A tendering mechanism involves almost no risk for producers, assuming they 
perfectly know their generation costs, leaving consumers to bear the risk of a high 
subsidy cost. Simulation results demonstrate that allocating FiP through a tender 
mechanism can be very cost-effective. Nevertheless, this mechanism grants producers a 
strong bargaining position and may cause above-normal profit margins for producers, 
reducing policy efficiency.

On the other side, a TGC system is risky for investors, mainly because demand 
fluctuations and erroneous forecasts may lead to an over-supplied market and depressed 
certificate prices. Higher competition reduces producers’ profit margins in this case. 
Results confirm that lower price risk improves the performance of a TGC market. 
Introducing a floor price to reduce project risk works well if set correctly. Setting the 
right floor price level, however, is a difficult task for the regulator.

The role of regulatory risk in green certificate markets

TGC markets are characterized by a politically driven demand, causing investors to 
be heavily exposed to regulatory uncertainty. Changes in the regulation can have an 
impact on TGC prices, price volatility and risk. 

Analysis takes the Swedish TGC market as a case study. In January 2012 the Swedish 
TGC mechanism became the first multinational market of this kind, when Norway 
joined the mechanism. A bigger certificate market was expected to decrease price 
volatility due to a higher diversification in natural resources reducing the fluctuations 
of TGC supply. 

An econometric analysis evidences that, between 2010 and 2011, the market 
entered a regime of higher volatility. These findings suggest that regulatory changes 
and uncertainty increased market volatility during that period. Moreover, a bigger joint 
market has not led to a significant decline in volatility, yet. 

This study provides evidence that regulatory changes and uncertainty have a negative 
impact on TGC markets, increasing volatility, exacerbating price risk and restraining 
investors. Policy makers should thus be very careful in changing the regulatory 
frameworks of TGC mechanisms.

The price drivers of green certificate markets

Several studies are present in the literature investigating the relationship between 
macroeconomic and energy variables such as fossil fuel prices. Scholars also investigated 
the development of a market-based price for the EU ETS and the rationality behind 
CO2

 pricing behaviors. Analogously to how the EU ETS indicates a market established 
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price for carbon emissions, a TGC market determines the premium paid to renewable 
electricity generators.

Analysis shows that the pricing behavior of TGC market participants is sensible 
to its structure. In the Swedish/Norwegian market, a flexible certificate supply with 
no limit on banking and intertemporal trading allows the TGC price to reflect its fair 
value, namely the difference between renewable and conventional generation costs. In 
this case, higher fossil fuel prices are reflected in higher electricity prices, causing the 
certificate price to decrease. 

Limiting the ability of market participants to bank their TGCs for complying with 
future years’ quotas has caused the certificate supply to be less flexible in the UK 
market, instead. Analysis reveals that in this case the TGC price is more dependent 
on the fluctuations of electricity demand caused by changes in the economic activity. 

Green certificate options

An innovative approach is proposed to support RES reducing investors’ exposure to 
price risk while maintaining the TGC market in a central role. The proposed mechanism 
consists in the regulator auctioning TGC call options on behalf of consumers. The 
premium received by generators to sell an option guarantees generators a fixed payment 
reducing their exposure to price volatility and thus project risk.  At the same time, 
option contracts do not affect market liquidity, since the obligation for consumers and 
retailers to buy TGC remains in place.

This mechanism is a hybrid between a traditional TGC market and a tendering 
mechanism. By tuning the strike price of the options, it is possible for policy makers 
to allocate RES subsidies between a fixed and a volatile part using this policy. The 
proposed mechanism also allows for technology banding, eliminating windfall profits 
to cheaper technologies without reducing liquidity in the TGC market. By dividing 
the auction in technology bands with different volume requirements, regulators can 
stimulate competition between projects that use the same technology. The TGC market 
further increases competition between different technologies.

Green certificate options guarantee stable and more predictable revenues for 
producers, reducing project risk and the financing cost of these investments. Keeping 
a TGC market increases allocative efficiency and competition to reduce generation 
costs, obtaining higher policy efficiency than either a pure TGC market or a tendering 
system. Moreover, green certificate options allow consumers to participate in the 
auction limiting the bargaining power of producers.
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IX.II  reCommendatIons

Recommendations for policy makers

In the last two decades the renewable energy contribution to the energy mix has 
grown considerably in Europe supported by favorable subsidy policies. The RES 
contribution is expected to grow further in the near future to comply with the ambitious 
EU’s decarbonization targets.

The lesson learned so far indicates that a system of administratively set FiT subsidies 
is the most effective way for incentivizing investments in the renewable sector. This 
mechanism worked well in its early phases, attracting investors in renewable energy 
projects. Later on, however, many European countries experienced unsustainable 
growing subsidy costs. In some cases, national governments retroactively reduced 
RES subsidies or levied taxes on renewable energy profits, in an attempt to reduce 
the burden on electricity consumers and the public deficit. This harmed investors’ 
confidence adding to the regulatory risk of renewable energy projects. 

Different stages of the technology cycle require different policy instruments. Price-
based policies worked well when the renewable energy sector was in its early phases. An 
early-phase industry is characterized by high technology risk and uncertainty, requiring 
pioneering companies to invest in applied research and development in order to 
introduce a new technology into the market. The sector is not ready to face market 
competition and requires protective policies which minimize investment risk, such as 
feed-in mechanisms. 

Due to the limited number of projects being initially supported, an inefficient price 
level is acceptable because it has a limited impact on the public budget. When the 
renewable energy contribution rises to above 10-15% of electricity supply, however, 
economic efficiency becomes essential to maintain the subsidy cost sustainable for 
consumers and the public finances. Thus, price-based instruments are inadequate for a 
mature renewable energy industry. Policy makers should substitute them with market-
based instruments when the renewable energy sector becomes ready to face market 
competition, as indicated by the European Commission (European Commission, 
2014).

Market-based instruments attract a stable amount of investments in installed 
capacity, providing sustainable growth for the renewable sector. They enhance 
economic efficiency forcing producers to disclose private information about their cost 
functions, eliminating the need for national governments to define subsidy levels and 
to constantly update them. These instruments provide the best framework to expose 
the renewable sector to market competition, pushing subsidy levels towards their fair 
value. 

For all these reasons, I recommend policy makers to move from price-based to 
quantity-based policy instruments when renewable energy contribution to electricity 
generation reaches a significant share, such as 10-15%. 
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So far, policy makers have always opted for either fixed or volatile subsidies, with 
auctions corresponding to the first alternative and TGC markets used in the latter case. 
This thesis indicates that policy makers can allocate RES subsidy between a fixed and a 
volatile part using the green certificate options mechanism.  This mechanism combines 
a traditional TGC market with a competitive auction mechanism. 

In conclusion, the three main design variables for policy makers to decide are: 
the annual RES target, the share of each technology to renewable generation and the 
volatile proportion of revenues allocated to the TGC market.

Recommendations for future research

This thesis focuses on the renewable energy sector and on the policy mechanisms 
used to attract the necessary investments to comply with renewable energy targets. 
Higher levels of renewable electricity generation, however, may increase the imbalances 
between electricity supply and demand due to the variability and unpredictability of 
many renewable resources. System imbalances reduce security of supply and can be 
limited by either increasing the elasticity of demand or providing the system with more 
back-up capacity.

The introduction of smart meters, which expose electricity consumers to real-time 
electricity prices, should increase demand elasticity since consumers are encouraged 
to reduce consumption when electricity supply is scarce (high prices) and increase it 
otherwise (low prices). The introduction of electric vehicles will boost the potential of 
smart meters, effectively enhancing demand-side participation in electricity markets. 
Optimizing the charging strategy of electric vehicles based on real-time electricity prices 
will align electricity supply and demand, reducing imbalances. Nonetheless, it should 
be noted that this may require costly network reinforcements and improved congestion 
management mechanisms (Verzijlbergh, 2013). 

As an alternative, a capacity mechanism can provide the system with a sufficient 
amount of back-up capacity ready to generate electricity during moments of low renewable 
production. In general, high renewable generation levels will require more back-up 
capacity to support the stability of the grid. On the other hand, a high diversification of 
natural resources may reduce supply volatility, decreasing reserve requirements. Due to 
the economic crisis and lagging electricity demand, excess capacity is available in many 
European countries. New investments in back-up capacity are thus unnecessary at the 
moment. A capacity market may be required, however, once the economy will recover 
leading to higher electricity demand.

Capacity mechanisms have been well studied in the literature (De Vries, 2004). Most 
of these analyses focus on the imperfection of energy-only markets and the missing 
money problem, stating that risk averse investors may not invest in flexible open-cycle 
gas turbines, which are necessary to cover peak loads, since these units run only a 
few hours per year, making projects too risky. The growing contribution of variable 
natural resources makes the revenues of peak units possibly even more uncertain. The 
number of hours in which these generators are dispatched will depend strongly on 
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the correlation between renewable energy production and demand. In case electricity 
demand will remain highly price-inelastic as in its current state, capacity mechanisms 
may become necessary.

Future research should investigate the impact of volatile renewable generation on 
investment in back-up capacity and security of supply. From a policy maker’s perspective, 
it may be of interest to combine renewable energy and security of supply in a single policy 
framework. For example, policy makers may link the target of a capacity mechanism 
to the desired level of renewable generation. This will maintain the electricity supply 
resilient to RES variability, combining sustainability with security of supply objectives. 
Therefore, it may be of interest investigating how to combine renewable energy and 
security of supply in a single policy framework.
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Results of the sensitivity AnAlysis

Additional Cost to society (€/MWh)

Table 20: Base case scenario.

Table 21: High efficiency scenario.
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Table 22: High fuel price scenario.

Table 23: Low fuel price scenario.
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Table 24: Risk-neutral scenario.

Table 25: High weighted average cost of capital scenario.
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Table 26: Low weighted average cost of capital scenario.

Table 27: Base case scenario.

Carbon reduction effectiveness (Ratio of emissions compared to scenario cap)
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Table 28: High efficiency scenario.

Table 29: High fuel price scenario.
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Table 30: Low fuel price scenario.

Table 31: Risk-neutral scenario.
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Table 32: High weighted average cost of capital scenario.

Table 33: Low weighted average cost of capital scenario.
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Table 34: Base case scenario.

Table 35: High efficiency scenario.

RES production effectiveness (Percentage of electricity produced by RES)
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Table 36: High fuel price scenario.

Table 37: Low fuel price scenario.
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Table 38: Risk-neutral scenario.

Table 39: High weighted average cost of capital scenario.
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Table 40: Low weighted average cost of capital scenario.
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Error correction model
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Uniform price sealed bid
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FiT
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IntroductIon

In the last two decades renewable energy has received increased support from 
national governments. Directive 2009/28/EC of the European Commission indicates 
that renewable energy has to provide at least 20% of the European Union gross final 
energy consumption by 2020. The EU motivated this decision announcing that an 
increased use of renewable energy is necessary to reduce greenhouse gas emissions 
complying with the Kyoto protocol while improving security of supply.

When designing renewable energy policy for liberalized electricity markets, regulators 
have a fundamental choice between a price-based and a quantity-based approach. In a 
theoretical situation of perfect information, both mechanisms obtain the same results, 
but in practice they experience complementary merits and shortcomings. Key issues are 
the difficulty of setting the right price in case of price-based instruments and the price 
risk that is introduced by volume-based instruments.

Price-based mechanisms have proven to be effective in attracting investments due 
to the fixed price that is guaranteed to investors which causes the risk profile of new 
projects to be low. However, although fixed prices reduce the financing cost of renewable 
energy projects, the regulator needs to set their levels by estimating the generation cost 
of each technology. The performance of this mechanism depends to a large part on 
these estimations and the fact that they have been very effective may indicate that the 
tariffs where set too high. The fact that many European governments retroactively cut 
price-based incentives granted to renewable energy sources supports this hypothesis.

Quantity-based instruments are also referred to as market-based mechanisms due to 
the role of the market in defining the price paid to generators. This type of instruments 
is more effective in controlling subsidy cost and incentivizing producers to reduce costs 
through market competition. However, its main drawback is the significant price risk 
faced by generators due to future price uncertainty. This leads investors to require high 
risk premiums for renewable energy projects at the expense of economic efficiency. 
The significant price risk may result in market-based policies attracting insufficient 
investments. In fact, generating companies may be reluctant to build renewable energy 
generators out of fear of a collapse of the market price.

National governments should prefer quantity-based mechanisms due to their 
ability to control effectively the subsidy cost by limiting the amount of projects being 
subsidized. In many circumstances the more conservative quantity mode is better 
for avoiding very bad planning mistakes. The European experience with FiTs clearly 
indicates that a limit on quantity is necessary to avoid unsustainable subsidy costs from 
harming the political acceptance of renewable energy and creating a boom and bust 
cycle in this sector. Retroactively changing the tariffs or introducing taxes on renewable 
energy generators damages the trust of banks and investors in one country’s renewable 
energy policy, and may restrain future investments. 

In conclusion, there is a dilemma between market mechanisms providing an 
incentive to make an efficient use of resources, thus limiting the cost for society, and 
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market risk deterring investors, resulting in higher financing cost for renewable energy 
projects and reduced effectiveness. An optimal policy should combine the benefits 
of a market mechanism with price stability and reduced investment risk. This thesis 
specifically addresses this issue, answering to the following research question:

How may a market-based policy mechanism promote renewable energy development in 
liberalized electricity markets in the most effective and efficient way for society?

This thesis is composed of three studies modeling the impact of renewable energy 
policy on investments in the electricity sector and two econometric analyses of TGC 
markets using as a case studies the UK and the Swedish/Norwegian markets. An 
innovative policy proposal which aims at combining market efficiency with long-term 
investment stability is presented as a final contribution of this dissertation.
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reSearch method, reSultS and InSIghtS

The dynamic interactions between renewable and carbon reduction policies

The European Union set an ambitious target to lower greenhouse gases emissions and 
established challenging goals for renewable energy generation. An ETS was established 
at the European level while support policies for renewable energy are implemented 
at a national level. Chapter 3 investigates the dynamic interactions between carbon 
reduction and renewable energy policies. Both policies affect investment decisions 
concerning conventional and renewable generators in the electricity market, affecting 
their revenues and the merit order in the market.

For the scope of this analysis, a bottom-up investment model is used to simulate 
the evolution of a hypothetical electricity sector under different policy scenarios. The 
purpose of this model is to analyze how energy policy instruments affect the investment 
decisions of generating companies by changing the profit and risk profiles of investment 
projects. The model applies the notion of bounded rationality, recognizing that investors 
are not fully rational when making decisions and do not necessarily optimize but rather 
satisfice. Investors have informational, intellectual and computational limitations. 
Hence, in the model the agents (generating companies) base their investment decisions 
on available information and expectations. Investors’ decisions are also affected by 
past investment choices, which affect their current portfolio, balance sheet and cash 
position, reflecting path dependency.

This study demonstrates that renewable energy policy is necessary because a single 
carbon reduction policy is not an efficient way of achieving both CO2

 emissions 
reduction and increasing renewable electricity generation. A combination of both 
carbon reduction and renewable support policies leads to lower and more stable cost 
for both policies. However, a high volume of renewable electricity generation could 
lead to low prices in carbon markets as it has been the practical experience with the 
EU ETS. This analysis evidences an adverse long-term dynamic effect, namely that low 
carbon prices may attract investments in coal-fired generators, which could lock the 
electricity sector into a pathway of higher future emissions. To avoid periods of low 
carbon prices, regulators may introduce a carbon price floor or adjust the emission cap 
regularly in an attempt to keep the price within a certain accepted range.

Risk-based assessment of renewable energy policy

Chapter 4 moves its focuses on renewable energy policy, analyzing the impact of 
investors’ risk aversion on its performance and comparing TGC markets with FiTs. The 
analysis is based on the same model used for Chapter 3. The model takes into account 
investors’ risk aversion and how support policies affect project risk. Two opposite 
policy options are compared: a FiT system in which investors receive a fixed price for 
each MWh of electricity produced and a TGC mechanism where the regulator sets 
the market penetration level of renewable energy and leaves the price setting for every 
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MWh of electricity produced to a market mechanism. Simulations are run changing the 
risk aversion attitude of investors, comparing its impact on their investment decisions 
under the two policy scenarios.

This study indicates that a TGC market obtains a good performance in terms of 
cost effectiveness when investors’ risk aversion is moderate; however, its efficiency 
is negatively affected by risk aversion. On the other hand, FiTs could obtain high 
economic efficiency if the tariffs are well calculated. Their performance, however, is 
strictly dependent on tariff levels and could result in either low effectiveness or high 
inefficiency. In case of flat marginal cost curves, a price mechanism would cause high 
uncertainty in quantities and a quantity-base instrument would be preferable. This 
seems to be the case for many European countries which are characterized by a high 
potential of wind and PV power.

Market-based instruments and learning trading agents

Chapter 5 takes the analysis a step further and focuses on market-based policies, 
modeling the impact of adaptive learning strategies on the performance of TGC 
markets and tendering mechanisms for granting FiPs. For the scope of this analysis an 
agent-based model is developed in which producers are modeled as adaptive learning 
agents making decisions about investments and the operation of electricity generators. 
This study investigates the gaming opportunities arising for producers when confronted 
with market-based policies and the impact of market power on the performance of 
these policies.

This study evidences a trade-off in the way the two mechanisms allocate risk 
between consumers and producers. A tendering mechanism involves almost no risk for 
producers, assuming they perfectly know their generation costs. On the other side, a 
renewable quota obligation is risky for investors, mainly because demand fluctuations 
and erroneous forecasts may lead to an over-supplied market and depressed TGC price.  

Under both mechanisms, the behavior of market participants affects the performance 
of these policies, causing it to depart from its desired outcome. Producers can easily 
manipulate both mechanisms for their own profits when supply is concentrated. 

The results of this analysis clearly indicate that higher competition and lower price 
risk improve the performance of a TGC mechanism. Hence, regulators may introduce 
a floor price to reduce project risk. This measure works well if the floor price is 
correctly calculated. However, this is a rather complicated task for the regulator and an 
excessively high floor may turn the system into a FiP mechanism.

On the other hand, allocating FiP through a tender mechanism can be very cost-
effective.These mechanisms, however, grant producers a favorable bargaining position 
that may lead to above-normal profit margins, reducing policy efficiency. Instead, the 
bargaining power retained by consumers in TGC markets reduces the profit margin of 
producers when more competition is introduced.
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The role of regulatory uncertainty in green certificate markets

The first part of this dissertation presents some simulation analyses aiming to 
predict the performance of renewable energy policy ex-ante. Chapter 6 and 7 take a 
different approach, instead, developing two ex-post econometric analyses of European 
TGC markets.

Chapter 6 introduces the first analysis which takes the Swedish/Norwegian 
market as a case study. Price volatility in TGC markets reflects uncertainty over future 
prices, representing a major source of risk for renewable energy generators. Price risk 
is considered the principal deficiency of renewable quota obligations since it causes 
investors to require higher returns. Moreover, investors are exposed to regulatory risk; 
namely, the risk that a change in the regulation will materially impact the TGC price. 
Regulatory uncertainty is reflected in market volatility exacerbating TGC price risk.

Using an econometric approach, this study investigates the role of regulatory 
changes on price volatility. As a case study it focuses on the Swedish TGC market which 
was introduced in 2003 and has become the first multi-national market of this kind 
in January 2012, when Norway joined the mechanism. A bigger market is expected to 
guarantee a diversification of natural resources, reducing fluctuations in TGC supply 
and thus the volatility of market price.

An endogenous structural break test is applied to the residuals of a GARCH model 
to detect changes in the unconditional variance of the TGC price. The test finds two 
breaks corresponding to regulatory changes occurred in the Swedish TGC market, 
indicating that the market entered a regime of higher volatility between 2010 and 2011. 
Volatility was caused by the ambiguity surrounding an increased quota regulation and 
the creation of a multi-national market. Interestingly, the joint market has not led to a 
significant decline in volatility compared to past levels, yet.

Overall, this study provides evidence for the negative impact of regulatory changes 
in TGC markets, indicating that regulatory uncertainty leads to increased volatility, 
exacerbating price risk and restraining investors. For this reason, policy makers should 
be very careful in changing the regulatory framework of TGC markets.

The price drivers of green certificate markets

Chapter 7 presents the second econometric analysis which studies the pricing 
behavior of market participants in the Swedish/Norwegian and the UK certificate 
markets. This study analyzes the link between TGC prices and the macroeconomic 
environment, comparing the two countries in the light of their regulatory frameworks.

Results indicate that the TGC price in the UK is positively affected by the level of 
industrial production but unaffected by energy prices which influence the electricity 
price. On the other hand, the Swedish/Norwegian market follows a long-run equilibrium 
with energy prices such that rising fuel prices, which lead to higher electricity prices, are 
accompanied by lower TGC prices.
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The differences found in the pricing behavior of the two markets are related to the 
characteristics of the two systems. TGC supply is less flexible in the UK market where 
wind contributes to more than half of the supply and strict limits are imposed on 
certificate banking. This leads to a market in which the TGC price is affected by the 
fluctuations of TGC demand caused by variations in economic activity. In this case, 
price volatility can be reduced by increasing certificate validity to more than one year. 

In the Swedish market instead, an important part of TGC supply is obtained from 
biofuel-fired generators. This, together with no limitation on certificate banking, has 
led to a more flexible supply of TGCs. The TGC price so reflects the increased cost 
of producing electricity from biomass as an alternative to conventional fossil fuels, 
being less dependent on economic activity. Policy makers could create more favourable 
conditions for investing in low marginal-cost technologies, such as wind generators, by 
introducing a floor price which reduces project risk.

Green certificate options

After investigating the impact of renewable energy policy on investments and 
studying the drivers of TGC market prices, it is clear that the main drawback of a 
TGC market derives from the uncertainty faced by investors about future project 
revenues. The European Commission has recently proposed to auction FiPs to 
provide predictable revenues for investors while preventing an over-compensation 
for producers, thus limiting the cost to the public. An auction for FiPs combines the 
best of both price-based and quantity-based instruments and corresponds to a TGC 
market in which TGCs are traded through long-term contracts. Nonetheless, while this 
mechanism combines investor certainty with the economic efficiency of a competitive 
market, it effectively eliminates the short-term market for TGCs. This would reduce 
allocative efficiency and cost-reduction incentives for generators. 

Chapter 8 presents a novel approach which allows the regulator to reduce investors’ 
exposure to price risk, although without completely removing it, maintaining the 
central role of the TGC market. The proposed mechanism consists in the regulator 
auctioning call option contracts instead of FiPs. Generators receive a fixed premium 
in exchange for giving the regulator the right to buy TGCs at a determined price. 
This premium partially covers the cost of renewable energy producers, reducing 
revenue volatility and thus lowering project risk. At the same time, option contracts 
do not affect market liquidity since the regulator maintains the obligation for obliged 
entities to buy TGCs. In the proposed mechanism, market participants optimize their 
operational planning according to the electricity and the TGC prices. The TGC market 
thus maintains a central role, stimulating participants to make efficient use of resources 
and incentivizing producers to reduce generation costs. The option premium paid to 
generators also functions as a long-term price indicator to the market, facilitating the 
strategic planning of investors. This combines short-term operational efficiency with 
long-term market stability, dampening investment cycles and minimizing the cost of 
renewable energy subsidies.
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concluSIonS

This dissertation focuses on market-based mechanisms and how they can promote 
renewable energy development in the most effective and efficient way for society. 
Together with the EU ETS, supporting renewable energy is necessary to achieve a 
sustainable electricity sector efficiently. Open-ended feed-in mechanisms led to boom 
and bust investment cycles in many European countries, where national governments 
were forced to retroactively reduce the subsidy levels and in some cases to suspend the 
support program in order to limit unsustainable subsidy costs after years of boom in 
the renewable energy sector. 

Chapters 3 and 4 indicate that an annual quantity target is necessary to obtain a 
stable development of the renewable sector and that quantity-based mechanisms should 
be preferred. Due to the flat marginal cost curve of many RES, price-based mechanisms 
cause high uncertainty in quantities. Unexpected high volumes of renewable electricity 
generation may also alter the well-functioning of the EU ETS, causing low carbon 
prices to attract investments in coal-fired generators which could lock the power sector 
into a pathway of higher future emissions. 

Two alternative quantity-based mechanisms have been implemented by policy 
makers in Europe so far: TGC markets and tendering mechanisms. Chapters 4 and 
5 indicates that a renewable quota obligation based on a system of TGCs is risky for 
investors and its performance strongly depends on investors’ risk aversion. Regulators 
may introduce a floor price to reduce project risk in a TGC system. The result of this 
hybrid policy, however, strongly depends on the regulator setting the right price level, 
similarly to a feed-in mechanism. On the other hand, a tender mechanism is very 
cost-effective. This mechanism, however, eliminates the short-term market for TGCs, 
reducing allocative efficiency and cost-reduction incentives for generators. Efficiency is 
also slightly reduced by the bargaining power retained by investors in the auction that 
may cause above-normal profit margins for generators.

This dissertation proposes an innovative market-based policy, instead. The proposed 
approach consists in combining a traditional TGC market with a system of certificate 
call options auctioned by the regulator on behalf of obliged entities. This mechanism 
represents a hybrid between a TGC market and a tendering system, combining the 
best characteristics of the two. This system is fair to both consumers and producers, 
allowing consumers to bargain for a reasonable price in the market while protecting 
investors with reduced revenue uncertainty. 

Nonetheless, the European experience indicates that the performance of a TGC 
market depends on its regulatory framework and policy stability. Flexible TGC supply 
is necessary for the market to function efficiently, since demand is administratively set 
and price-inelastic. The green certificate option mechanism is easily combined with 
technology banding, allowing policy makers to allocate a certain percentage of options 
to flexible biomass-fired generators. In addition, regulators should permit certificate 
banking and intertemporal trading.
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In conclusion, an efficient policy for supporting renewable energy should let the 
interplay between demand and supply establish a fair subsidy level for renewables. Policy 
makers should limit their role to defining an annual RES target and the contribution 
of each technology to it. A third design variable consists of deciding the proportion of 
fixed and volatile subsidy. 

The cost structure of some renewable energy technologies, in fact, requires a certain 
degree of revenue predictability to make these projects easier to finance. So far, policy 
makers have always opted for either fixed or volatile subsidies. This thesis demonstrates 
that it is possible to allocate the subsidy level of each technology between a fixed and 
a variable part, providing regulators with a wide range of options. By tuning the three 
design variables correctly, policy makers can achieve renewable energy targets efficiently 
and effectively.
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